
E m b a r g o 15 May 

Problem 1. The route of a ^^""Tc cow 

A m o l y b d e n u m / t e c h n e t i u m g e n e r a t o r is sen t to a i i osp i ta l by t l i e 

m a n u f a c t u r e r severa l days be fo re Fr iday 28 Apr i l 2 0 1 7 . Tt ie ( ca l cu la ted ) 

ca l i b ra t i on t i m e of tinis g e n e r a t o r is 6 .00 a . m . on Fr iday 28 Apr i l 2 0 1 7 ; t t i i s 

is s o m e t i m e a f t e r t t i e g e n e r a t o r was sen t by t t ie m a n u f a c t u r e r . 

The g e n e r a t o r is used fo r a f ew days a t t h e hosp i ta l and is s u b s e q u e n t l y 

sen t t o a v e t e r i n a r y cl in ic on t he m o r n i n g of Monday 1 May 2 0 1 7 . T h e ^^""Tc 

is used t h e r e fo r a weel< fo r d iagnoses in dogs and ca ts . On t h e m o r n i n g o f 

8 May , t he g e n e r a t o r is sen t f r o m t h e v e t e r i n a r y c l in ic to a t r a i n i n g i n s t i t u t e 

and a weel< la te r t h e used g e n e r a t o r is sen t bacl< to t h e hosp i ta l by t he s ta f f 

of t h e i n s t i t u t e . The hosp i ta l r e tu rns t h e g e n e r a t o r t o t h e m a n u f a c t u r e r . See 

also Tab le 1 fo r t h e ca l i b ra t i on da ta and t h e m o r e de ta i l ed d i spa t ch 

schedu le . 

T a b l e 1. Ca l i b ra t i on da ta w i t h d i spa tch schedu le , t y p e o f t r a n s p o r t label 

w i t h t h e ind i ca ted ac t i v i t i es and l is ted t r a n s p o r t ind ices ( T I ) . 

Ca l ib ra t ion d a t a : 

T h e ac t i v i t y ^^Mo is equa l t o 2 5 . 8 GBq on Fr iday 28 A p r i l , a t 6 .00 a . m . 

D ispa tch 

f r o m : 

D ispa tch 

t o : 
Da te : 

T r a n s p o r t 

l abe l : 

I n d i c a t e d 

^^Mo ac t . : 
T I 

M a n u f a c t u r e r Hospi ta l 
Unl<nown, be fo re 

Fr iday 28 Apr i l 
I I I Ye l low 8 8 . 2 5 GBq 1.3 

Hosp i ta l 
V e t e r i n a r y 

Cl inic 

Monday 

1 May 10 .00 
I I Ye l low 13 .2 GBq 0.5 

V e t e r i n a r y 

Cl inic 

T ra i n i ng 

I n s t i t u t e 

Monday 

8 May 10 .00 
I I Ye l low 2 2 3 0 MBq 0 .1 

T ra i n i ng 

I n s t i t u t e 
Hosp i ta l 

Monday 

15 May 10 .00 
I W h i t e 3 4 0 MBq 

S y p p o r t i n g d a t a : 

• S u m m a r y o f t h e w o r k i n g o f a ^^"^Tc cow : 

The m a n u f a c t u r e r o f a m o l y b d e n u m / t e c h n e t i u m g e n e r a t o r app l ied 

^^Mo to t h e g e n e r a t o r . E lut ion w i t h phys io log ica l sa l t ( t h e 'mi l l<ing o f 

t h e c o w ' ) causes ^^""Tc to d isso lve in i t . T h e resu l t is a bo t t l e w i t h 

^^""Tc d isso lved in phys io log ica l sa l t , as used f o r d i agnoses in nuc lea r 

med i c i ne . 

• A p p e n d i x , p p . 3 - 5 : Handboek Radionucliden, [Rad ionuc l i des 

H a n d b o o k ] , A . S . K e v e r l i n g - B u i s m a n ( 2 n d e d i t i o n , 2 0 0 7 ) , pp . 1 2 0 , 

122 and 1 2 4 , da ta o f ^^Mo, ^^Tc and ^^"'Tc respec t i ve l y , 
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• The ac t i v i t y is p laced in t h e m i d d l e of t h e Mo-Tc g e n e r a t o r a n d m a y 

be cons idered as a po in t sou rce . 

• Enough lead has been app l ied a r o u n d t h e ac t i v i t y t o c o m p l e t e l y sh ie ld 

t he rad ia t i on e m i t t e d by ^^""Tc. 

» The t r a n s p o r t pac[<aging o f t he Mo-Tc g e n e r a t o r is a l w a y s t h e s a m e 

s t a n d a r d t y p e A packag ing - a c a r d b o a r d box of 39 c m x 39 c m x 39 

c m . 

• The Mo-Tc g e n e r a t o r is p laced in t h e m i d d l e of t h e box in such a w a y 

t h a t t h e ac t i v i t y is pos i t i oned exac t l y in t h e cen t re o f t h e package . 

Q u e s t i o n 1 . 1 a 

W h e n (day and t i m e ) was t h e g e n e r a t o r d i spa tched by t h e m a n u f a c t u r e r 

acco rd ing to t h e i n f o r m a t i o n on t h e t r a n s p o r t label? 

Q u e s t i o n 1 . 1 b 

Calcu la te t he t r a n s m i s s i o n of t h e to ta l package of t h e g e n e r a t o r based on 

t h e i n f o r m a t i o n e n t e r e d on t h e label by t h e m a n u f a c t u r e r . 

T h e g e n e r a t o r wi l l be r e t u r n e d to t h e hosp i ta l f r o m t h e t r a i n i n g i n s t i t u t e in 

t h e o r ig ina l package on Monday 15 May. A t t h e t r a i n i ng i n s t i t u t e , on l y t h e 

f i gu res ind ica ted by t h e m a n u f a c t u r e r a re used to ca lcu la te t h e a m b i e n t 

dose equ i va len t ra te of t h e g e n e r a t o r . 

Q u e s t i o n 1 . 2 

Es t ima te t he h ighes t a m b i e n t dose e q u i v a l e n t ra te a t a d i s tance of 1 m e t r e 

f r o m the packaged g e n e r a t o r f o r Monday 15 May 2 0 1 7 and also d e t e r m i n e 

t h e T I f o r t h e s a m e da te . 

