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PERSONNEL NEUTRON DOSIMETRY - A REVIEW 

O . P . H a s s a n d 
D i v i s i o n o f R a d i o l o g i c a l P r o t e c t i o n 

B h a b h a A t o m i c R e s e a r c h C e n t r e 
T r o m b a y , Bombay 4 0 0 0 8 5 , I n d i a 

ABSTRACT 

P e r s o n n e l N e u t r o n D o s i m e t r y a ims a t p r o v i d i n g a method t o 

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

p e r s o n n e l e x p o s e d t o n e u t r o n s . N e u t r o n D o s i m e t r y i s done f o r 

a s m a l l though g r o w i n g number o f p e r s o n n e l w o r k i n g w i t h n e u t r o n s 

i n a w i d e r a n g e o f s i t u a t i o n s . A r e v i e w o f c u r r e n t l y a v a i l a b l e 

P e r s o n n e l N e u t r o n D o s i m e t r y S y s t e n e i s p r e s e n t e d i n t h i s p a p e r . 

INTRODUCTION: 

P e r s o n n e l N e u t r o n D o s i m e t r y i s done f o r a s m a l l though 

g r o w i n g number o f p e r s o n n e l w o r k i n g w i t h n e u t r o n s i n a wide 

r a n g e o f s i t u a t i o n s . The main s o u r c e s o f n e u t r o n s a r e r a d i o a c t i v e 

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

g e n e r a t o r s and f u e l r e p r o c e s s i n g p l a n t s . N e u t r o n s o u r c e s a r e 

b e i n g w i d e l y u s e d i n m e d i c i n e , i n d u s t r y , r e s e a r c h and a g r i c u l t u r e . 

Growth i n n u c l e a r p o w e r p r o d u c t i o n and d e v e l o p m e n t o f f u s i o n 

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

w o r k e r s t o be m o n i t o r e d f o r n e u t r o n e x p o s u r e s . N e u t r o n s a r e a l s o 

p r o d u c e d i n t h e a t m o s p h e r e by c o s m i c r a y s and add a s m a l l amount 

t o t h e g e n e r a l e x p o s u r e o f man. 

P e r s o n n e l N e u t r o n D o s i m e t r y a i m s a t p r o v i d i n g a method t o 

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

e x p o s e d t o n e u t r o n s . T h i s r e q u i r e s two t h i n g s - ( a ) a q u a n t i t y 

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

c a u s e d by n e u t r o n i r r a d i a t i o n and t h i s q u a n t i t y i s d o s e e q u i v a l e n t 

f o r low l e v e l c h r o n i c e x p o s u r e and ( b ) t o p r o v i d e s u i t a b l e m e t h o d s 

f o r m e a s u r e m e n t o f t h i s q u a n t i t y f o r r o u t i n e u s e i n t h e w o r k i n g 

e n v i r o n m e n t f o r t h e p e r s o n n e l . I n f o r m a t i o n f rom p e r s o n n e l n e u t r o n 

d o s i m e t e r m u s t b e augmented b y i n f o r m a t i o n u s i n g n e u t r o n a r e a 

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

a c o m p l e t e p i c t u r e o f t h e p e r s o n n e l n e u t r o n e j p o s u r e ( 1 ) . 
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Unlike X or gamma personnel dosimetry, personnel neutron 

dosimetry presents several problems. Main problem is the fact that 

neutrons have a biological effect which depends upon the energy of 

neutrons and can be greater than the effect produced by an equal 

dose of gamma rays by a factor of as much as ten and an upward 
revision of quality factor by a factor of two for neutrons is 

recommended by International Commission on Radiological Protection 

(ICRP) recently. Also moderated neutron spectra cover nine decades 

of energy and the dosimeter response must follow the fluence to dose 

10 

En (MeV) 

Fig. 1. Neutron Dose equivalent Conversion 

Factor (unidirectional broad beam, 

normal incidence ). Data from.(ICRP 21) 

equivalent conversion factor which varies by a factor of forty 

over this range as shown in Fig. 1. Knowledge of the neutron 

spectrum in the working environment is also essential. The 

interference of associated gamma dose can also present problems 

in personnel neutron dosimetry. 

F L U E N C E TO DOSE EQUIVALENT CONVERSION FACTORS 

The dose equivalent (H) used in neutron dosimetry is most 

commonly based on the fluence to dose equivalent conversion factors 

given by the National Council on Radiation Protection and Measurement 

of U.S.A. (2) and International Commission on Radiological Protection 

(3). These conversion factors for evaluating H have been established 

mainly by Monte Carlo calculations. In essence, these calculations 

simulated neutron behaviour in a model of the human body and 

determined the statistical distribution of absorbed dose D and 

dose equivalent H for mono-energetic neutrons upto 14 MeV incident 
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n o r m a l l y t o the s u r f a c e on one s i d e o f the body . For reasons o f 

c o n s e r v a t i s m , t h e maximum v a l u e o f H p e r u n i t f l u e n c e , f o r bo th 

neut rons and gamma ray s genera ted i n the body, was s e l e c t e d f o r 

the recommended c o n v e r s i o n f a c t o r s f o r r a d i a t i o n p r o t e c t i o n purpose . 

