
A/D^OOOOCS 

UNIVERSITETET I OSLO 
UNIVERSITY OF OSLO 

HOW THE SCHOOLS CAN PARTICIPATE IN MEASURING] 
RADON, THORON AND RADIOACTIVE FALLOUT 

Anders Storruste+ and Elena Larsen + + 

+ Department of Physics, University of Oslo 
+ + Division of Occupational Health and Working 

Environment, University of Oslo. 

FYSISK INSTITUTT 
DEPARTMENT OF PHYSICS 

i l "» 

iLi£SHB 

l l p M ^ S i 
t Éåå 



1 

HOW THE SCHOOLS CAN PABTICIPATE IN MEASURING 
RADON, THORON AND RADIOACTIVE FALLOUT 

++ + Department of Physics, University of Oslo Division of Occupational Health and WorkinB 
Environment, University of Oslo. 

ovP-- • 
Report 89-11 Received: 1989-18-12 
ISSN-0332-5571 

Skolelaboratoriet 
Fysisk institutt 
P.b.1048 Blindern 
0316 OSLO 3 



2 
Contents paffe 

1. Introduction 3 
2. Radon and its daughters 4 
3. Thoron daughter concentrations 6 
4. Doses and health risks from radon and thoron 7 
5. Radon compared to thoron 10 
6. Radioactive fallout in the air l'i 
7. Calibration of the beta counter 19 
8. Experiences in Norway 20 
9. Radiactive fallout in foodstuff 24 

10. A challenge to others 26 



J 

HOW THE SCHOOLS CAN PARTICIPATE IN MEASURING RADON, 
THORON AND RADIOACTIVE FALLOUT 

Introduction 

The Chernobyl accident in April 1986 revealed that people in 
general have very little knowledge about ionizing radiation, and 
that anxiety and fear for radioactive fallout may do more harm 
than the radiation itself. On the other hand there is a real 
chance that an accident resulting in harmful fallout can hapDen 
anywhere, and better contingency measures for this are needed all 
over the world. 

In the last few years much have been written about the doses 
people receive from the natural radioactive isotope radon. It has 
been estimated that the average dose people in Norway receive 
every year from radon is about four times the dose they on the 
average will receive over the years from the Chernobyl accident, 
Ref.1. 

Concerning doses from radon, thoron and radioactive fallout, the 
general knowledge among the public should be improved. Here much 
can be done rather cheaply with small efforts through the 
introdcution of a few experiments into the school curriculum 
throughout the world. In the following report a few experiments 
of this kind are described. 

It is possible to use an ordinary GM counter to measure beta and 
gamma radiation from the isotopes. In addition one needs an 
ordinary vacuum cleaner. This is all the main aooaratus needed, 
so very many schools should be able to obtain this equipment. 
Calibrations of the instruments are made using the natural 
radioactive isotopes of potassium and radon. Useful practice and 
experience can also be obtained in this wav. 

This enables one to have isotopes handy for the experiments 
throughout the year without the need for buying anything. By 
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measuring the variation of natural radioactivitv in the air 
throughout the year as it depends on wind, rainfall etc.. each of 
the schools would be able to observe if there were a rather small 
increase in the activity due to a new radioactive fallout. Bv 
using the same method at all schools, the data for the whole 
country could be usefully collected and collated. This would make 
the experiments more interesting than an experiment having no 
other purpose than the learning process itself. 

Radon and its daughters 
Sampling of airborne daughter products of radon on a filter and 
measuring the alpha- or beta— activity on the filter has been 
used for many decades as a rapid and simple method for determi
ning their concentration in the air, Ref.2. For the experiments 
to be done in schools we have chosen to measure the beta—emission 
only, because the equipment needed is robust, simple and cheap. 

The total beta activity A(t) = A 2(t) + A 3(t) on the filter is the 
sum of the activities A,(t) and A 3(t) of RaB = Pb-214 and RaC = 
Bi-214 respectively. The number of atoms N 2(T) and N 3(T) of the 
two isotopes collected on the filter and the variation of A(t) 
with time t passed after the end of sampling are calculated and 
shown in Ref.3. 