A r o u n d 100 bone scans of d o g s , as wel l as o t h e r t y p e s o f scans , a re m a d e 

each y e a r a t t h e v e t e r i n a r y c l in ic. One of t he a s s u m p t i o n s in t h e risk 

ana lys is is t h e fo l l ow ing an t i c i pa ted u n i n t e n d e d e v e n t : 

A dog t h a t was i n jec ted w i t h 1 5 0 0 MBq of ^^"'Tc 3 hou rs ear i ie r has j u s t 

been let ou t in t he specia l a rea des igna ted fo r th i s p u r p o s e , b u t 

neve r the less u r i na tes in t h e co r r i do r lead ing to t he 

scanne r r o o m . Th is resu l ts in 5 % of t h e a d m i n i s t e r e d 

ac t i v i t y , now par t ia l l y d e c a y e d , end ing up on t h e f l oo r in 

a pudd le of a r o u n d 10 m l . 

Th is pudd le is i m m e d i a t e l y c leaned up by m e a n s of 

a b s o r p t i o n in to ce l lu lose w i t h a g loved hand and t he 

ce l lu lose is t h e n p laced in a w a s t e b a g . Th is c l ean -up 
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t akes 1 m i n u t e ; d u r i n g tinis t i m e , t h e hands are a t a d i s tance of 1 cm f r o m 

the ac t i v i t y . 

Q u e s t i o n 1 . 3 

Based on t he a s s u m p t i o n s of t h e an t i c i pa ted u n i n t e n d e d e v e n t , ca lcu la te t h e 

a m b i e n t dose e q u i v a l e n t in t h e area of t he hands of t h e pe rson c lean ing up 

t he p u d d l e . For t h e sake of s imp l i c i t y , t h e pudd le of 10 m l m a y be r e g a r d e d 

as a po i n t sou rce . 

The a n i m a l s are no t t a k e n h o m e unt i l t he day a f t e r t h e e x a m i n a t i o n and 

t h e r e f o r e r e m a i n in t he a n i m a l enc losures fo r q u i t e s o m e t i m e a f t e r t h e 

ac t i v i t y is a d m i n i s t e r e d . These enc losu res have a sma l l o u t l e t l ead ing 

o u t s i d e , w h e r e all exc re ta e v e n t u a l l y end up in t h e so i l . 

These e x a m i n a t i o n s have been conduc ted a t t h e s a m e loca t ion and in t h e 

s a m e f r e q u e n c y f o r 4 0 yea rs . The m o s t i m p o r t a n t of t hese e x a m i n a t i o n s - in 

n u m b e r a n d w i t h t h e h ighes t ^^""Tc ac t i v i t y - a re s h o w n in Tab le 2 . 

The c l in ic is i n t e res ted in d e t e r m i n i n g t h e ^^Tc ac t i v i t y p r e s e n t in t h e g r o u n d 

at t h e a n i m a l enc losu res . 

T a b l e 2 . O v e r v i e w of t he m o s t i m p o r t a n t e x a i n i n a t i o n s w i t h I c and the 

a d m i n i s t e r e d ac t i v i t y on an annua l bas is : 

E x a m i n a t i o n t y p e N u m b e r o f t i m e s per y e a r A c t i v i t y pe r 

e x a m i n a t i o n 

Bone scans 100 1 .50-10^ Bq 

T h y r o i d scans 100 1.50-10*^ Bq 

Q u e s t i o n 1 . 4 

Calcu la te t h e ac t i v i t y o f ^^Tc in t h e g r o u n d . 

A s s u m e t h a t t he an ima l s e x c r e t e d all of t he a d m i n i s t e r e d ^^""Tc and ^^Tc 

d u r i n g t h e i r s t a y , and t h a t all o f t h e f o r m e d ^^Tc r e m a i n e d in t h e g r o u n d a t 

t h e l oca t i on . 
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Problem 2. Contamination during ^̂ Î therapy 

To t r e a t t h y r o i d c a r c i n o m a , ^-^^I is a d m i n i s t e r e d to t h e p a t i e n t in t h e f o r m of 

s o d i u m iod ide a f t e r t h e r e m o v a l of as m u c h of t h e t u m o r o u s t h y r o i d as 

poss ib le . T h e dose to d e s t r o y t h e r e m a i n i n g t u m o u r t i ssue ( t h y r o i d a b l a t i o n ) 

d e p e n d s on t he expec ted u p t a k e of iod ine in t h e r e m a i n i n g t u m o u r t i ssue in 

t h e neck reg ion . 

S u p p o r t i n g d a t a : 

® A p p e n d i x , p. 6: Up take of ^ ^ ^ I , i nc lud ing decay , in t w o o r g a n s a f t e r 

^•^ Î i nges t i on du r i ng t he t r e a t m e n t of m e t a s t a s e s , ca l cu la ted us ing 

t h e HARAS mode l 

• A p p e n d i x , p p . 7 - 8 : Handboek Radionucliden, [Rad ionuc l i des 

H a n d b o o k ] , A .S . K e v e H i n g - B u i s m a n ( 2 n d e d i t i o n , 2 0 0 7 ) , pp . 164¬

165 , data of ' ^ ' l . 

For a t h e r a p e u t i c t h y r o i d a b l a t i o n , 7 4 0 0 MBq of ^^^I is o ra l l y (v ia i n g e s t i o n ) 

a d m i n i s t e r e d to an adu l t pa t i en t . The pa t i en t ' s b l adde r is c o n t i n u o u s l y 

e m p t i e d us ing a b ladder ca the te r . The u r ine is co l lec ted in a p last ic 

c o n t a i n e r w i t h rad ia t i on sh ie ld i ng . 

Q u e s t i o n 2.1 

Expla in w h y c o n t i n u o u s l y e m p t y i n g t h e b ladde r can lead to a s ign i f i can t 

dose reduc t i on fo r t h e pa t i en t . Use t h e u p t a k e g r a p h and d e c a y d i a g r a m f o r 

th i s pu rpose . 

The pa t i en t becomes agg ress i ve 12 hou rs a f t e r a d m i n i s t r a t i o n , t akes t h e 

co l lec t ion c o n t a i n e r o u t of t h e sh ie ld ing a n d h i ts t h e con ta i ne r , caus ing i t t o 

leak. The resu l t i ng c o n t a m i n a t i o n on t h e f l oo r is c leaned up by a s ing le 

e m p l o y e e . Measures are t a k e n to p r e v e n t i n te rna l c o n t a m i n a t i o n . A 

m e a s u r e m e n t revea ls t h a t a la rge po r t i on of t he ac t i v i t y is st i l l p resen t in 

t h e con ta ine r . The a m b i e n t dose e q u i v a l e n t ra te H*(10) o f t h e unsh ie l ded 

c o n t a i n e r a m o u n t s to 22 p S v / h a t a d is tance of 3.0 m e t r e s . 