There are s e v e r a l problems w i t h the c o n v e r s i o n f a c t o r s used 

i n c o n n e c t i o n w i t h the e v a l u a t i o n o f H t h a t have c r e a t e d c o n s i d e r a b l e 

c o n f u s i o n . One i s t h a t these f a c t o r s depend on the p a r t i c u l a r 

model o f the body phantom. R e s u l t s f o r c o n v e r s i o n f a c t o r s have 

been p u b l i s h e d f o r a v a r i e t y o f models i n c l u d i n g s e m i - i n f i n i t e 

s l a b s , spheres , c i r c u l a r c y l i n d e r s and . e l i p t i c a l c y l i n d e r s o f 

u n i t d e n s i t y m a t e r i a l s w i th a mass c o m p o s i t i o n o f 76.2 % oxygen, 

11.1% carbon, 10.1% hydrogen and 2.62% n i t r o g e n (4 ) . Thus, the 

computed dose e q u i v a l e n t f o r a p a r t i c u l a r s i t u a t i o n v a r i e d 

depend ing upon the p a r t i c u l a r s e t o f c o n v e r s i o n f a c t o r s used. 

The r e l a t i o n s h i p between the maximum dose e q u i v a l e n t 

and neu t ron f l uence i s g i v e n i n Tab le 1 f o r monoenerget ic neutrons 

and i n Tab le 2 f o r some r a d i o a c t i v e neu t ron s o u r c e s and moderated 

n e u t r o n s p e c t r a . These c u r r e n t l y accepted f a c t o r s are e v a l u a t e d 

a t the maximum o f the depth dose e q u i v a l e n t cu rve s i n a 30 cm 

t h i c k s l a b o f t i s s u e e q u i v a l e n t m a t e r i a l ( 3 ) . 

NEUTRON F I ELD DOSIMETRY 

F o r c a r r y i n g o u t d o s i m e t r y i n w o r k i n g a r e a s where neut ron 

f i e l d s e x i s t , neut ron a rea m o n i t o r s are u s e d . These a re dynamic 

m o n i t o r s which can be used t o o b t a i n an immediate i n d i c a t i o n o f 

neut ron dose e q u i v a l e n t o r f l u e n c e . These can be c a t e g o r i s e d i n t o 

f o u r t y p e s i thermal neut ron m o n i t o r s , f a s t neut ron m o n i t o r s , 

moderator type dose e q u i v a l e n t m o n i t o r s and s p e c t r o m e t e r s . The 

d e t e c t i o n o f thermal neutrons i s s t r a i g h t f o rward and depending 

on the i n t e n s i t y o f the thermal f l u e n c e , many techn iques can be 

u s e d . A c t i v a t i o n d e t e c t o r s l i k e g o l d , i nd ium, dyspros ium, manganese, 

c o b a l t and copper can be used f o r h i g h thermal neutron f l u e n c e 

measurement f o r example i n c r i t i c a l i t y a c c i d e n t d o s i m e t r y . For 

low thermal neutron f l u e n c e , d e t e c t o r s u t i l i s i n g (n, a l p h a ) , 
3 6 235 

He (n, p ) , L i (n, a l p h a ) o r U (n, f ) r e a c t i o n s can be u sed . 

Such d e t e c t o r s a re g a s p r o p o r t i o n a l c o u n t e r s o r s c i n t i l l a t o r s and 

are r e a d i l y a v a i l a b l e . 

F o r the d e t e c t i o n o f f a s t n e u t r o n s , the e l a s t i c s c a t t e r i n g o f 

neut rons by hydrogen i n i o n i s a t i o n chambers, p r o p o r t i o n a l counte r s 

and . . s c i n t i l l a t o r s i s u s e d . Denn i s and Loosemore coun te r (5) which 

has a l i n i n g o f t i s s u e e q u i v a l e n t m a t e r i a l and i s f i l l e d w i t h 
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TABLE 1 

RELATIONSHIP BETWEEN THE MAXIMUM DOSE EQUIVALENT, H M A D E 

AND THE NEUTRON FLUENCE (3) 

Neutron Quality Conversion factors 
Energy factor 5 = * ^ 
(MeV) Q /Cm sT , cm~t 

v pSv/h' v Sv ' 
Thermal 2.3 26 9.36 X 10 
1 x 10-7 2.0 24 8.64 X 1 0 1 0 

1 x 10-6 2.0 22 7.92 X 1010 

1 x 10~5 2.0 23 8.28 X 10 1 0 

1 X.IO"4 2.0 24 8.64 X 1010 

1 x lO*"3 2.0 27 9.27 X 1 0 1 0 

1 x 10-2 2.0 28 1.01 X 1 0 1 1 

1 x 10_1 7.4 4.8 1.73 X 1010 

5 x 10"1 11.0 1.4 5.04 X 109 

1 10.6 0.85 3.06 X 1 0 9 

2 9.3 0.70 2.52 X 1 0 9 

5 7.8 0-68 2.45 X 109 

10 6*£ 0.68 2.45 X 109 

20 6.0 0.65 2.34 X 1 0 9 

50 5.0 0.61 2.20 X 1 0 9 

1 x 102 4.4 0.56 2.02 X 109 

TABLE 2 

RELATIONSHIP BETWEEN THE MAXIMUM DOSE EQUIVALENT, 
Hj^g AND NEUTRON FLUENCE (51) 

SOURCE Average Energy Conversion Factors 
GteVj cm-2/Sv 

241Am-3e 4.1 2„72 x 109 

239Pu-Be 2.3 3.00 x 109 

2 5 2Cf 2.1 3.17 x 109 

239PuF4 1.4 3.09 x 109 

9 
HjO Moderated Fission Neutrons through 6.71 x 10 
concrete of thickness 60 cm. 

9 
DjO Moderated Fission Neutrons through 7.80 x 10 
concrete of thickness 60 cm 



methane and a r gon gas can be used f o r f a s t neut ron r a d i a t i o n survey-

work and i s commerc i a l l y a v a i l a b l e . The most commonly used 

s c i n t i l l a t o r s are s t i l b e n e c r y s t a l s , p l a s t i c s c i n t i l l a t o r s and the 

NE 213 l i q u i d s c i n t i l l a t o r . , 

Modera to r type dose e q u i v a l e n t meters which are p o p u l a r l y 

known as Rem Counters c o n s i s t o f a s p h e r i c a l o r a c y l i n d r i c a l 

p o l y e t h y l e n e moderator assembly s u r r o u n d i n g a thermal neutron 
3 6 d e t e c t o r l i k e BFg o r He p r o p o r t i o n a l c o u n t e r o r L i F s c i n t i l l a t o r . 