To find A(t) one has also to take into account the alpha—active 
isotope RaA = Po-218. But as shown in Table 1. the half-life of 
RaA is only 3,05 min. Because of this short half-life compared to 
26.8 min for RaB, and we suggest to start measuring the activity 
on the filter more than 3 min after sampling is ended, one 
introduces a negligible error by adding the number N.(T) of RaA 
atoms collected on the filter to the number N 2(T) of RaB atoms on 
the filter. In this way the equations for N^(T), N 2fT). N 3(T) and 
A(t) given in Ref.3 simplifies to the equations (la), (lb) and 
(2) given below. 

Table 1. The table shows the half-lives Tj.-. average enerev E 
for the emitted a-particles, average energv E_ „ per disinteera-

ti. e 
tion for the emitted e-particles and other electrons e and the 
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number of atoms n corresponding to an activity of 1 Bq. The index 
i marks the succeeding daughters. 

Isotopes i Tl/2 E a(MeV) Bp, e(keV) n 

Radon - Rn-222 3.823 d 3.49 477 000 
RaA » Po-218 1 3.OS min 6.00 264 
RaB « Pb-214 2 26.8 min 291 2 320 
RaC - Bi-214 3 19.9 min 648 1 720 
RaC - Po-2i0 4 0.164 ms 7.68 24.IO" 5 

RaD • Pb-210 5 22.3 y 38 1 .IO9 

To simplify the calculations we presuppose that all the radon 
daughters are in radioactive equilibrium with radon having a 
concentration in the air of C « lBq/liter. The number of radon 
daughters per liter n^ we then obtain from the last column. We 
further assume that the filter has 100% efficiency. If the rate 
of airflow through the filter is v, the rate of collection on the 
filter is a- « n> v. As mentioned above we add the number of RaA 
atomB to the number of SaB atoms to simplify the equations. With 
A * ln 2/T. <2 the number of RaB atoms N« and RaC atoms N 3 on the 
filter increases with the sampling time T as shown by the 
equations (la) and (lb). 

— \ T 
N 2(T) » a 2(l - e 2 )/h2 d») 

— K T —\ T — X T 
N 2(T) = (a 2+a 3)(l-e 3 )/K3+ a2(e 2 - e 3 )/U 2-A 3) (lb) 

For the p-activity A(t) « A 2(t) + A 3(t) we get: 
-hot -A,t 

A(t)-A 2N 2(T)tl+h 3/(h 3-A 2)]e 2 +A 3[N 3(T)-N 2(T)^/(\ 3-\ 2))e J ( 3 ) 
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For collecting radon daughters on the filter a sampling time of 
T = 10 min is suitable. When the concentration is low, a sampling 
time of T a 1 h equal to about twice the half-life of the 
daughters is more appropriate. For investigating thoron where the 
most important daugther has a half-life of several hours a 
sampling time of at least 1 h may be necessary. 

Thoron daughter concentrations 
Throughout the world there has been a lot of measurements of 
radon and radon daughters. Usually, as we have done hitherto when 
mention radon, the isotope Rn-222 which originates from uranium 
is meant. However, there is also another isotope of radon, namely 
Rn-220 which is almost as widespread as Rn-222. Because Rn-220 
orignates from thorium we call this isotope thoron. Uranium and 
thorium are present almost universally in earth and rocks. 
Concerning the natural gamma-radiation these two elements are 
equally important. Because thoron has a half-life of less than 
one minute, it has no time to diffuse from as deep depths as Rn-
222 with a half-life of 3.8 days. Therefore, the concentration of 
thoron in houses is on the average much less than the concen
tration of radon. 

Compared to radon there is rather little information on thoron in 
room air. Concerning the degree of radioacative equilibrium, the 
thoron daugher ThA in room air will always be close to equili
brium with thoron gas because of its very short half-life, see 
Table 2. The activity concentration of ThB, The and ThC will be 
much lower because the half-life of ThB is much longer than the 
time passed for effective removal of the daughters by ventilation 
and loss to walls and other surfaces in the room. On the other 
hand the potential alpha energy for thoron is 13,6 times the 
potential alpha energy of radon, Ref.5. Therefore the doses 
people get from inhaling thoron and its daughters can in many 
places be comparable to or exceed the doses from radon and its 
daughters. 

Table 2. The table shows the half-lives T j / 2 , average energy E a 

for the emitted o-particles, average energy E_ _ per disintegrate»*? 
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tion for the emitted p-particles and other electrons e. The last 
column shows the number of atoms n which corresponds to an 
activity of 1 Bq. The index i marks succeeding daughters. 