Q u e s t i o n 2 . 2 

Using t he a m b i e n t dose e q u i v a l e n t r a t e , d e m o n s t r a t e t h a t t h e ac t i v i t y o f t h e 

r e m a i n i n g u r ine in t he co l lec t ion c o n t a i n e r is a r o u n d 3 GBq . You can a s s u m e 

a po i n t source g e o m e t r y f o r t h e ca l cu la t i on . 

T h e rad ia t i on e x p e r t t akes a sw ipe s a m p l e f r o m t h e nasal cav i t y and t h e 

ora l cav i t y o f t h e e m p l o y e e w h o c leaned up t h e c o n t a m i n a t i o n . An ana lys is 
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revea ls t h a t t h e nasal s a m p l e and t h e ora l s a m p l e a re bo th pos i t i ve . The 

rad ia t i on e x p e r t t h e r e f o r e ensu res t h a t a m e a s u r e m e n t is p e r f o r m e d w i t h an 

N a l d e t e c t o r a day a f t e r t h e i nc iden t to d e t e r m i n e t h e ac t i v i t y of t h e ^^^I in 

t h e b o d y . The t h y r o i d o f t h e e m p l o y e e is m e a s u r e d fo r 1 m i n u t e , resu l t i ng 

in 5 6 7 pulses in t h e 3 6 5 - k e V p h o t o p e a k . T h e b a c k g r o u n d c o u n t ra te in t h i s 

p h o t o p e a k a m o u n t s to 80 pu lses pe r m i n u t e . T h e de tec t i on e f f i c iency fo r t h e 

3 6 5 - k e V p h o t o p e a k in th i s s e t - u p a m o u n t s to 1.0-10"^ pu lses per e m i t t e d 

p h o t o n . 

Q u e s t i o n 2 . 3 

Es t ima te t h e ac t i v i t y of ^^^I in t he t h y r o i d of t h e c o n t a m i n a t e d e m p l o y e e a t 

t h e t i m e of t he m e a s u r e m e n t . 

Q u e s t i o n 2 . 4 

Es t ima te t he c o m m i t t e d e f f ec t i ve dose fo r t h e c o n t a m i n a t e d e m p l o y e e . 

A s s u m e in te rna l c o n t a m i n a t i o n resu l t i ng f r o m t h e i nha la t i on o f s o d i u m 

iod ide and use t h e a p p e n d i x , pp . 7 -8 , conce rn ing t h e ^^^I da ta . 
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Problem 3. Release of absolute filters 

A c o m p a n y has a fac i l i t y t h a t can be used to p roduce spec i f ic rad ionuc l i des . 

One of t hese rad ionuc l i des is ^^Mo. Du r i ng t h e p r o d u c t i o n of th i s nuc l i de , 

rad ioac t i v i t y cou ld be re leased in to t h e air . Abso lu te f i l t e rs a re used to 

ensu re t h a t as l i t t le r ad ioac t i v i t y as poss ib le is re leased in to t h e 

e n v i r o n m e n t . These f i l te rs are p laced in t h e o u t g o i n g a i r v e n t i l a t i o n duc t . 

A f t e r a ce r ta in pe r iod o f t i m e , t hese abso lu te f i l te rs are rep laced w i t h new 

ones . The KEW l icence of t h e c o m p a n y prescr ibes t h a t used abso lu te f i l t e rs 

m u s t be f o r m a l l y c leared p r io r t o be ing d isposed of as w a s t e , a f t e r t h e 

p e r f o r m a n c e of a su i tab le m e a s u r e m e n t . For t h i s p u r p o s e , a new s e t - u p is 

be ing d e s i g n e d , in w h i c h t h e f i l te rs are p laced u n d e r a Ge(L i ) de tec to r . T h e 

de tec to r is p laced d i rec t l y a b o v e t h e cen t re of t he f i l te r . A " C o p la te sou rce 

w i t h t h e s a m e g e o m e t r y as t h e abso lu te f i l t e r is used as a re fe rence sou rce . 

S u p p o r t i n g d a t a : 

• A p p e n d i x , p p . 9 - 1 0 : Handboek Radionucliden, [Rad ionuc l i des 

H a n d b o o k ] , A .S . KeveHing B u i s m a n ( 3 r d e d i t i o n , 2 0 0 7 ) , pp . 6 6 - 6 7 , 

data of " C o . 

• A p p e n d i x , p. 3 : Handboek Radionucliden, [Rad ionuc l i des H a n d b o o k ] , 

A .S . Keve r l i ng B u i s m a n ( 3 r d e d i t i o n , 2 0 0 7 ) , p. 1 2 0 , da ta o f ^^Mo. 

• A p p e n d i x , p. 5 : Handboek Radionucliden, [Rad ionuc l i des H a n d b o o k ] , 

A .S . KeveHing B u i s m a n ( 3 r d e d i t i o n , 2 0 0 7 ) , p. 1 2 4 , da ta o f ^^""Tc. 

e The t o ta l mass of t h e abso lu te f i l t e r is 3 2 0 0 g r a m s . 

• Al l m e a s u r e m e n t s w e r e p e r f o r m e d on 1 D e c e m b e r 2 0 1 6 and las ted 

30 m i n u t e s . 

• The dead t i m e is neg l i g ib le . 

• A t t h e t i m e of t h e m e a s u r e m e n t , ^^""Tc is in e q u i l i b r i u m w i t h ^^Mo. 

e The e f f i c iency d e t e r m i n e d f o r t h e 1 3 6 - k e V p h o t o n s of " C o m a y also 

be used as t h e e f f i c iency fo r t h e 1 4 1 - k e V p h o t o n s f r o m ^^Mo/^^^Tc. 

T a b l e 1. Resul ts of a re fe rence m e a s u r e m e n t (Ng is t h e g ross n u m b e r of 

c o u n t s , Nb is t h e n u m b e r of coun t s du r i ng t he b a c k g r o u n d m e a s u r e m e n t ) . 

