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

• T h i s e x a m i n a t i o n c o m p r i s e s 12 n u m b e r e d p a g e s a n d a s e p a r a t e 

1 1 - p a g e a p p e n d i x conta in ing d a t a . P l e a s e checl< w h e t h e r it is 

c o m p l e t e ! 

• Wr i te your solut ions and answers on the worksheets prov ided. You mus t 

re tu rn all worksheets , including any unused ones. 

• Wr i te only y o u r e x a m i n a t i o n n u m b e r on the worksheets (not you r 

name and address). 

• You are al lowed to consult books, personal notes and o ther 

documenta t ion mater ials when answer ing the quest ions. 

• You are explicitly reminded that you must also indicate the calculation 
method and/or reasoning that you used in order to arrive at the 
solution. 

• I f you cannot calculate part of a problem and the answer is needed to 

solve the rest of the prob lem, you may assume a f ict i t ious answer. 

• Some problems may not require you to use all of the data prov ided. 

• You can earn a total of 67 points for solv ing the problems correct ly. The 

points are d is t r ibuted across the problems as fo l lows: 

Problem 1 : 18 points 

Problem 2 : 16 points 

Problem 3: 17 points 

Problem 4 : 16 points 

1 



Under embargo unti l 12 May 2014 

Problem 1 Patient toilet 

In the Nuclear Medicine depar tment of a hosp i ta l , one of the toi lets has 

recent ly been set aside for the exclusive use of pat ients coming in for a 

bone scan. They are admin is tered, by in jec t ion , w i th act iv i ty of 

600 MBq ^^""Tc HDP. HDP Is a phosphate compound absorbed specif ical ly by 

bone t issue. 

Three hours af ter the in ject ion, and immedia te ly prior to gamma camera 

imag ing , the pat ient is asked to go to the to i le t and emp ty the i r b ladder as 

much as possible. This aids image qual i ty . The pat ient has not been al lowed 

to use the to i le t in the intervening period since the in ject ion. 

In empty ing the i r b ladder, the pat ient excretes 40 per cent of the 

radioact iv i ty present in the i r body. The remain ing 60 per cent has already 

been absorbed by bone and other t issues. 

A new pat ient is scanned each hour on every weekday (f ive days a w e e k ) . 

The f i rst visi ts the to i le t j us t before the scan at 11.00. The sixth and f inal 

pat ient of the day goes at 16.00. 

The to i le t is cleaned at 17.00. The cleaner is not designated as an "exposed 

worker " , but has received instruct ion on how to dean the faci l i ty safely 

w i thou t pr ior decontaminat ion by a radiological worker . The same person 

cleans the to i le t dai ly th roughou t the year (50 work ing weeks ) , tak ing 10 

minutes to do so. On average, he is 50 cent imet res away f rom the 

contaminat ion dur ing th is t ime-

S u p p o r t i n g d a t a 
o A p p e n d i x , pp. 3 - 4 : Handboek Radionucl iden, [Radionucl ide 

Manua l ] , A.S. Keverl ing Buisman (second ed i t ion, 2 0 0 7 ) , pp. 124-

Q u e s t i o n 1.1 

Assuming tha t each pat ient "sp i l ls " 0 .1 per cent of the i r ur ine on the to i le t 

f loor, and also tha t no residual act iv i ty remains f rom the previous day, 

calculate the amoun t of act iv i ty the cleaner has to dispose of at the end of 

each day. 

Q u e s t i o n 1.2 
Determine whe ther the cleaner's annual ex terna l dose l imi t is exceeded at 

the level of dai ly contaminat ion described above. I f y o u have been unable 

to answer Quest ion 1 , assume a level of dai ly contaminat ion of 1 MBq. 

The depar tmen t ' s radiat ion expert wishes to ver i fy the assumpt ion tha t each 

pat ient "sp i l l s " 0 .1 per cent of the i r ur ine on the to i le t f loor. To do th is , she 
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takes a sample of 1 ml of the detergent solut ion ( tota l vo lume = 5 l i t res) 

used to clean the f loor. The area cleaned measures 2 m^and "c leaning 

ef f ic iency" is 100 per cent ( that is, all the act iv i ty present is t ransferred to 

the so lu t ion) . The net recorded act iv i ty is 5 cps (counts per second) , w i th 

an eff iciency of 0.20 counts per photon. Only the 141 keV photons are 

measured. The sample is taken and measured immedia te ly a f ter the to i le t 

has been cleaned, so decay between sampl ing and measurement can be 

ignored. 