The energy response o f the m o n i t o r approx imates a s c l o s e l y as 

p o s s i b l e t o the v a r i a t i o n w i t h neut ron energy b f dose e q u i v a l e n t 

p e r u n i t f l u e n c e . These i n s t r u m e n t s a re commerc i a l l y a v a i l a b l e 

and a re e x t e n s i v e l y u s e d f o r neut ron f i e l d s u r v e y i n the work ing 

env i ronment . They d i r e c t l y g i v e the neu t ron dose e q u i v a l e n t 

r a t e ( 6 , 7 ) . 

F o r c a r r y i n g o u t a ccu ra te neut ron d o s i m e t r y , knowledge o f 

the neutron spectrum i n the work ing env i ronment i s a l s o e s s e n t i a l . 

The u s u a l methods o f neut ron spectrum measurements are a c t i v a t i o n 

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

and m u l t i s p h e r e d e t e c t o r s o r Bonner s p h e r e s . As neutron f l u x e s 

i n the w o r k i n g i n v i r o nment are u s u a l l y low, Bonner spheres are 

u sed f o r neut ron spectrum measurements i n r a d i a t i o n p r o t e c t i o n . 

These sphere s c o n s i s t o f thermal neut ron d e t e c t o r s sur rounded by 

a s e t o f p o l y e t h y l e n e spheres o f 2 , 3 , 5 , 8 , 1 0 , 1 2 and 15 i n c h e s . 

Measured c o u n t s from the thermal neut ron d e t e c t o r a t the cen t re , 
3 6 6 

u s u a l l y He, L i l o r L i F TLDs, a re u n f o l d e d u s i n g the response 

m a t r i x t o y i e l d the neut ron spectrum ( 8 , 9 , 1 0 ) . A cadmium covered 

d e t e c t o r and a bare one are u s u a l l y i n c l u d e d i n the spect rometer 

f o r measu r i ng the thermal and ep i the rma l f l u x e s . With the advent 

o f m i c r o p r o c e s s o r s , the neut ron spec t romete r s have a reduced 

s i z e and more e l a b o r a t e t rea tment o f d a t a can be c a r r i e d o u t t o 

a r r i v e a t d o s i m e t r i c q u a n t i t i e s w i t h h i g h a c c u r a c y . 

PERSONNEL NEUTRON DOSIMETRY 

One can b r o a d l y i d e n t i f y the requ i rements o f an i d e a l 

pe r sonne l neut ron dos imeter a s f o l l o w s t i l ) . 

1 . I t s h o u l d r e c o r d neutron dose e q u i v a l e n t from a f r a c t i o n t o 

m u l t i p l e s o f maximum p e r m i s s i b l e dose e q u i v a l e n t l i m i t s . 

2 . I t s neut ron energy response s h o u l d be p r o p o r t i o n a l to dose 

e q u i v a l e n t re sponse i . e . i t s h o u l d be u s e f u l o ve r a c o n s i d e r a b l e 

range o f neu t ron e n e r g i e s . 
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3. I t s h o u l d be i n s e n s i t i v e to o t h e r types o f r a d i a t i o n s l i k e be ta , 

x - r a y s and gamma r a y s . 

4 . I t s hou ld have a good s i g n a l s t a b i l i t y w i t h l i t t l e f a d i n g . 

5» I t s h o u l d n o t be t o x i c to the wearer . 

6. I t s h o u l d be rugged, ea sy to hand le f o r a l a r g e s c a l e o f 

m o n i t o r i n g and be rea sonab l y i n e x p e n s i v e . 

There are m a i n l y three types o f pe r sonne l neutron dos imeters 

which have found acceptance f o r g e n e r a l u s e . These are n u c l e a r 

emu l s i on KODAK NTA, thermoluminescent a lbedo dos imeter s and s o l i d 

s t a t e n u c l e a r t r a c k d e t e c t o r . Each o f these per sonne l neutron 

d o s i m e t e r s have d i f f e r e n t d e t e c t i o n mechanism, advantages and 

l i m i t a t i o n s . These a re p a s s i v e do s imete r s which requ i re some form 

o f development a f t e r a use o f c e r t a i n p e r i o d t o p r o v i d e the dose 

e q u i v a l e n t . Pocket neutron do s imete r s which are under development 

i n many l a b o r a t o r i e s are dynamic pe r sonne l neutron d o s i m e t e r s . 

Bubble damage po lymer d e t e c t o r s p roposed by I n g and B i r bo im (12) 

are new per sonne l neut ron dos imeter s coming on the scence. I n these, 

m i c r o s c o p i c d r o p l e t s o f superheated l i q u i d are d i s t r i b u t e d i n a 

f i r m e l a s t i c po lymer i n a g l a s s tube . When a neutron s t r i k e s a 

d r o p l e t o r i t s immediate v i c i n i t y , the energy o f the charged 

p a r t i c l e c au se s the d r o p l e t t o exp lode r e s u l t i n g i n a ga s bubble 

which can be v i s u a l l y counted and c o r r e l a t e d w i t h neutron dose 

e q u i v a l e n t . These d e t e c t o r s a re now commerc i a l l y a v a i l a b l e from 

C h a l k - r i v e r , Canada. They are i n s e n s i t i v e to gammas and are neutron 

energy independent from 100 keV to 14 MeV and can be d e t e c t about 
241 

100 uSv from Am-3e neu t ron s , Of cou r se , these d e t e c t o r s are 

s u s c e p t i b l e t o temperature and impact and are q u i t e expens ive 

a l s o (13 ) . 