Nuc l ide Energy 

( keV ) 

Ac t i v i t y ( k B q ) 

on 1 / 4 / 2 0 1 5 

Ng 
on 1 / 1 2 / 2 0 1 6 

Nb 
on 1 / 1 2 / 2 0 1 6 

" C o 136 4 6 9 5 9 . 2 1 0 ^ 50 .7 -10^ 
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T a b l e 2. Resul ts o f a m e a s u r e m e n t of an abso lu te f i l t e r (Ng is t h e g ross 

n u m b e r of c o u n t s , Nb is t h e n u m b e r of coun t s d u r i n g t h e b a c k g r o u n d 

Nuc l ide Energy 

( keV ) 

Ng 

on 1 / 1 2 / 2 0 1 6 

Nb 
on 1 / 1 2 / 2 0 1 6 

1 4 1 3 3 1 , 3 1 0 ^ 50.9-103 

Q u e s t i o n 3 . 1 

D e m o n s t r a t e t h a t t h e e f f i c iency of t h e s e t - u p fo r " C o e n e r g y of 136 keV is 

equa l to 4 . 5 1 0 " ' * coun ts per p h o t o n . 

Q u e s t i o n 3 . 2 

^^Mo a n d ^^""Tc bo th e m i t p h o t o n s w i t h an e n e r g y o f 1 4 1 keV. Ve r i f y t h a t t h e 

y ie ld o f t hese p h o t o n s is equa l t o 0 . 8 2 8 p h o t o n s pe r d e s i n t e g r a t i o n ^^Mo, if 

t h e ac t i v i t i es of t h e t w o nuc l ides are in e q u i l i b r i u m . 

To ensu re t h e success of th i s m e a s u r e m e n t , t h e c lea rance levels m u s t be 

m e a s u r a b l e and t h e r e f o r e h ighe r t h a n t h e m i n i m u m d e t e c t a b l e ac t i v i t y 

( M D A ) and m i n i m a l de tec tab le ac t i v i t y c o n c e n t r a t i o n ( M D C ) . The c r i t e r i on 

fo r bo th t h e MDA and t h e MDC is t h a t it m u s t lead to an inc rease in t h e 

c o u n t ra te of m o r e t h a n t h r e e t i m e s t h e s t a n d a r d d e v i a t i o n o f t h e 

b a c k g r o u n d ( 3 a ) . 

Q u e s t i o n 3 . 3 

D e m o n s t r a t e t h a t bo th t h e MDA and t h e MDC fo r ^^Mo are s m a l l e r t h a n t h e 

c lea rance leve ls . 

Q u e s t i o n 3 . 4 a 

Using t he m e a s u r e m e n t of t h e abso lu te f i l t e r (Tab le 2 ) , d e t e r m i n e t h e 

m a x i m u m a m o u n t of t h e ^^Mo ac t i v i t y p resen t in t h e abso lu te f i l t e r , 

i nc lud ing t he 9 5 % con f idence i n te r va l {2a) of t h a t ac t i v i t y . 

Q u e s t i o n 3 . 4 b 

D e t e r m i n e w h e t h e r th is abso lu te f i l t e r can be c l ea red . Also t a k e in to a c c o u n t 

t h e ^^""Tc t h a t has been f o r m e d in e q u i l i b r i u m w i t h t h e ac t i v i t y of ^^Mo. 

A s s u m e t h a t no o t h e r rad ionuc l i des have been f o u n d bes ides ^^Mo/^^""Tc. 

0 



E m b a r g o 15 May 

Question 4. Lecture bottle 

A ' lec tu re bo t t l e ' is a m i n i a t u r e gas cy l inder . I n t h e rad ionuc l i de l a b o r a t o r y 

of a un i ve r s i t y , a t e a c h e r is go ing to use a s tee l l ec tu re bo t t l e f i l led w i t h 

" C - l a b e l l e d ca rbon d iox ide in one of t h e f u m e c u p b o a r d s . T h e respons ib le 

rad ia t i on e x p e r t p e r f o r m s a r isk ana lys is in a d v a n c e and in i t ia l l y a s s u m e s 

t h a t t h e b r e m s s t r a h l u n g p roduced w h e n t h e p -par t i c les o r i g i n a t i n g f r o m t h e 

decay of '̂̂ C e n t e r t he wa l l o f t h e gas bo t t l e can be d i s r e g a r d e d . A f t e r t h e 

a r r i va l of t he lec tu re b o t t l e , he p e r f o r m s a m e a s u r e m e n t t o be c e r t a i n . On 

the e x t e r i o r of t h e gas bo t t l e , an a m b i e n t dose e q u i v a l e n t ra te 

W*(10) = 0 .17 |.iSv h"^ is m e a s u r e d w i t h a b a c k g r o u n d of 0 .06 |.iSv h ^ He 

w a n t s to v e r i f y by m e a n s of a ca lcu la t ion w h e t h e r th is m e a s u r e m e n t v a l u e 

cou ld have been a n t i c i p a t e d . 

F i g u r e 1. Lec tu re bo t t l e 

S u p p o r t i n g d a t a : 

• Acco rd ing t o t h e labe l , t h e lec tu re bo t t l e con ta i ns an ac t i v i t y o f 4 8 0 

MBq " C . 

• The lec tu re bo t t l e has a l eng th of 18 c m , an o u t e r d i a m e t e r of 3 .2 c m 

and a wa l l t h i c kness of 3 .0 m m . 

• The su r face area of t h e s ide wa l l of a cy l i nde r is S = 2?: x r x I, 

w h e r e b y r is t h e d i s tance f r o m t h e ax is to t h e e x t e r i o r of t h e c y l i n d e r 

and I is t h e l eng th o f t he cy l i nde r . 

• I n th is a s s i g n m e n t , t he p rope r t i es o f i ron m a y be used fo r s tee l . 

® The dens i t y o f i ron is piron = 7.9 g-cm'-^. 

Q The a t o m i c n u m b e r of i ron is Z = 26 . 

9 
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• The f r ac t i on of t h e (3-energy t h a t is c o n v e r t e d to B r e m s s t r a h l u n g is 

a p p r o x i m a t e l y equa l to g = 2 - 1 0 Z Ep .max 

o A p p e n d i x , p p . 1 1 - 1 2 : Handboek Radionucliden, [Rad ionuc l i des 

H a n d b o o k ] , A . S . Kever l i ng B u i s m a n ( 2 n d e d i t i o n , 2 0 0 7 ) , pp . 2 4 - 2 5 : 

da ta o f i^C. 

• A p p e n d i x , p. 1 3 : I n t e r a c t i o n coe f f i c ien ts f o r p h o t o n s in i ron ( d e r i v e d 

f r o m Inleiding tot de Stralingshygiëne [ I n t r o d u c t i o n t o Rad ia t ion 

P r o t e c t i o n ] , A.J .J . Bos et a l , 2 n d e d i t i o n , 2 0 0 7 , p. 3 8 4 ) . 