Isotopes i Tl/2 Ecc(MeV) Ep.e(keV) n 

Thoron « Rn-220 35,6 B 6.28 80 
ThA « Po-216 1 0.15 min 6.78 0.2 
ThB • Pb-212 2 10.64 min 175 55 300 
ThC * Bi-212 3 60.55 min 469 5 240 
ThC « Bi-212 4 0.305 us 8.78 4.10" 7 

For a certain activity concentration Cj we see from the table 
that the most important daughter is ThB with its long half-life. 
For calculating the number of atoms collected on the filter it is 
adequate to only take into account the daughters ThB and ThC. 
Therefore, the equations (la) and (lb) give the numbers N 2(T) and 
N 3(T) of ThB and ThC atoms and equation (2) the total beta 
activity on the filter after a sampling time T when substituting 
proper values for the half-lives from Table 2. 

It is to be mentioned that only 64.07% of the BI-212 atoms decay 
first by p-emission and then by cc-emission as shown in the table 
above. The rest of the atoms (35.93%) decay first by o-emission 
to Tl-208 and then by p-emission. In both cases the end results 
is the stable isotope Pb-208. But a difference one must take into 
account is that the average energies per disintegration for the 
two branches differ. Instead of the energies shown in Table 2 for 
64.07% of the a- and p-particles following the disintegrations of 
ThC, we must use E„ - 6.16 MeV and E„ „ - 591 keV for 35.93% of a. p, *s 
the disintegrations. Following the disintegrations of Bi-212, 
this makes on the average E„ • 7.65 MeV and E„ « 534 keV instead 

a p 
of the values given in the table above. 
Poses and health risks from radon and thoron 
When breathing air the radon and thoron gas inhaled is promptly 
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exhaled and thus will give negligible doses to the lung and 
bronchi. However, the daughters are metallic atoms which easily 
adhere to airosols and surfaces. Thus the bronchi and lung will 
act as a filter for the daughters. The daughters which are 
unattached or adhered to very small airosols easily stick to the 
bronchi, and the a-particles emitted give rise to relatively high 
doses to the bronchi. Daughters adhered to larger airosols more 
easily reach the lung and give riBe to a dose to the lung. 

Thus, the health risk depends on the concentration of the 
daughters whether attached to airosols or not. Concerning doseB 
the importance of the different daughters varies. It is not 
strictly given by the concentration of the individual daughters, 
but rather by a collective concentration that is normalized to 
the amount of alpha decay energy that will ultimately result from 
the mixture of the decay product that is present. This quantity 
is the "Equilibrium Equivalent Decay product Concentration" 
(EEDC) which is the amount of each decay product necessary to 
collectively have the sane "Potential Alpha Energy Concentration" 
(PAEC). 

Based on the alpha decay energies and the half-lives for radon 
and thoron daughters given in the tables above, the EEDC is given 
in terms of the individual daughter concentrations as follows 
where C indicates the activity concentration. 
For the radon series: 

EEDC(Radon) = 0.106 C(RaA) + 0.513 C(RaB) + 0.381 C(RaC) (3) 

For the thoron series 
EEDC(Thoron) = 0.913 C(ThB) + 0.087 C(ThC) (4) 

Concerning the doses to the bronchi and lungs and possible health 
risks, we see that especially for the thoron series it is the 
concentration of the second daughter C(ThB) which is of over
riding importance. This reflects the fact that a concentration of 
C(RaB) » lBq/litej gives rise to many alpha particles emitted for 
a relatively long time. Further we see that for evaluating the 
health risks it is the concentrations of the daughters which have 
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to be determined. 

It is often more convenient to measure the concentration C of the 

gas only. To find the doses or the equilibrium equivalent decay 

product concentration EEDC one needs to know the ratio of EEDC to 

the concentration C of the gas which is named the equilibrium 

factor F: 

F - EEDC / C (5) 

In Norway it has been found that for indoor atmospheres the 

equilibrium factor F varies in the range 0.3 - G.7 and is on the 

average about 0.5, Ref.4. The equlibrium factor F decreases with 

increasing ventilation rates and is somewhat higher outdoors. In 

America F was found to vary in the range 0.2-0.6, Ref.5. 