KODAK NTA PERSONNEL NEUTRON DOSIMETER 

One o f the e a r l i e s t methods employed f o r per sonne l neutron 

d o s i m e t r y ha s been the use o f s p e c i a l pho tog raph i c emul s ions (14, 15, 

16, 17)» The n u c l e a r emu l s i on type A (NTA) produced by KODAK i s 

the most commonly u sed p h o t o g r a p h i c emu l s i on f o r per sonne l 

neut ron d o s i m e t r y . I t i s the o l d e s t and s t i l l the most 

p o p u l a r sys tem i n u s e . I t i s a 30 m i c ron t h i c k pho tog raph i c 

emu l s i on coa ted on one s i d e o f the c e l l u l o s e a c e t a t e base and has 

f i n e g r a i n s o f 0.3 micron s i z e . The e l a s t i c c o l l i s i o n s o f 

neu t rons w i t h hydrogen n u c l e i i n the emu l s i on , c e l l u l o s e a c e t a t e 

ba se , p a c k a g i n g and the f i l m h o l d e r produce r e c o i l p ro ton t r a c k s . 

These are counted on a h i g h m a g n i f i c a t i o n - ( X 750) microscope and 
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c o r r e l a t e d w i t h neutron dose e q u i v a l e n t . The p r o t o n t r a c k s o f 

v a r y i n g l e n g t h s are produced f o r neut rons o f d i f f e r e n t e n e r g i e s . 

However, to r e c o g n i s e a p r o t o n t r a c k , o n l y those t r a c k s 

which c o n s i s t o f a t l e a s t three to f o u r deve loped g r a i n s are taken 

t o r ep re sen t a p ro ton t r a c k . Thus the minimum pro ton energy t h a t 

can be r e c o g n i s e d i n the emul s ion i s 300 keV and c o r r e s p o n d i n g l y 

the minimum energy f o r neutrons must be a t l e a s t 300 keV. I n 

p r a c t i c e , ea sy r e c o g n i t i o n o f t r a c k s i s p o s s i b l e o n l y from neutron 

e n e r g i e s o f 0.5 MeV and above. Thus Kodak NTA i s e s s e n t i a l l y a 

f a s t neutron personne l do s imete r . However, thermal neutrons c a n 

a l s o produce p ro tons o f 0.58 MeV i n the n i t r o g e n o f the emul s ion 

by (n,. p ) r e a c t i o n . Cadmium f i l t e r s are used i n the f i l m 

h o l d e r i n the f r o n t and a t the back t o C u t o f f the i n c i d e n t as 

w e l l a s b a c k s c a t t e r e d thermal neut rons from body. 

L o t o f s t u d i e s have been c a r r i e d ou t w i t h Kodak NTA per sonne l 

neut ron do s imete r . Ma in s t u d i e s have been on i t s energy response 

and p o s t - i r r a d i a t i o n l a t e n t image f a d i n g . Knowledge o f i t s energy 

response i s v e r y impor tan t f o r i t s u se i n d i f f e r e n t neutron f i e l d s . 

G e n e r a l l y i t responds to neutrons from 300 keV to 20 MeV and by 

u s i n g p ro ton r a d i a t o r s i n f r o n t i t s response can be extended upto 

50 MeV, I t s energy response has been determined e x p e r i m e n t a l l y 
241 252 

t o v a r i o u s r a d i o a c t i v e neut ron source l i k e Am-Be and Cf and 

monoenerget ic neutrons from a c c e l e r a t o r s . I t s t h e o r e t i c a l energy 

response i s shown i n F i g . 2. Curve 1 i s ba sed on the c a l c u l a t i o n s 

o f Cheka (14) and i s f o r Kodak NTA f i l m covered by a p ro ton 

r a d i a t o r o f 100 mg/cm and curve 3 i s the response o f the f i l m 

i n the f a c t o r y wrapp ing and these two c u r v e s a re based on the 

c a l c u l a t i o n s o f P i e s c h (15). Thus i t must be c l e a r l y noted 

t h a t the response o f Kodak NTA d o s i m e t e r i s a f f e c t e d by the 
r a d i a t o r t h i c k n e s s i n f r o n t o f f i l m a t h i g h e r neutron e n e r g i e s . 

U s u a l l y , the c a l i b r a t i o n o f t h i s do s ime te r i s done u s i n g a 
241 

c a l i b r a t e d Am-Be neutron s o u r c e . Bu t f o r i t s use i n d i f f e r e n t 

neut ron env i ronments , the energy response must be c l e a r l y known. 

E x t e n s i v e computat ions have been done f o r d i f f e r e n t moderated 

neu t rons s p e c t r a chosen from the Compendium o f Neutron Spec t r a 

f o r C r i t i c a l i t y A c c i d e n t Do s imet ry (18) . We have a l s o determined 

the exper imenta l a s w e l l as computed response f o r a number o f 

r a d i o a c t i v e neut ron sources and twenty two s e l e c t e d moderated 

neu t ron s p e c t r a (19 ,20 ,21 ) . Based on these s t u d i e s , c o r r e c t i o n 

f a c t o r s can be a p p l i e d f o r u s i n g the Kodak NTA dos imeter i n d i f f e r e n t 

neut ron env i ronments . 
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Fig. 2. Neutron Response of Kodak NTA Monitor 