• T h e dose bu i l d -up f ac to r m a y be e q u a t e d to B = 1 in th i s p r o b l e m . 

• A p p e n d i x , p. 1 3 : Dose conve rs i on coe f f i c ien ts f o r e x t e r n a l e x p o s u r e 

to p h o t o n s ( d e r i v e d f r o m Inleiding tot de Stralingshygiëne 

[ I n t r o d u c t i o n t o Rad ia t ion P r o t e c t i o n ] , A .J .J . Bos et a l , 2 n d e d i t i o n , 

2 0 0 7 , p. 3 8 6 ) . 

• F i g u r e 2: T r a n s m i s s i o n t h r o u g h i ron of b r e m s s t r a h l u n g p roduced by 

p-part ic les of " C ; Rad io iso topes 57 ( 2 0 0 8 ) 6 0 5 - 6 1 6 . 

0.001 I ' ^ ' H ^ ' M ^ K ^ ' M ' ' ' ' I 
0 0.2 0.4 0.6 0.8 1 

wanddikte (cm) 

F i g u r e 2 . T ransm iss i on t h r o u g h i ron of b r e m s s t r a h l u n g p r o d u c e d by 

p - par t i c les o f ^^C; Rad io iso topes 57 ( 2 0 0 8 ) 6 0 5 - 6 1 6 . 

Q u e s t i o n 4 .1 

D e m o n s t r a t e t h a t all p -par t ic les o r i g i n a t i n g f r o m t h e decay o f "̂̂ C are 

s t o p p e d in t h e wa l l of t h e gas bo t t l e . 

10 
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To m a k e t he p r o b l e m m a n a g e a b l e , t he e x p e r t wi l l m a k e a ca lcu la t ion u n d e r 

t h e a s s u m p t i o n t h a t t h e r e is no ^^C in t h e cy l i nder , bu t i ns tead a m o n o -

ene rge t i c p h o t o n source w i t h an ene rgy equa l to t h e e f f ec t i ve p h o t o n 

e n e r g y Ephoton to be d e t e r m i n e d in Ques t i on 4 . 2 . Th is p h o t o n source is 

loca ted on t h e ax is in t h e cen t re of t h e cy l i nde r and is h o m o g e n e o u s l y 

d i s t r i b u t e d across th i s ax i s ; see Figure 3. 

Q u e s t i o n 4 . 2 

Calcu la te t he ' e f f e c t i v e ' va l ue of |. i /p of i ron fo r t h e b r e m s s t r a h l u n g of ^"^C, 

based on t he t r a n s m i s s i o n t h r o u g h i ron . Using th is v a l u e , d e t e r m i n e t h e 

' e f f e c t i v e ' p h o t o n e n e r g y Ephoton ( in o t he r w o r d s , t h e e n e r g y c o r r e s p o n d i n g 

to t h e ca lcu la ted va l ue of yi/p) of t he b r e m s s t r a h l u n g . 

I f y o u are unab le t o ob ta in th i s answe r , e q u a t e Ephoton t o t h e a v e r a g e 

p -ene rgy in t h e r e m a i n i n g ques t i ons of th i s p r o b l e m . 

F i g u r e 3 . Ou t l i ne o f a s e g m e n t o f t h e gas bo t t l e . T h e ax is in t h e cen t r e o f 

t h e cy l i nde r is cons ide red to be t h e source o f p h o t o n s . 

Q u e s t i o n 4 . 3 a 

Calcu la te t h e to ta l b r e m s s t r a h l u n g e n e r g y p r o d u c e d per un i t o f t i m e ( in 

MeV-s"^). For t h i s ca l cu la t i on , use t he f rac t i on g of t h e p-energy e m i t t e d p e r 

u n i t o f t i m e . 

He e s t i m a t e s t h e n u m b e r of p h o t o n s per un i t o f t i m e by d i v i d i ng t h e 

b r e m s s t r a h l u n g e n e r g y p r o d u c e d per un i t o f t i m e by Ephoton-

sidewall of cylinder 

wall thicl<ness = 3 mm 

outer diameter = 3.2 cm 

length = 18 cm 

l:i. 
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Q u e s t i o n 4 . 3 b 

Calcu la te t he a v e r a g e f l ux dens i t y or f l uence ra te cp ( in photons-cm^^-s"^) 

t h a t t h e i m a g i n a r y l inear p h o t o n source p roduces on t h e e x t e r i o r of t h e gas 

bo t t l e (see F igure 3 ) . You do no t need to t a k e t h e ends o f t h e gas bo t t l e 

in to a c c o u n t ; y o u can a s s u m e t h a t t h e p h o t o n s exc lus i ve l y c o m e in to 

c o n t a c t w i t h t h e ins ide of t h e side wa l l . 

Q u e s t i o n 4 . 4 

Based on t he a n s w e r to Ques t i on 4 . 3 b , ca lcu la te t h e a m b i e n t dose 

e q u i v a l e n t ra te H*(10) ( in pSv-h"^) on t h e e x t e r i o r of t h e gas bo t t l e . I f y o u 

w e r e unab le to o b t a i n t he a n s w e r to Ques t i on 3 b , use 40 pho tons -cm^^ s " ^ 

12 
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APPENDIX to the 
Examination 
Coordinating Radiation Protection Expert 

Nuclear Research and Consu l tancy Group NRG 

Del f t Un ive rs i t y of T e c h n o l o g y TU De l f t 

Boe rhaave CME/LUMC BN/LUMC 

Un ive rs i t y o f G r o n i n g e n f^UG 

Radboudumc RUMC 

E indhoven Un ive rs i t y of T e c h n o l o g y T U / e 

e x a m i n a t i o n d a t e : 15 May 2 0 1 7 

d u r a t i o n of e x a m i n a t i o n : 1 3 : 3 0 - 1 6 : 3 0 

I n s t r u c t i o n s : 

• I f y o u u s e a n y d a t a o t h e r t h a n t h e d a t a p r o v i d e d in t h i s 

a p p e n d i x , p l e a s e s t a t e t h e s o u r c e ! 