In the experiments proposed for schools, the activity on the 

filter is measured by a thin-walled GM counter. The counting rate 

observed will in this case mainly arise from the p-radiation and 

to a less extent from x-rays, Auger electrons and gamma-rays. If 

a very thin-window GM tube is used, some cc-particles will also be 

detected. 

From the tables above we see that the average energy E_ _ for the 
p. e 

different isotopes differs from one isotope to the o'her. 

Depending on the thickness of the GM window, the countinæ 

efficiency varies from one isotope to the other. Because the 

decay schemes for the isotopes are very complicated, ii is very 

difficult to theoretically figure out this difference. For the 

experiments proposed for the schools, we can accept rather hifch 

uncertainties. So with the GM tube recommended below, we propose 

to accept that the counting rate observed is proportional to 

EEDC. 

Students who understand Norwegian will find an easy to read 

introduction to the problems concerning radioactive isotopes, ra

diation, doses and health risks in Ref.6. 
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Radon compared to thoron 
To make a comparison of the activity one can expect to find on 
the filter from the radon series with the activity from the 
thoron series, we presuppose that the daughters from both series 
all have the same activity concentration C = 1 Bq/liter. We then 
perform calculations for an airflow through the filter of v = 1 
liter/min and sampling times T = 10 min and T = 1 h. The result 
is shown below. 

Table 3. The table chows decay constants h and number of atoms 
collected on the filter for sampling times T = 10 min and T = 1 h 
when the airflow through the filter is v = 1 liter/min, the 
sampling efficiency is 100% and all the daughters have the same 
activity concentration C = 1 Bq/liter in the air. 

Isotope i h Nj (10 min) Nj (lh) 

RaB 
RaC 

2 
3 

0.02586 /min 
0.03483 /min 

22 700 
17 300 

78 700 
82 900 

ThB 
ThC 

2 
3 

0.06514 /h 
0,6869 /h 

1 

550 000 
52 400 

3 210 000 
313 000 

Introducing these values for N,(T) and N,(T) in equation (2) we 
obtain the following formula for calculating the activity A(t) on 
the filter for an airflow of v = 1 liter/min and activity 
concentration C = 1 Bq/liter. 

For a sampling time T = 10 min: 

For radon A(t) = 2870 min - 1 e 2 - 1680 min - 1 e 3 (6) 

For thoron A(t) = 1257 min - 1 e 2 - 60 min - 1 e 3 (7) 



For a sampling time T = 1 h: 

For radon 

For thoron A(t) = 7340 min * e * 

11 

A(t) = 9940 min - 1 e "2 - 5020 min l e 3 (8) 
-i - M 

267 min * e J (9) 

Using these formulaes it is easy to calculate how the activity 
A(t) decreases with time t after the end of sampling. As seen 
from the figures given below, the A(t) originating from thoron 
decreases slowly compared to the activity A(t) originating from 
radon. 

For the radon daughters the activity A(t) given in units of rain 
decreases with time t as follows: 

T t min 0 5 10 15 20 60 120 180 240 30C 

10 min 
1 h 

A(t) min - 1 

A(t) min - 1 

1190 
4290 

1111 
4516 

1030 
4131 

951 
3767 

874 
3425 

400 
14f,5 

103 
369 

24 
85 

5.4 
19 

1.2 
4.1 

For the thoron daughters the result is: 

T t h 0 1 2 4 8 12 16 20 24 

10 min 
1 h 

A(t) min - 1 

A(t) min - 1 

1197 
7073 

1148 
6743 

1088 
6426 

965 
5655 

746 
4358 

575 
3359 

443 
2589 

342 
1995 

236 
1537 

If we wish to find the activity A(0) at time t = 0 from an 
observation A(t) at a later time t by using an equation of the 
form 

A(0) = A(t) e *t (10) 

we must use a decay constant K(t) which varies a little with time 
t. From the figures above we find \(t) and the corresponding 
half-life T j , 2

 a s follows: 
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For radon at time t h 1 2 3 4 6 

Decay constant h min 
Half-life T j , 2 rain 

0.0182 

38 

0.0204 

34 

0.0216 
32 

0.0224 

31 
0.0230 

30 

For thoron at time t h 2 4 8 16 24 

Decay constant \ h - 1 

Half-life T 1 / ? h 
0.0477 
14.5 

0.0539 
12.9 

0.0591 
11.7 

0.0621 
11.2 

0.0631 
11.0 

For radon the activity A(t) = A 2(t) + A 3(t) is the sum of two 
succeeding activities! and A(t) decreases with the time t at a 
relatively slow rate from t = 0. After a time t which must be 
long compared to the shorter half-life T 1 / 2

 o f t^ e t w o isotopes, 
the activity A(t) thereafter decreases at a rate which corre
sponds to the longer half-life T , / 2 of the two isotopes. The same 
is true for the activity A(t) originating from thoron. 