One o f the drawbacks o f Kodak NTA f i l m i s the p o s t i r r a d i a t i o n 

l a t e n t image f a d i n g . I n f a c t o r y w r a p p i n g , a l l i n f o r m a t i o n i s l o s t 

w i t h i n one week a t 30°c and 80% r e l a t i v e h u m i d i t y . Thus u n l e s s 

c a r e f u l l y c o n t r o l l e d c o n d i t i o n s are en su red o r mo i s tu re p roo f 

p a c k a g i n g i s p rov ided , i t i s d i f f i c u l t t o u se these f i l m s f o r a 

r e a s o n a b l e s e r v i c e p e r i o d . Lot o f s t u d i e s have been c a r r i e d out 

under d i f f e r e n t temperature and h u m i d i t y c o n d i t i o n s . The f a d i n g 

i n t he se f i l m s i s caused due to the o x i d a t i o n o f the s i l v e r o f the 

l a t e n t image t u r n i n g i t back i n t o s i l v e r i o n s i n the presence o f 

oxygen and water vapour . A g r e a t improvement can be ach ieved by 

d e s s i c a t i o n of the f i l m s i n d ry n i t r o g e n and subsequent s e a l i n g 

i n a l u m i n i s e d po ly thene pouches (22) . We a re a l s o s e a l i n g the 

f i l m s i n t r i p l e l am ina te pouches of paper , twelve m ic ron a luminium 

f o i l and po ly thene and f i n d no f a d i n g f o r a p e r i o d o f f o u r months (23) . 

Thus, the Kodak NTA f i l m can be e a s i l y u s e d f o r a s e r v i c e p e r i o d 

o f two to three months. 
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Other c h a r a c t e r i s t i c s o f t h i s d o s i m e t e r are i t s gamma 

s e n s i t i v i t y b e i n g a p h o t o g r a p h i c emu l s i on , p a r t i c u l a r l y t o low energy 

pho tons . Bu t i t can be used w i t h 30 mSv gamma background. 

E v a l u a t i o n o f dose e q u i v a l e n t from these d o s i m e t e r s i s done by 

manual c o u n t i n g o f p ro ton t r a c k s on a m i c ro scope which i s q u i t e 

t e d i o u s . The dose range covered by Kodak NTA dos imeter i s from 

100 uSv to 10C mSv. I t g i v e s a permanent r e c o r d o f dose. I t i s 

ea s$ t o h a n d l e , rugged and not v e r y expens i ve f o r l a r g e s c a l e 

pe r sonne l do s imet ry f o r f a s t n e u t r o n s . 

ALBEDO NEUTRON PERSONNEL DOSIMETER 

These dos imeter s r e l y upon neut ron r e f l e c t e d from the body 

o f the wearer. These neutrons are c a l l e d a lbedo neut rons and can 

be de tec ted by a do s imeter p l a c e d on the body. The neutron a lbedo 

f a c t o r d e f i n e d as the r a t i o o f the neut ron f l u e n c e s c a t t e r e d from 

the body to the t o t a l i n c i d e n t neut ron f l u e n c e e n t e r i n g the body 

v a r i e s between 0.8 f o r thermal neut rons and 0.1 f o r neut rons o f 

1 MeV. I t i s p o s s i b l e to e s t ima te the dose e q u i v a l e n t i n the body 

due to the o r i g i n a l i n c i d e n t neut rons from the dos imeter worn on 

the body and such a dos imeter i s known as a lbedo neutron personne l 

d o s i m e t e r . 

The d e t e c t i n g m a t e r i a l i n the a lbedo do s ime te r can be any 

type o f thermal neutron d e t e c t o r but I n p r a c t i c a l a p p l i c a t i o n s 

L i F thermoluminescent dos imeter s (TLD) a re most f r e q u e n t l y used (11). 
6 3 

The neut ron d e t e c t o r mechanism i n v o l v e s L i (n, a l p h a ) H r e a c t i o n . 

The a lpha p a r t i c l e and the t r i t o n are absorbed by the L i F d e t e c t o r 

w i t h a d e p o s i t i o n o f the energy t h a t can^jdetected by common TLD 

readout t e chn ique s . Na tu ra l L i t h i um TLDs a re s e n s i t i v e t o thermal 

neut rons and t h i s s e n s i t i v i t y can be i n c r e a s e d by making the TLD 

ou t o f L i t h i u m enr i ched upto 95.62% o f 6 L i . S i m i l a r l y TLD enr i ched 7 i n L i upto 99.93% i s s e n s i t i v e t o gammas o n l y . Both TLDs -enr i ched 
6 7 i n L i o r L i have comparable gamma s e n s i t i v i t i e s .When used i n p a i r s , 

7 6 the r e a d i n g from L i F TLD g i v e s gamma re sponse and L i F TLD g i v e s 

neut ron and gamma response and the d i f f e r e n c e between the two g i v e s 

the neut ron response o f 6 L i F TLD. The b a s i c a l bedo dos imeter d e s i g n 
6 7 

i s shown i n F i g . 3. I t c o n s i s t s o f a p a i r o f L i F and L i F TLDs 

on each s i d e o f a cadmium d i s c . The TLD p a i r on the bottom i s used 

t o measure the a l b e d o n e u t r o n s and the top p a i r i s used 

t o measure the i n c i d e n t thermal neut ron f l u e n c e . The thermal 
neu t ron f l uence response o f 6 L i F (TLD-600) i s 1500 t imes t h a t 

7 
o f L i F (TLD-7 00 ) . There are n e a r l y a dozen o f a lbedo neutron 
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F i g . 3a Basic Albedo Dosimeter Design 
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F i g . 3b Hankins- type Albedo Dosimeter 