• T h i s a p p e n d i x c o n s i s t s of 1 3 n u m b e r e d p a g e s . P l e a s e c h e c k 

w h e t h e r it i s c o m p l e t e ! 
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T A B L E O F C O M T E W T S 

Page 

3-5 Handboek Radionucliden [Rad ionuc l i des H a n d b o o k ] , A . S . K e v e H i n g -

B u i s m a n ( 2 n d e d i t i o n , 2 0 0 7 ) , pp . 1 2 0 , 122 and 1 2 4 , da ta of ^^Mo, ^^Tc 

and ^^"^Tc respec t i ve l y 

6 Up take of ^^^I a b s o r p t i o n , i nc lud ing decay , in t w o o rgans a f t e r ^^^I 

i nges t ion d u n n g t h e t r e a t m e n t of m e t a s t a s e s , ca lcu la ted us ing t h e 

HARAS m o d e l 

7 -8 Handboek Radionucliden [Rad ionuc l i des H a n d b o o k ] , A . S . K e v e H i n g -

B u i s m a n ( 2 n d e d i t i o n , 2 0 0 7 ) , pp . 164 and 1 6 5 , ^^^I da ta 

9 - 1 0 Handboek Radionucliden [Rad ionuc l i des H a n d b o o k ] , A . S . K e v e H i n g -

B u i s m a n ( 2 n d e d i t i o n , 2 0 0 7 ) , pp . 66 and 6 7 , da ta of " C o . 

1 1 - 1 2 Handboek Radionucliden [Rad ionuc l i des H a n d b o o k ] , A . S . K e v e H i n g -

B u i s m a n ( 2 n d e d i t i o n , 2 0 0 7 ) , pp . 2 4 - 2 5 : da ta o f ^^C 

13 I n t e r a c t i o n coe f f i c ien ts f o r p h o t o n s in i ron ( d e r i v e d f r o m Inleiding tot 

de Stralingshygiëne [ I n t r o d u c t i o n to Rad ia t ion P r o t e c t i o n ] , A .J .J . Bos 

e t a l , 2nd e d i t i o n , 2 0 0 7 , p. 3 8 4 ) 

13 Dose conve rs i on coe f f i c ien ts f o r e x t e r n a l e x p o s u r e to p h o t o n s ( d e r i v e d 
f r o m Inleiding tot de Stralingshygiëne [ I n t r o d u c t i o n t o Rad ia t ion 
P r o t e c t i o n ] , A .J .J . Bos e t a l , 2 n d e d i t i o n , 2 0 0 7 , p. 3 8 6 ) . 
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''''Mo 

Half-life and decay constant 

7i/2 = 65,94 h = 2,37x105 s 

Decay scheme (simplified) 

"'Mo 
921 

18! 

143 
141 

A = 2 , 9 2 x l ü " ' ' s fi c-l 

iVIain emitted radiation 

Straling y (Bq-s)-i E (keV) 

0,820 443 1 1214 

P- 0,166 133 1 436 

71 0,049 141 

Y2 0,012 41 

73 0,061 181 

74 0,122 740 

Voor straling van dochters l c 0 ' = 0 0,124; en '^'^"'Tc 0 ' = 0,876j: zie aldaar 

Source constants 

Air l<erma rate 
Ambient dose equivalent rate 

k = 0,022 !,tGy/h per M B q / m -
/; = 0,026 nSv/li per MBq/rn2 

IVIiscellaneous 

Specific activity 
Exemption levels 
Skin contamination 
Wound contamination / injection 

Transport 

= 1,77x101'^ Bq/g 

Cv = l O ^ B q / g cn / l , , = 10^ Bq 

^huid = 4x10^ ' " Sv/s per Bq/cm2 

(.'(50) = 4,6x10 ' " Sv/Bq (incl. ' 'y™Tc) 

y\| = I T B q 

A 2 = 0,6 TBq 

1 2 0 

3 
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Half-life and decay constant 

Tl 2 = 2.13xlf>\j =6.72x10'-s 

Decay scheme (simplified) 

99Te 

/ = 1.03x10-1-'' 

IVlain emitted radiation 

Stral ing y (Bq sr^ £ ( k e V ) 

p- 1.000 1011294 

IVIiscelianeous 

Specific activity .4.sp = 6,27xB>'* Bq/g 
Exemption levels Cy = 10"* Bq /g en Av = 1 0 ' Bq 

Skin contamination Hh^id = 3xL0'^^ Sv/s per Bq /cni-

Wound contamination / injection (^,(50^ = LSxiO'^" Sv/Bq 

Transport = 40 T B q 

A2 = 0.9 T B q 

Productie en toepassingen 

Het radionucl ide ' ^Tc is een spl i j t ingsproduct. 

122 

4 



E m b a r g o 15 May 2 0 1 7 

Half-life and decay constant 

r i / 2 = 6,006 h = 2,17x10' 's 

Decay scheme (simplified) 

143 
141 

99TC (3^ 

A = 3 , 2 1 x l 0 ' 5 s 5 

IVlain emitted radiation 

Straling y (Bq s)"^ 

ce M 72 

ce N )'2 

L M X 

0,889 

0,914 

0,076 

0,062 

0,102 

E (keV) 

141 

2 

2 

Source constants 

Air kerma rate 
Ambient dose equivalent rate 

Miscellaneous 

Specific activity 
Exemption levels 
Skin contamination 
Wound contamination / injection 
Transport 

k = 0,018 uGy/h per MBq/m2 

// = 0,023 ^tSv/h per M B q / m -

/isp = 1,95x101' 'Bq/g 

Cv = lO^Bq /g en z^, = 10^ Bq 

-^huid = 5x10-11 Sv/s per Bq/cm2 

e(50) = 1,1x10 11 Sv/Bq 

A\ = 10 T B q 

A2 = 4TBq 

Pi oductie en toepassingen 

Het radionuclide '^^'^Tc Is de dochter van '''^Mo. Het wordt geproduceerd in een 

Mo/ lc -gcnera lor en op zeer grote schaal in de nucleaire geneeskunde gebruikt 

voor diagnostische doeleinden; voor afbeeldingen en l'unctiesttulies. 