QyesiLDOö'ii ;L3 

Determine whether the assumed spil lage rate of 0 .1 per cent is reasonable. 

Show your calculat ion. 

One of the cleaner's latex gloves is somet imes contaminated whi lst c leaning 

the to i le t f loor. On average, this occurs once a week at a level of 10 kBq 

over a surface area of 10 cm^. Af ter con tamina t ion , the glove is worn for 

another 15 minutes. 

Qyesfcöon 1.4 

Assuming tha t the contaminat ion always affects the same part of the g love, 

what is the annual equivalent dose to the skin under the contaminated 

area? 

Due to unhygienic work ing pract ices, once a mon th the cleaner ingests t he 

ent i re act iv i ty (10 kBq) f rom one of his contaminated gloves. 

Q y e s t i o n 1.5 

What is the cleaner's annual commi t ted effect ive dose f rom internal 

contaminat ion as a result of his unhygienic work ing? 
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PoTilblem 2 ^''Co source shielding 

A research inst i tu te wants to set up a faci l i ty for the i r radiat ion of phan toms 

using a ^°Co source. You are asked to calculate how much shielding the 

walls of the designated room require. The source's posit ion is shown in the 

d iagram below (v iew f rom above) . Dur ing i r rad ia t ion, it is located at po in t S 

and the p r imary beam is directed along line SA. The t issue-equiva lent 

phan toms to be i r radiated are posit ioned at point F. 

The i r radiat ion uni t 's control panel is s i tuated at point B. Points B and B' 

have been posi t ioned so tha t lines SB and FB' are at perfect r ight angles to 

line SA. Points A, B en B' are all j us t outside the concrete walls of the 

i r radiat ion area. 

A 

B B' 
I r rad ia t ion area v iewed f rom above (no t to scale). 

Other measurements : 

Distance FB is 2.09 m ; 

Angle SFB is 73.3° . 

The source can be posit ioned at three points inside the i r radiat ion area. 

1 . Close to the f loor, ful ly shie lded, no radiat ion leakage. 

2. In the head of the uni t at i r radiat ion point S, 1.5 m above the f loor , 

for 15 hours a week wi th the shut ter c losed. 

3. In the head of the unit at i r radiat ion point S, 1.5 m above the f loor , 

for f ive hours a week wi th the shut te r open. 

4 



Under embargo unti l 12 May 2014 

S y p p o r t i n g da ta 

o Appendix;, p. 5: Broad beam transmission of gamma rays f r om 

var ious radionucl ides th rough concrete, (based upon ICRP Publication 

33 , 1982, p. 47) 

o A p p e n d i x , p„ 6 : Scatter ing percentages in concrete of var ious 

photon energies (based upon ICRP Publication 33, 1982 , p. 56 ) . For 

the purposes of this p rob lem, th is d iagram can also be used for 

scat ter ing to a t issue-equivalent phan tom. 

o Append ix , p. 7: Broad beam transmission of ^°Co gamma radiat ion 

scat tered at var ious angles f rom a pat ient -s imulat ing phan tom 

th rough concrete (based upon ICRP Publication 33, 1982 , p. 60) 

o Unshielded, the ^°Co source produces an absorbed dose rate of 100 

Gy /h in t issue at a distance of 1 met re . 

e With the source posit ioned at point S, th rough leakage radiat ion t h e 

uni t produces an absorbed dose rate of 2.0 mGy/h in t issue at a 

distance of 1 metre f rom point S. 

o The source is in use 50 work ing weeks a year. 

• The field size of the pr imary radiat ion at point F, the area of en t ry 

into the phan tom, is 20 cm x 20 cm. 

• Points A, B and B' are all 1.5 m above the f loor. 

• For members of staf f work ing at points A, B and B', the m a x i m u m 

permi t ted weekly dose is 0.020 mSv. This corresponds w i th 1.0 mSv 

per a n n u m , based upon a work ing year of 50 work ing weeks. 

® A residence factor ( "verb l i j f factor" ) of 1 is assumed for these 

members of staff. 

» I n your calculat ions, you may assume tha t the ratio of ef fect ive dose 

to absorbed dose is 1 Sv/Gy. 

Q u e s t i o n 2.1 

Calculate the required thickness of the concrete wall between points S and 

A, tak ing into account the pr imary beam and radiat ion leakage. You do not 

need to consider any shielding by the phan tom. 

Q u e s t i o n 2.2 

Demonst ra te tha t , tak ing into account only the radiat ion leakage, the 

required thickness of the concrete wall between points S and B is 63 c m . 