Fig . 4. Dose-equivalent Response of 

Hankins type Albedo Dosimeter 

dos imeter d e s i g n s desc r ibed i n l i t e r a t u r e u s i n g from one p a i r to 

three p a i r s o f TLDs (24). F i g . 3b shows one o f the e a r l i e s t 

d e s i g n s i . e . Hankins type a lbedo dos imeter . I t has been found 

that, the a lbedo response o f a l l the dos imeter types are s i m i l a r 

i n energy response and d i f f e r ma in l y f o r thermal and ep i thermal 

neu t rons . F i g . 4 shows the response o f Hank ins type albedo 

neutron dos imeter (25). The l a r g e decrease o f the a lbedo response 

curve beyond 10 keV shows the d i f f i c u l t y o f a p p l y i n g a lbedo 
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dos imete r s i n pe r sonne l neutron d o s i m e t r y . I t r e q u i r e s a very 

e l a b o r a t e c a l i b r a t i o n i n d i f f e r e n t neutron f i e l d s . The technique 

u sed i s r a t i o o f r e a d i n g s from two types o f neut ron d e t e c t o r s 

u s u a l l y a n ine i n ch polyefch«Jfine sphere to a three inch d iameter 

p o l y e t h y l e n e sphers covered w i t h cadmium (4 ) . 

A lbedo neut ron dos imeter s have h i g h s e n s i t i v i t y and can be 

s u b j e c t e d to au tomat ion . Due t o t h e i r gamma s e n s i t i v i t y , these can 

be used i n f i e l d s where neutron to gamma r a t i o i s h i g h . These 

dos imeter s show h i g h neutron energy dependence and wide v a r i a t i o n s 

w i t h d e t e c t o r to body d i s t a n c e and o r i e n t a t i o n . A lbedo per sonne l 

neu t ron dos imeter s are u s e f u l f o r pe r sonne l w o r k i n g i n neutron 

f i e l d s w i th moderated s p e c t r a . A d e t a i l e d - d i s c u s s i o n of a lbedo 

pe r sonne l neutron dos imeter s i s g i v e n by P i e s c h andBurgkhardt (26) . 

SSNTD FOR PERSONNEL NEUTRON DOSIMETRY , 

S o l i d S t a t e n u c l e a r t r a c k d e t e c t o r s (SSNTD) have found 

a p p l i c a t i o n i n neutron dos imetry f o r o v e r more than f i f t e e n y e a r s . 

S i n c e neut rons themselves are uncharged, they can produce e tchab le 

t r a c k s i n d e t e c t o r s v i a the n u c l e a r r e a c t i o n s i n v o l v i n g the 

p r o d u c t i o n o f charged p a r t i c l e s h a v i n g s i g n i f i c a n t k i n e t i c energy. 

The re fo re , SSNTDs f o r per sonne l neut ron d o s i m e t r y can be b r o a d l y o f 

two t ypes (a) used w i t h r a d i a t o r s p l a c e d i n c o n t a c t and r e g i s t r i n g 

f i s s i o n . f ragments o r cha rged p a r t i c l e s em i t ted by these 

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

and p r o t o n s produced w i t h i n the d e t e c t o r i t s e l f f rom n u c l e a r r e a c t i o n s 

o c c u r i n g there due t o i n c i d e n t n e u t r o n s . I n r e c e n t y e a r s , i t i s 

second c a t e g o r y o f SSNTDs, which have shown promi se f o r per sonne l 

neu t ron d o s i m e t r y . These are o r g a n i c m a t e r i a l s . Hie common 

c o n s t i t u e n t s o f the se o r g a n i c po lymers are H,C, 0 and o c c a s i o n a l l y N 

and when i r r a d i a t e d w i t h neutrons^ e l a s t i c r e c o i l s o f H, C, 0 and N 

g i v e r i s e t o t r a c k s i n the d e t e c t o r m a t e r i a l s . A l s o n o n - e l a s t i c (n, p ) 

and (n, a l p h a ) r e a c t i o n s can o c c u r and these p r o t o n s and a lpha p a r t i c l e s 

can . produce t r a c k s depending upon the s e n s i t i v i t y o f the po lymer . 

A s u r v e y o f c u r r e n t techn iques f o r neut ron d o s i m e t r y i s p r o v i d e d by 

S p u m y and Turek (21), G r i f f i t h e t a l (11) and F l e i s c h e r e t a l (28) . 

At tempts were made to d e t e c t heavy e l a s t i c r e c o i l s o f carbon and 

oxygen produced by neut rons , w i t h i n the p o l y c a r b o n a t e d e t e c t o r i t s e l f . 

I t was found t h a t c e l l u l o s e n i t r a t e has some s e n s i t i v i t y t o p r o t o n s 

b u t <fct was n o t u n t i l 1978 t h a t the p r o t o n t r a c k d e t e c t i n g p r o p e r t i e s 

o f the po lymer CR-39 were d i s c o v e r e d by C a r t w r i g h t e t a l (29) . 

The r e g i s t r a t i o n o f p ro ton s i n t r a c k d e t e c t o r s ha s l o n g been r e c o g n i s e d 
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as the b a s i c requirement f o r a s u c c e s s f u l neutron personnel dos imeter 

and CR-39 o f f e r s the b e s t p r o s p e c t f o r personne l neutron dos imetry 

i n the f o r e s e e a b l e f u t u r e . The ; i n t e r e s t i n de tec to r s l i k e p o l y c a r b o -

nate o r c e l l u l o s e n i t r a t e which do n o t de tec t p ro tons i s d e c l i n i n g 

r a p i d l y . 

CR-39 S S N T D 'PERSONNEL NEUTRON DOSIMETER 

CR-39 i s a t rade name where CR s tands f o r Columbia R e s i n . 