1 2 4 
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^̂ Î u p t a k e , i n c l u d i n g d e c a y , in t w o o r g a n s a f t e r "^I i n g e s t i o n d u r i n g t h e 
t r e a t m e n t of m e t a s t a s e s , c a l c u l a t e d u s i n g t h e H A R A S m o d e l . 

l.OE+O 

l.OE-1 

OJ 

S l.OE-2 

< : 
H i 

!: 
I.) 

l.OE-3 

l.OE-4 

Bladder 

Thyroid (f=0.01) 

5 10 15 

Time after intake (hours) 

20 25 30 

6 
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131j 

Half-life and decay constant 

7-1/2 = 8,021 d = 6,93x105 s 

Decay scheme (simplified) 

A = 1,00x10-6 s-i 

3 2 1 

365 

WJ 

IVlain emitted radiation 

Straling ^ ( B q s ) ' ' E (keV) 

|3" 0,894 192 1 606 
Yi 0,026 80 
c e K y i 0,036 46 
72 0,061 284 
73 0,812 365 

ISource constants 

Air kerma rate 

Ambient dose equivalent rate 

Miscellaneous 

Specific activity 
Exemption levels 
Skin contamination 
Wound contamination / injection 
Transport 

k = 0,052 nGy/h per MBq/m2 
/( = 0,066 |.(Sv/h per MBq/m^ 

A^p = 4,60xl0 '5 Bq/g 
Cv = 11)2 Bq/g en A — 1 0 ' ' B q 
^^huid = 4x10-1'! Sv/s per Bq/cm-
e(50) = 2,2xl0-« Sv/Bq 
Al = 3 TBq 
Al = 0,7 TBq 

Productie en toepassingen 

Het radionuclide ' ^ ' l is cen belangrijk splijtingsproduct. Het wordt veelvuldig 
toegepast in de diagnostische en therapeutische nucleaire geneeskunde. 

164 
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N = 78 
1311 

Metabol ic Model 

For radiat ion protect ion purposes, it is assumed tha t iodine distr ibutes 

itself f r om the blood as fo l lows: 70% direct excret ion and 30% to the 

thyro id . Iodine in the thy ro id remains there w i t h a biological half- l i fe of 80 

days and f rom there it is homogeneously d is t r ibuted th roughout the body 

in the fo rm of organic iodine. It remains in o ther organs/t issue w i th a half-

life of 12 days. A ten th of the organic iodine is immediate ly excreted in 

faeces, whi le the rest (90%) is re turned to the transfer compar tment . In 

this way, the biological half- l i fe in the thyro id is effect ively equal t o 90 

days. 

N.B. This model does not apply to patients; see page 14. 

Ingestion and lung clearance classes 

Ingcstic 
Al le verbindingen f\ = 1 

Inhalatie 

Damp (I2) fl = 1 
Damp(Cn3l) / i = l 
Overige verbindingen ƒ[ = 1 

Klasse SR-1 
Klasse SR-1 70% depositie 
Klasse F 

Dose conversion coefficient and radiotoxicity equivalent 

for workers (w) and members of the public (b) 

Ingestie Inhalatie Inhalatie Inhalatie 

/•l = l F h CH3I 

e(50)(w) 2,2x10-8 1,1x10-8 2,0xl0"8 l,5xlO-s Sv/Bq 

'4RC(W) 4,5x10'' 9,1x10^ 5,0x10'^ 6,7x10'' Bq 

<50)(b) 2,2xl0-« 7,6x10"'' 2,0x10"8 l ,5xl0"8 Sv/Bq 
4,5x10'^ 1,3x10^ 5,0x10'' 6,7x10'' Bq 

Data for thyroid count (after single intake) 

ï (d) Activity in Thyroid (Bq per Bq intake) 

/ l = l F I2 CH3I 

0,25 6,0x10"2 5,2xl0"2 1,1X10"! 1,0x10-
1 2,4x10"! 1,2x10-1 2,3x10"! 1,8x10" 
2 2,5x10"! 1,2x10"! 2,2x10"! 1,7x10' 
3 2,3x10"! 1,1x10-1 2,0x10"! 1,6x10-
5 1,9x10"! 9,0x10"2 1,7x10"! 1,3x10-

7 1,6x10"! 7,5x10"2 1,4x10"! 1,1x10" 

1 6 5 
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Z = 27 

Half-life and decay constant 

Tii2 = 271,84 d = 2,35x10''s 

Decay scheme (simplified) 

(36 

i'! • 

S7Fe 

A = 2,95 X10-8 

S7C0 

Main emitted radiation 

Straling y (Bq s)-l E (keV) Straling y (Bq-s)-l £:(keV) 

)'\ 0,092 14 ce K y i 0,713 7 
Y2 0,856 122 c e K y 2 0,018 115 
73 0,106 136 ce K y 3 0,014 129 
K a 0,503 6 

ce K y 3 

Source constants 

Air kerma rate 

Ambient dose equivalent rate 

Miscellaneous 

Specific activity 

Exemption levels 

Skin contamination 

Wound contamination / injection 

Transport 

k = 0,022 nGy m2 MBq-l-h-l 
h = 0,023 |xSv m2MBq-l-h-l 

Asp = 3,12xl0'7Bqkg-l 
Gemiddeld (3) 
102 Bq g-1 en 10^ Bq 

Hhmd = 1x10-1'Sv s-l Bq-« cm2 
e(50) = 5,9x10-10 Sv Bq-' 
Al = 8 T B q 

A2 = 8 TBq 

Produktie en toepassingen 

Het radionuelide ^^Co wordt geproduceerd met behulp van een cyclotron: proto
nen op ijzer Het wordt toegepast in de geneeskunde (vitamine-B-stofwisseling, test
bron voor gamma-camera, botdensitometrie). In de vaste-stoffysica vindt ^^Co een 
speciale toepassing, namelijk als Mössbauer-bron. 

6 6 
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N = 30 

Internal contamination 

Metabolic model. 

For radiat ion protect ion purposes, it is assumed that cobalt distr ibutes itself 

f r om the blood as fo l lows: 50% direct excret ion, 5% to the liver and 45% to the 

rest o f t h e body. Biological half- l i fe: 0.5 days. 

The biological half-lives fo r the organs are: 

Fraction T1/2 

0,6 6 d 
0,2 60 d 
0,2 800 d 

Ingestion and lung clearance classes 

Ingestie 

Oxide, hydroxide en anorganisch 
Overige verbindingen 

ƒ! = 0,05 

h = 0,1 

Inhalatie 

Oxide, hydroxide, halogenide, nitraat f \ = 0,05 
Overige / l = 0 , 1 

Dose conversion coefficient and radiotoxicity equivalent 

for workers (w) and members o f the public (b) 
Ingestie Ingestie Inhalatie 

/ l = 0,1 fi = 0,05 M 

e(50) (Sv/Bq) 2,1x10-10 l , 9 x l 0 - ' 0 3 ,9x lO - '0 

^ £ ( B q ) 5 x 1 0 ' 

Data for total body counting 

Klasse S 
Klasse M 

Inhalatie 

S 

6,0x10-10 

2 x 1 0 ' 

Single intake 

Time (d) Total body activity (Bq per Bq intake) 