As seen above the activity A (t) originating from radon decreases 
with time t corresponding to a half-life of about 0.5 h, and for 
the thoron daughters the half-life is about 11 h. In most cases 
the air contains both radon and thoron. The activity on the 
filter will then be the sum of a radon and a thoron component 
A(t) « A r(t) + A t(t). Because the half-lives differ so much, it 
is easy to separate the two activities A,.(t) and A t(t) by 
observing how the activity A(t) decreases with the time t, see 
Figure 1. 

Radioactive fallout in the air from nuclear weapons or accidents 
at nuclear power stations will result in activities A f(t) on the 
filter with half-lives T, -2 of several days. Because this 
component from the fall-out has a half-life which is long 
compere.! to the radon and thoron components, the amount of fall
out in the air can be separated from the natural components. 
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Radioactive fallout in the air 
Outdoors the concentrations in the air of the natural isotopes 
radon and thoron are very low. If a real fallout has occured, the 
concentration of the fallout in the air may be so high that when 
performing the experiment outdoors, the activities A r(t) and 
A^(t) on the filter from the radon and thoron daughters are 
negligible compared to the activity A f(t) from fallout. If this 
is true, one needs only to calibrate the equipment for the 
iBOtopes in question to find a reliable result for the concentra
tion in the air originating from the fallout. 

During the bomb test in the years 1958-1962 the radioactive 
isotopes from the bombs were blown high up in the stratosphere, 
and small amounts of beta-active isotopes continued to fall down 
in the air for years afterwards. From a nuclear accident there 
may be radioactive isotopes in the air with low activity concen
trations compared to radon and thoron ootdoorB. To be prepared to 
measure the fallout concentration in this case, it is convenient 
to obtain some practice beforehand by performing experiments 
indoors. Here the air may contain a low activity concentration of 
thoron daughters with a long half-life and a relatively high 
activity concentration of radon daughters with shorter half-
lives. This is just an example comparable to a low activity 
concentration of fallout with half-li" e s of several days together 
with the natural components with higher concentration and shorter 
half-lives. 

In both cases we have an observed activity A(t) which consists of 
two activities, A(t) • A x(t) + A (t), where A x(t) originates from 
an isotope with a short half-life and A (t) from an isotope with 
a much longer half-life. 

The recipe for obtaining the value for the activity A^(t) 
originated from thoron compared to the total activity A(t) 
observed is to measure the total counting rate GM(t A) with the GM 
counter at a time t. shortly after the end of sampling. There
after one has to measure the total counting rate GM(t,) at a time 
t 2 where t, is so much longer than the half-life of the radon 
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daughters that the counting rate GM r(t 2) originating from the 
radon daughters can be neglected. GMt(tj) is the counting rate at 
time t 2 due to the thoron daughters only. The counting rate 
GM^Ctj) at time tĵ  due to the thoron daughters will then be found 
by multiplying GM t(t 2) by a constant k: 

GM^tj) - k G^Ctj) - e 2 * GM t(t 2) (11) 

If a sampling time of T = 10 min or T = 1 h is used, one can use 
the decay constants for the thoron daughters given above for the 
time interval in question, or simply use the ratio 
k « A t(t 1)/A t(t 2) for the thoron activities A t(t) given above for 
the proper sampling time T. 

After the counting rate GM+(t.) for the thoron daughters at time 
tj is found, the counting rate GM (t.) for the radon daughters at 
time tj is simply given by GM r(t 1) = GMftj) - GM t(tj). 

To separate thoron and radon activities it is recommended to 
measure the counting rate GMCtp = GM(lOmin) at time t̂  = 10 min 
by measuring the total counts in an interval arouf-d t, = 10 min. 
Normally one will have the GM counter at a chosen place where the 
background counting rate is known. If one choseB t, = 10 min, 
there will be time to bring the filter from other rooms from 
outside and measure the average counting rate for an interval At 
of say 10 min around t 1 • 10 min. 