In real i ty, however, you also need to consider the radiat ion scat tered by the 

phan tom. 
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Q u e s t i o n 2 .3 

Calculate the dose rates, in Gy /week , of the radiat ion scat tered by the 

phan tom at both point B and point B' w i thou t the wal l in place between 

points S and B/B' . 

Q u e s t i o n 2.4 
Determine the th ickness of wall needed for points B and B' to sat isfy the 

def ined requ i rements , tak ing into account only the scat tered radiat ion. 

6 



Under embargo unt i l 12 May 2014 

PD"©lbDem 3 ^°^Bii s o y r c e Deakage test 

The holder of a ^°^Bi source bears a label reading "^°^Bi 100 fxCi 12 May 

1966" . During a regular leakage tes t on 12 May 2014 , the holder is w iped 

by the supervis ing radiat ion exper t ( level 3 ) . A check wi th a Ge detector 

reveals tha t the wipe is radioact ive. The exper t has to decide wha t act ion to 

take. 

Dattas 

o A p p e n d n x , p„ 8 : MIRD data for ^°^Bi 

( h t t p : / / w w w . n n d c . b n l . g o v / m i r d / ) . 

• A p p e n d i x , p. 9: Table and excerpt f r om the draf t Direct ive on 

Sealed Radioactive Sources. 

• Table 1 : Net content of the most impor tan t photopeaks in the g a m m a 

spec t rum, measured over 10,000 seconds. 

9 Figure 1 : Measured count ing eff ic iency (def ined as the number of 

recorded pulses per emi t ted pho ton) . 

• The ambient dose equivalent rate constant for^°^Bi is def ined as 

h = 0,2 | jSv -h - ' -m ' -MBq- \ 

® I t may be assumed tha t only photons are emi t ted f rom the source 

holder and tha t photon absorpt ion by the holder is negl ig ible. 

• I t may be assumed tha t H* (10 ) is a good est imator fo r the ef fect ive 

dose. 

• The dose conversion coeff ic ient for ingest ion ^°^Bi is eing(50) = 

1,3-10"^ S v B q - ^ 

T a b l e 1 Net content of the most impor tan t photopeaks in the gamma 

spec t rum, measured over 10,000 seconds. 

Photopeak energy (in keV) Net photopeak content (pulses per 10"* s) 

570 1778 

1064 941 

1770 73 
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F i g u r e 1: Measured count ing eff iciency (def ined as the number of recorded 

pulses per emi t ted pho ton) . 

Q u e s t i o n 3.1 

Determine whe ther the draf t Direct ive on Sealed Radioactive Sources 

requires t ha t the source itself be wipe tes ted . Base your answer upon the 

source's act iv i ty on 12 May 2014 , assuming tha t the detai ls on the label are 

correct . 

Q u e s t i o n 3 . 2 a 

Calculate the wiped act iv i ty , based upon the net content of the photopeak 

measured wi th the smal lest relat ive error . Explain your choice of photopeak. 

Q u e s t i o n 3 .2b 

Calculate the s tandard deviat ion f o r t h e wiped act iv i ty calculated in quest ion 

3.2a. You need only take into account the net number of pulses; the 

cont r ibut ion of the standard deviat ion of the background measurement can 

be ignored. 

Q u e s t i o n 3 .3 

Describe wha t should be done, given the level of contaminat ion ident i f ied. 

I f you have been unable to answer quest ion 3 .2b, then for th is quest ion you 

may assume a measured wiped act iv i ty level of 100 Bq. 
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Calculate the ef fect ive dose f rom external exposure whi lst carry ing out t h e 

leakage test . Assume that the tes t took 1 minute to complete and tha t t h e 

average distance between the source and the tester 's body dur ing th is t i m e 

was 50 cm. 
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Problem 4 Contamiioated pigeons 

P i g e o n s at r e p r o c e s s i n g p lant found to be h ighly r a d i o a c t i v e 

Pigeons l iv ing close to the Sellafield nuclear waste reprocessing plant in the 

UK are highly radioact ive, according to tests carr ied out for Greenpeace. 

The env i ronmenta l organisat ion claims tha t , under European s tandards , the 

birds should be t reated as radioact ive waste. Substant ial quant i t ies of " ' 'Cs 

have been found in their p lumage, flesh and droppings. The feathers of 

some birds are so contaminated , says Greenpeace, tha t skin contact wi th 

j u s t 0.3 per cent of their caesium content would del iver the m a x i m u m 

perm i t ted human dose for an ent i re year. 