0,25 9,7x10-1 9,8x10-1 7,4x10-1 7,4x10-1 
1 6,8x10-1 7,1x10-1 4,8x10-1 4,9x10-1 
2 3,7x10-1 3,3x10-1 2,5x10-1 2,5x10-1 
3 2,2x10-1 1,5x10-1 1,4x10-1 1,4x10-1 
5 1,3x10-1 3,7x10-2 8,2x10-2 7,8x10-2 

7 1,0x10-1 1,9x10-1 7,0x10-2 6,6x10-2 

Continuous intake 

Bq/ (Bq-d"') 3,5 13 8,4 13 
Svj - l -Bq- l 8 ,7x10- ' 1,9x10-8 1,7x10-8 1,8x10-8 

10 
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14c 

Half-life and decay constant 

T\/2 = 5730 j = 1,81X10'! s ;̂  ^ 3,83x10"'- s"' 

Decay scheme (simplified) 

14N 

Main emitted radiation 

Siraling yCBqs) " ' Z;'(keV) 

(V 1,000 491 156 

Miscellaneous 

Specific activity Asp = 1,65x10" Bq/g 
= iO«Bq/g (CO) 
= 10^ Bq/g (CO2) 
= IO*! Bq/g (overige) 

Exemption levels 

= 1,65x10" Bq/g 
= iO«Bq/g (CO) 
= 10^ Bq/g (CO2) 
= IO*! Bq/g (overige) 

Av = 1 0 " Bq" (CO. CO2) 
= 10^ Bq (overige) 

Skin contamination / /huid = 5 x 1 0 - " Sv/s per Bq/cm-

Wound contamination / injection c'(50) = 5,8x10" ' " Sv/Bq 

Transport A l = 40 TBq 

A 2 = 3 TBq 

Productie en toepassingen 

Het radionuclide ^'^C wordt gevormd in de buitenste lagen van de atmosfeer, voorname
li jk door de (exotherme) reactie ' ' !N(n,p)' ' !C. De concentratie van '''CO2 in de biosfeer 
is hierdoor ongeveer 220 Bq/kg C. De stofwisseling van planten (CO2 in en O2 uit) 
maakt dat plantaardige stoffen dezelfde '"IC-concentratie bevatten als in de atmosfeer. 
Na de dood van de plant neemt de '''C-concentratie af met de halveringstijd van 5730 
jaar Door meling van deze concentratie kan dus de ouderdom van plantaardige stoffen 
worden bepaald: de koolstofdateringsmethode. Door het verbranden van (zeer oude) 
fossiele brandstoffen neemt de !'*C-concentratie de laatste jaren geleidelijk af. 
De mens bevat enig '•*C: de referentiemens is opgebouwd uit 16 kg koolstof en bevat 

2 4 
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zodoende 3500 Bq Door bovengrontlse kernproeven is sinds 1945 ongeveer 
0,2 EBq in de atmosfeer terechtgekomen. Het radionuclide wordt verder gebruikt als 
merker van biologische verbindingen en als zeer stabiele lichtbron. 

Metabolic model 

Voor stralingshygiënisclie tloeleinden wordt aangenomen dat koolstof zich na 
ingestie en inhalatie momentaan en homogeen over het lichaam verdeelt. 
Er gelden verschillende biologische halveringstijden zoals aangegeven in 
onderstaande tabel. 

Ingestion and lung clearance classes 

Ingestie 
Alle verbindingen f\ = 1 

Inhalatie 
Organische aerosolen M 
Organische dampen SR-2 
CO SR-1. 40% dep. 
COi SR-2 

Biologische 7j/2 
40 d 

40 d 
40 d 

200 min 
5 d ( 1 8 % ) , 

6 0 d ( S l % ) , 
4 0 d ( l % ) 

Dose conversion coefficient and radiotoxicity equivalent 

for workers (w) and members of the public (b) 

c(50) 

A Re 

Ingestie 

/ l = l 

5 ,8x l0 - " ' 
1.7x10' 

Inhalatie 

M 

2,0x10-' 
5.0x10^ 

Inhalatie 

Damp 

5,8xl0-'0 
1,7x10' 

Inhalatie 

CO 

8,0x10-'-^ 
1,3x10'-

Inlialatie 

CO: 

6,2x10-1- Sv/Bq 
1,6x1011 Bq 

Data for urine analysis 

After single intake 

Time (d) Urine excretion rate 
(Bq/d per Bq intake) with Fu=0.017 

1 1,2x10-' 9,3x10-'^ 1,2x10-' 1,6x10-- 3,7xl(r-* 
2 2,7x10-^1 1,8x10--'' 2,7x10-* 1,1x10"^ 3,2x10-* 
3 2,8x10-* 1,9x10--' 2,8x10-* 3,5x10-'' 2,9x10-* 
5 2,7x10-* 1,9x10-'' 2,7x1 tr-* — 2,0x10-^* 
7 2,6x10-1 1,8x10"-'' 2,6x10-* - 1,5x10-'* 

2 5 
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I n t e r a c t i o n c o e f f i c i e n t s fo r p h o t o n s in i r o n 
Inleiding tot de Stralingshygiëne [ I n t r o d u c t i o n to Rad ia t ion P r o t e c t i o n ] , (Bos e t a l . , 
2nd e d i t i o n , 2 0 0 7 ) , page 3 8 4 . 

Photon ene rgy M/P Men/P 

(MeV) ( c m ^ g - i ) (cm2 g-1) 

0 .02 2Ü.7 2 2 . 1 

0 .03 8 .18 7.2 

0 .04 3 .63 3 . 1 8 ^ 

0.05 1.96 1.63 

0 .06 1.20 0 . 9 4 4 

0 .08 0 .595 0 . 4 1 1 

0 .10 0 .372 0 .219 

0 .15 0 . 1 9 6 0 .080 

D o s e c o n v e r s i o n c o e f f i c i e n t s f o r e x t e r n a l e x p o s u r e to p h o t o n s 
Inleiding tot de Stralingshygiëne [ I n t r o d u c t i o n t o Rad ia t ion P ro tec t i on ] (Bos e t a l . , 
2nd e d i t i o n , 2 0 0 7 ) , p. 3 8 6 

Photon e n e r g y 

(MeV) 

Ka/O 

(pGy cm^) 

H * ( 1 0 ) / O 

(pSv cm^) 

0 .02 1.73 1.05 

0 .03 0 .739 0 . 8 1 

0 .04 0 . 4 3 8 0 .64 

0 .05 0 . 3 2 8 0 .55 

0 .06 0 .292 0 . 5 1 

0 .08 0 . 3 0 8 0 .53 

0 .10 0 . 3 7 2 0 . 6 1 

0 .15 0 . 6 0 0 0 .89 
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