As seen from Figure 1. one has to wait a few hours before the 
radon activity on the filter has dropped sufficiently so that the 
total counting rate GM(t 2) mesured around a later time t 2 can be 
approximated to the counting rate from the thorcm activity alone. 
In that case one puts GM t(t 2) m GM(t 2). 

When the school students have obtained some experience in 
separating the natural isotopes in this way, and know the 
counting rates to be expected from the radon and thoron daughters 
by studying the air indoors, it is time for measuring the 
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concentration of fallout in the air outdoors. 

The isotopes due to the fallout have half-lives which are long in 
comparison with the radon and thoron daughters discussed above. 
Therefore, it is easy in the manner described above to separate 
the fallout from the natural isotopes. To be able to measure a 
very small concentration of fallout, one selects a permanent 
place outdoors. It can be included in the experiments that now 
and then a student measures the out of door concentration of the 
natural components. The purpose is simply to measure how it 
varies with atmospheric conditions and time of the year. In this 
way one gets a very good knowledge of what one has to subtract 
when looking for a new fallout. If an irregular new increase of 
the counting rate GM(t 2) at a time t 2 is experienced, one can be 
sure it must be due to fallout. In this connection it can be 
mentioned that it does not matter how good or bad the equipment 
is calibrated. In any case one has a relative measure. If this is 
done at many schools and collected centrally, it can be of a 
certain value. 

If there is a fallout concentration in the air, the total 
counting rate GM(t) at any time t is the sum of the counting rate 
GM r(t) from radon, GMi(t) from thoron and GM*(t) from the 
fallout. Thus we can find the counting rate originating from the 
fallout by equation (12). 

GM f(t) = GM(t) - GM r(t) - GM t(t) (12) 

Because the most important beta active fallout isotopes have 
half-lives of several days or years, the counting rate GM f(t) 
originating from the fallout will decrease negligibly in a day or 
two. If an unexpected increase of the counting rate GM(t-) at a 
time tj some hours after the end of sampling is experienced, 
which ordinarily is considered to belong to the thoron activitiy, 
one simply waits to a time t, a day or two later and measures the 
total counting rate GM(t,) ones more. From the ratio 
GM(t,)/GM(t2) one can calculate a decay constant: 
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-Mt,-t2) GM(t 3) « GM(t 2) e 3 z (13) 

When taking observations at a place where GM r(t) and GM t(t) is 
well known beforehand, one can subtract these from GM(t) and thus 
ootain the counting rate GM f(t) from the fallout to put in the 
formula (13). At a school a filter containing fallout isotopes 
can be collected and held in reserve for months to be used for 
later students experiments. Thus the time at • t 3-t 2 passed 
between the experiments is easy to choose so long that one can be 
able to decide which isotope the decay constant X obtained by 
equation (13) corresponds to. From the discussion above it is 
known that the radon daughters result in a half-life of about 
half an hour and the thoron daughters result in a half-life of 
about 11 hours. Some fallout isotopes have similar half-lives and 
are not so easily recognized by this method. But by measuring the 
counting rate GM(t) at later times, when weeks and months have 
passed, one can calculate how much of the activity originates 
from isotopes like 1-131 with a half-life of about 8 days and the 
important isotopes Cs-137 and Sr90 with half-lives of several 
years. 

In cases where the counting rate from the fallout GM*(t) is 
comparable to or greater than the counting rate from the natural 
isotopes, it is easy to obtain some information about the short
lived fallout too. 

To get some practice in looking for isotopes with half-lives of 
several years with almost negligible concentrations, one can try 
to detect the radon daughter BaD = Pb-210. From mable 1 we see 
that this is a beta-emitter with a half-live of 22.3 years. The 
average energy E„ _ of the electrons emitted is only 38 keV and p j e 
consists mainly of internal conversion electrons associated with 
a gamma ray of energy E„ • 46.5 keV. Therefore, the counting 
efficiency for this isotopes is lower than for RaB and RaC. 