De Volkskrant, 12/03/1998 

A radiat ion exper t saw this newspaper repor t a f ter tak ing a hol iday near 

Sel laf ie ld. Curious as to whether it was accurate, he decided to make some 

calculat ions based upon the detai ls prov ided. 

S u p p o r t i n g da ta 

• A p p e n d i x , pp. 1 0 - 1 1 : Handboek Radionucl iden, [Radionucl ide 

Manua l ] , A.S. Keverl ing Buisman (second ed i t ion, 2 0 0 7 ) , pp. 172¬

173 : ^^^Cs. 

• -̂̂ ^Cs is in equi l ibr ium wi th its daughter isotope, ^^''"^Ba. 

• In the event of skin contact between a human and a p igeon, 30 cm^ 

of the person's skin is contaminated w i th the 0.3 per cent of p lumage 

caesium act iv i ty ment ioned in the art ic le. 

• Brief contact wi th a pigeon results in contaminat ion tha t remains on 

t h e skin of the hands for a per iod of one hour. 

• The mass of a pigeon is 800 g rams. 

• The average total skin area of a typical human being is 17,000 cm^. 

Q u e s t i o n 4.1 

Determine the act iv i ty in the pigeon's p lumage, based upon the one-hour 

per iod of skin contaminat ion. Assume tha t the dose to the skin corresponds 

w i th the annual equivalent skin dose l imi t fo r a member of the publ ic, and 

tha t th is contact is the only source of such a dose dur ing the year. 
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I f you have been unable to answer quest ion 4 . 1 , then for the remainder of 

this quest ion you may assume tha t the act iv i ty in the pigeon's p lumage is 

300 MBq. 

Qyes t f l on 4 . 2 

Determine whether , based upon the act iv i ty in the i r p lumage, these pigeons 

should Indeed be disposed of as radioact ive waste af ter dea th . 

The radiat ion exper t was qui te shocked by the amoun t of act iv i ty found in 

answering quest ion 1 and wondered what effect the contaminat ion would 

have if the person affected did NOT wash the i r hands. He there fore 

calculated the ef fect ive dose result ing f rom one- t ime contaminat ion of the 

hands, using as a worst-case scenario the assumpt ion tha t the hands are 

not washed at all and that the act iv i ty f inal ly disappears af ter f ive days 

th rough l inear wear. 

Qyest iof i i i 4.3 

Following one- t ime contaminat ion of the sk in , what cont r ibut ion does the 

equivalent skin dose make to the effect ive dose in the above wors t -case 

scenario? Assume tha t the equivalent dose may be in terpreted as a 

stochastic dose. 

The kind of contaminat ion described above may be caused by hold ing the 

pigeon. In tha t case, as well as skin contaminat ion there will also be 

exposure of the body to external radiat ion emanat ing f rom the bird when in 

close prox imi ty to the subject . 

In this s i tua t ion , the centre of the pigeon is 30 cm f rom the person's body. 

Since a pigeon has a wing span ( m a x i m u m dimension) of some 40 c m , t he 

point source method cannot be appl ied. 

According to DOVIS-B,^ the bird can be t reated as " e x t e n d e d " if its b readth 

is no more than 8 cm (1 /5 x 40 c m ) . The radiat ion exper t assumes tha t th is 

is the case and so uses the fo l lowing fo rmula :^ 

where Lmax is the pigeon's m a x i m u m dimension (in metres) and g is the 

distance to its centre (in met res) . A is the act iv i ty (in MBq) , H*(10,g) Is t he 

ambient dose equivalent rate (in | iSv /h) at distance g and h (10 ) is the 

ambient dose equivalent rate constant (in )a.Sv/h per MBq at 1 m ) . 

1 Dosisberekening voor de Omgeving bij Vergunningverlening Ioniserende Straling 
- DOVIS Deel B: Externe Straling [Ambient Dose Calculation for Use in Ionising 
Radiation Licensing - DOVIS Part B: External Radiation], J. F. A. van Hienen et 
al. (2002). 

2 tan (a) = a = arctan (^ ) of a = tan"! ( ^ ) ; a In radians. 
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Q u e s t i o n 4 .4 

Using the extended source m e t h o d , de termine the ambien t dose equiva lent 

f r om the external radiat ion if the pigeon is held for 10 seconds. Assume tha t 

the act iv i ty calculated in quest ion 4 .1 is d is t r ibuted evenly over the b i rd . 
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