I t f i n d s g r e a t a p p l i c a t i o n s as a major component i n copolymers used 

f o r eye g l a s s l e n s e s and thus i s an o p t i c a l l y c l e a r and commerc ia l ly 

a v a i l a b l e p l a s t i c . I t s chemical nane i s p o l y a l l y l d i g l y c o l 

carbonate (PADC) and i t s chemical formula i s c i 2 H i 8 ° 7 # 

CR-39 i s p r o t o n - s e n s i t i v e over a wide range of ene rg i e s and 

i s the b e s t p ro spec t f o r personne l neutron dos imetry due to the 

f o l l o w i n g three reasons ( i ) the (n, p ) s c a t t e r i n g c r o s s - s e c t i o n 

i s l a r g e and smoothly v a r y i n g ( i i ) the e f f i c i e n c y o f energy 

t r a n s f e r from neutrons i s the g r e a t e s t f o r protons and ( i i i ) the 

ranges o f r e c o i l p ro tons are much g r e a t e r than f o r a lpha p a r t i c l e s 

and h e a v i e r r e c o i l s . It a l s o s a t i s f i e s most of the c r i t e r i a f o r 

an i d e a l polymer t rack d e t e c t o r . I t i s a h i g h l y c r o s s - l i n k e d 

and t o t a l l y amorphous polymer h a v i n g a c l o s e l y packed and un i form 

m o l e c u l a r s t r u c t u r e . It i s h a v i n g a n o n - s o l v e n t chemical e tchant 

b e i n g a thermoset m a t e r i a l and i s o p t i c a l l y t r a n s p a r e n t . These 

p r o p e r t i e s i n d i c a t e t h a t p o t e n t i a l e x i s t s . f o r h i g h sensitivity, 
a low energy neutron th re sho ld and a good dose equ i va l en t response 

f o r CR-39. 

The damage t r a c k s produced i n the o r g a n i c polymers on i r r a d i a t i o n 

can be etched chemica l l y o r e l e c t r o c h e m i c a l l y to en l a r ge the t r a c k s 

and make them d e t e c t a b l e . A l a r g e number o f s t u d i e s o f exper imenta l 

e t c h i n g parameters f o r the more common polymer de tec to r s are 

a v a i l a b l e i n the l i t e r a t u r e (30, 31 ) . The i n f l u e n c e o f compos i t i on 

o f the e tchant ( u s u a l l y a l k a l i e s ) , i t s c o n c e n t r a t i o n and 

temperature, the degree o f l i q u i d a g i t a t i o n and v a r i o u s p r e - e t c h i n g 

t reatments have been i n v e s t i g a t e d . I n s p i t e o f a l l these: s t u d i e s , 

the optimum e t c h i n g c o n d i t i o n s cannot be p r e d i c t e d and must be 

determined e m p i r i c a l l y f o r a s p e c i f i c d e t e c t o r . I n p r a c t i c e , the 

most impor tant parameters f o r the c o n t r o l o f the e t c h i n g speed of 

the de tec to r are the temperature and the c o n c e n t r a t i o n of the e t chan t . 

The charged p a r t i c l e t r a ck s produced by the neutrons i n the 

po lymers are s h o r t and c l o s e to o r below the l i m i t s o f r e s o l u t i o n 

o f o p t i c a l m ic roscope . E l e c t rochemica l "e tch ing (ECE) makes i t 
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p o s s i b l e t o e n l a r g e a l l types o f damage t r a c k s upto macroscop ic 

s i z e s so t h a t au tomat i c c o u n t i n g o r ea sy v i e w i n g becomes p o s s i b l e . 

ECE i d o b t a i n e d whenever damage t r a c k s are s t r e s s e d by AC e l e c t r i c 

f i e l d s d u r i n g the chemica l e t c h i n g (32 ,33 ) . F o r t h i s type o f 

e t c h i n g , the i r r a d i a t e d po lymer f o i l i s sandwiched between two 

s e p a r a t e volumes o f e l e c t r o l y t e o f which a t l e a s t one i s e t c h a n t . 

The a l t e r n a t i n g h i g h v o l t a g e i s a p p l i e d a c r o s s the polymer f o i l 

by two e l e c t r o d e s which are immersed i n the e l e c t r o l y t e s o l u t i o n . 

The ECE c o n d i t i o n s o f t e n used are e l e c t r i c f i e l d s o f the o r d e r o f 

a few tens o f KV p e r cm a t f r e q u e n c i e s o f one t o ten KHz. The 

e l e c t r i c a l breakdowns a t the t i p s o f the t r a c k s by a p p l y i n g 

e l e c t r i c a l f i e l d s are induced l o c a l l y and r e s u l t i n t r e e i n g 

phenomenon. The r e s u l t i n g t r a c k s l o o k l i ke " t r e e s and are l a r g e 

enough to be v iewed w i th a m i c r o f i c h e r e a d e r . 

E l e c t r o - c h e m i c a l e t c h i n g i n v o l v e s the use of e l a b o r a t e and 

s p e c i a l equipments namely m u l t i - f o i l e t c h i n g c e l l , h i g h v o l t a g e 

programmable waveform g e n e r a t o r and a m i c r o f i c h e reader o r an image 

a n a l y s e r system to view the e l e c t r o c h e m i c a l l y etched t r a c k s and 

a l s o an oven to c a r r y out the e l e c t r o c h e m i c a l e t c h i n g a t an 

e l e v a t e d temperature. CR-39 po lymer o f d o s i m e t r y grade i s now 

a v a i l a b l e from Per shore M o u l d i n g s , UK and a l s o i n USA and Japan. 