The activity concentration C(RaD) of RaD in the air is very low 
compared to the activity consentration of RaB and RaC. This is 
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contrary to the numbers of atoms n corresponding to an activity 
of 1 Bq given in Table 1. The half-life of 22.3 years is so lona 
that almost all RaD atoms have effectively been removed from the 
air by adsorbtion on to surfaces. Therefore, the activity A 5(t) 
of RaD on the filter at the end of a sampling time T is low. To 
gat a measurable activity A 5(t) one has to use a long sampl ina 
time T. Due to the long half-life a negligible amount of the RaD 
atoms will be lost by decay. Let us suppose that the RaD atoms on 
the average pause in the air an hour before vhey are effectively 
removed by ventilation or lost to surfaces. Because this is of 
the order 200 000 times less than 22 years, the concentration of 
RaD atoms in the air n 5 is of the order n 5 = 5 000 /liter instead 
of 1.10 /liter as it would be if RaD was in radioactive equili-
brium with RaC having an activity concentration of 1 Bq/liter. By 
sampling on the filter with an airflow of v = 1 liter/min, the 
number of RaD atoms N' 5(T) directly collected in this way would 
be: 

N£(T) = a£vT = 5 000 T/min (14) 

In addition to this we must add the RaB and RaC atoms collected 
on the filter. Although we will use a long sampling time T, which 
is long compared to the half-lives of RaB and RaC, it is very 
short compared to the half-life 22 years. Therefore, instead of 
the equations (la) and (lb) we can use a formula similar to 
equation (14) to find the total amount of RaB . rid RaC collected 
on the filter. During the sampling time T and a long observation 
time t all the atoms have decayed to RaD. If the activity 
concentrations of RaB and RaC in the air all are 1 Bq/liter, we 
see from Table 1. that in the air the sum of these atoms is about 
a- 1' m 4 000 /liter. Adding a 5' and a 5'' we find an approximate 
value of RaD atoms collected on the filter by equation (15): 

N 5(T) - (a 5' + a 5'') v T » 9 000 T /min (15) 

After some hours all the short-lived radon daughters have decayed 
to RaD, and after a couple of days all the thoron daughters have 
decayed to the stable isotope Th-208. When we presuppose that the 
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activity concentrations of RaB and RaC are 1 Bq/liter, the 
activity A«(t) of RaD at a time t after the end of sampling 
should be of the order: 

A 5(t) - K 5N 5(T) e 3 . )ij 9 000 T min -1
 ( 1 6 ) 

An ordinary vacuum cleaner combined with the filter recommended 
below, Figure 2, give an airflow of about 100 liter/min through 
the filter. With v « 100 liter/min, a sampling time T « 10 h and 
concentrations of C(RAB) and C(RaB) around 1 Bq/liter in the air, 
equation (16) indicates an activity A«(t) = 30/min. Because the 
counting efficiency for the rays emitted from RaD is low, one 
needs a room with a high concentration of radon and a long 
sampling time to be able to detect the long lived RaD isotope. On 
the other hand, a search for RuD indoors is a good exercise 
before one tries to find fallout of very low concentrations in 
the air outdoors. To detect an isotope on the filter with long 
half-life and very low activity one roust first use very long 
counting times to obtain an accurate value of the background 
counting rate when the GM counter is put upon a filter which is 
not used for sampling. Then one must use a long counting time to 
find out if there is a slight increase in the counting rate when 
the GM counter is put upon the proper filter. In most cases one 
has no room with high enough concentration of radon to detect 
RaD. On the other hand, a search for RaD indoors is good experi
ence before trying to detect fallout of low concentration 
outdoors. 

The important fallout isotopes Cs-137 and Sr-90 have similar long 
half-lives. A halflife Tj , 2 • 30 years and an activity concentra
tion of C « 1 Bq/liter corresponds to a • 1 360 000 000 atoms per 
liter. With this value of a, airflow v • 100 liter/min, decay 
constant \ « In 2/30 years and T » 1 h give an activity A(t) on 
the filter equal to: 

A(t) • K a v t • C v f • 360 000 /min (17) 

Many of the fallout isotopes are emitting beta-rays with high 
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average energies. In the case of Sr-90 there are two high energy 
beta-emitting isotopes in succession. The counting efficiency is 
therefore much better than for RaD. With a long sampling time T 
it should be relatively easy by this method to measure concentra-
tions as low as C • 1 mBq/liter * 1 Bq/m . 