Fo r the a p p l i c a t i o n o f CR-39 SSNTD t o pe r sonne l neutron 

do s imet ry a knowledge o f i t s v a r i o u s c h a r a c t e r i s t i c s i s e s s e n t i a l . 

One o f the most impor t an t c h a r a c t e r i s t i c i s the neutron energy 

response o f the d o s i m e t e r . I n case o f CR-39 dos imeter , the energy 

response depends upon the e t c h i n g c o n d i t i o n s u sed (34) . Two s e t s 

o f e t c h i n g c o n d i t i o n s are f a v o u r e d ( i ) chemica l e t c h i n g a t 60°c 

f o l l o w e d by e l e c t r o c h e m i c a l e t c h i n g a t room temperature and 

( i i ) e l e c t r o c h e m i c a l e t c h i n g a t 60°c. Energy response o b t a i n e d 

i n bo th the c a s e s i s q u i t e d i f f e r e n t . G r i f f i t h e t a l (35) u sed 

5 hour chemica l e t c h i n g a t 60° c i n 6K KOH f o l l o w e d by 5 hour ECE 

a t room temperature i n 6N .KOH, 2KHz and 31.5 KV/cm o f CR-39 f o i l 

and the energy response t o mon6-energe t i c neut rons as measured by 

them i s shown i n F i g . 5. I h e t h r e s h o l d energy i s 200 keV and 

the response peaks a t 2 .0 MeV and t h e r e a f t e r i t f a l l s . The chemica l 

p r e - e t c h i n g s t e p reduces the background. The second procedure 

o f c a r r y i n g o u t ECE a t an e l e v a t e d temperature o f 60°c ha s been 

deve loped by Tomass ino e t a l (36, 37 ) . TOiey have demonstrated t h a t 

ECE a t h i g h temperatures r e v e a l s even t r a c k s produced by lower 

energy p r o t o n s as can be seen i n F i g . 6. Because s u r f a c e removal 

then o c c u r s d u r i n g ECE, more t r a c k s are r e v e a l e d wh i l e those a l r e a d y 
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treeing continue to enlarge*. This has the effect of increasing the 
response to low and high energy neutrons more than to those around 
2 MeV and therefore flattens the dose equivalent response and 
threshold is lowered to 100 KeV as shown in Pig. 7. Elevated 
temperature ECE (ETECE) is the preferred technique now and some 
laboratories in USA and UK are now using this dosimeter as a 
personnel neutron dosimeter routinely (38, 39). We have also 
developed this dosimeter in our laboratory and done studies with 
it (40/ 41). Sensitivities of the order of 100 to 800 tracks 

- 2 - 1 

cm mSv have been obtained depending upon the grade of the 
CR—39 material and etching conditions used. Thus it is a very 
sensitive dosimeter. 

Advantages of CR-39 as personnel neutron dosimeter are its 
lower neutron energy threshold and better energy response. It is 
insensitive to beta, x-rays and garrma rays. There is no fading 
of tracks and counting is easy and can be automated. Disadvantages 
are its inherent background, dependence of sensitivity and energy 
response on etching conditions used, ageing of the foil i.e. 
decrease In sensitivity and increase in background with time. It 
is a brittle material and needs careful handling and large scale 
processing is tedious. However, because of its lower energy 
threshold, it is suitable for personnel neutron dosimetry in reactor 
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TABLE 3 

A METHOD OF SELECTING THE APPROPRIATE DOSIMETRY SYSTEM (4) 

Category 
Dose equivalent rate 

Hn + Hr 
V H r 

Neutron 
spectrum 

Personnel 
monitoring 

Survey 
Instruments 

(mSV/a) (pSv/h)* V H r for neutrons for neutrons 

A 

B 

C 

D 

< 1.5 

< 15 

< 1 5 

< 50 

< 50 

< 5 0 

< 50 

< 0.75 

< 7 . 5 

< 7 . 5 

< 2 5 

<25 

25 

<25 

< 1 

< 0.2 
> 0.2 

>0.2 

> 0.2 

>0.2 

>0.2 

Variable 

Variable 

Constant 

Variable, 
En< lMeV, 
correlation 
with ratio 
e.g. H t h/ 
"albedo o r 

"th^f 

Variable,, 
1 <. En < 
20 MeV 
Variable 
En>20 MeV 

Gamma-ray 
dosimeter 
Gamma-ray 
dosimeter 
Simple albedo 
or track-etch 
detector 
Analyser albedo DE meter,sphere 
or track-etch ratio,thermal 
detector system detector 

DE meter 

DE meter 

DE meter 
sphere ratio 

Variable 
E n<lMeV, 
no 
correlation 

Recoil track 
etch detector 
and analyser 
albedo 

NTA film or 
track-etch 
detector 
Nuclear 
emulsion, 
activation 
threshold 
detectors 

DE meter and 
multi-sphere 
ratio or single 
sphere albedo 
technique 
DE meter, recoil 
proportional 
counter. 
Ion chamber. 

•Assuming 2000 working hours/annum. 



environments and fuel reprocessing facilities. The development 
problems associated with implementation of CR-39 dosimetry are 
magnified by the small number needed for neutron cbsimetry and its 
development cost to banefit ratio is relatively high (42, 43). 

CONCLUSION 
Personnel neutron dosimetry must meet severe requirements. No 

currently available dosimeter can meet all of these requirements. 
A manual prepared by IAEA (4) provides a method of selection of the 
appropriate personnel neutron dosimetry system based on the neutron 
dose equivalent rate in the working environment and the energy of 
neutrons to which a person is likely to be exposed. Table 3 from 
the above manual presents the neutron field categories and criteria 
for selection of the appropriate personnel neutron dosimetry system. 
Some general and useful references in the field of Neutron Dosimetry 
are also given (44, 45, 46, 47). 
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