Calibration of the beta GM counter 
In the case of fallout isotopes like 1-131, Cs-137 and Sr-90 it 
is relatively easy to calibrate the instrument. One way may be to 
soak the filter with a given amount of the isotope in question. 
Then after the filter is dried, the counting rate can be measured 
and compared with the counting rate from the fallout. When 
collecting fallout and radon daughters on the filter by an 
airflow, the front surface of the filter should be facing the GM 
window. When the back side is facing the window, the counting 
rate is lower due to the activity concentration as a function of 
depth. By the calibration this difference can to some extent be 
cancelled out by measuring both filters on both sides. In this 
way one can get a general calibration for beta active isotopes. 

To proceed in schools with radon and thoron measurements one has 
to find a much more simple method. The airflow v can be deter
mined by using an ordinary wardrobe bag of very thin plastic. 
With the vacuum cleaner the bag is firBt blown full of air. The 
next step is using a stop watch to measure the time t it takes to 
empty the costume bag by the airflow v through the filter. The 
volume V of the wardrobe bag at the start can be found by 
measuring the diameter when the bag li empty and the length of 
the tube when full. By choosing a bag with a volume V > 100 
liter, this simple method results in a fairly good estimate of 
v • V / t. 

Because the decay schemes of the radon and thoron daughters are 
very complicated, it is very difficult to theoretically estimate 
the counting efficiency. It is therefore suggested that several 
schools use the Bame type of filter, GM counter and set up 
arrangements. One can then centrally or at many schools directly 
compare the counting rates GM(t.) for the radon daughters or 
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GM(tj) for the thoron daughters with the more correct value for 
the EEDC obtained with the EEDC measured by a calibrated profes
sional instrument. In this way all the schools can use the same 
proportional constant k which multiplied by GM(t^) gives the 
Equilibrium Equivalent Decay Concentration EEDC: 

EEDC(Radon) - k(Radon) GMCtj^ (IB) 
EECD(Thoron) = k(Thoron) GM(t 2) 

where for instance tĵ  could be chosen as tj « 10 min. To measure 
the thoron activity one has to mesure the counting rate GM(t 2) at 
a later time tj. However, some times one will choose to wait a 
few hours and other times wait to the next day. For comparison 
the constant k must be referred to a definite time tj, and in 
equation (18) we propose to set t, • t, • 10 min. 

In many ways it is easier to measure the concentration of radon 
C(Radon) instead of EEDC(Radon), and methods and instruments to 
measure this quantity are easier to obtain. As mentioned above 
the equilibrium factor F = EEDC/C for radon varies, but can on 
the average for a country be put equal to a definite value. For 
Norway we have chosen the average F « 0.5. By choosing this value 
of F and at many pieces simultanously measure C(Radon) and 
GM(t,), one can find an average value of the constant k to be 
used in equation (19) to obtain an approximate value of C(Radon). 

C(Radon) « k r GM(t a) (19) 

Experiences in Norway 
For an easy comparison of the results obtained at the different 
schools, we have recommended the use of a GELMAN GLASS FIBER 
FILTER Type A-Z Nr. 61631. A holder for the filter, which is 
manufactured by KPT Naturfag A/S, 6501 Kristiansund, is specially 
designed for this experiment, see Figure 2. Due to the conical 
design, the holder can be connected to various common vacuum 
cleaners. As GM tubes we have recommended PHILIPS ZP 1431 or 
PHILIPS 18S06 end window GM tubes. To get the same counter 
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efficiency, we recommend putting the GM tube directly on top of 
the front side of the filter, see Figure 2. Thus, only difference 
in the calibration constant from one school to the other should 
be due to the different vacuum cleaners used. But to measure the 
rate of airflow v through the filter is an easy task. 

To be able to find the proper constant k(Radon) in equation (18) 
we have measured GM(t) in the manner described above in different 
rooms in University buildings and some other houses. At the same 
time we have measured the concentration of radon with calibrated 
ETE dosemetres. However, the radon concentration varies with 
time, and the ETB doBemeter does not show the momentary value. 
Therefore, in the Physics Department, we have constructed on 
ionization chamber which continously measures the radon concen
tration. 

The ionization chamber consists of a 10 liter cylindrical chamber 
with a central electrode. At one end there is a 12 cm diameter 
filter through which radon diffuses into the chamber. It takes 
about 2 hours before the radon daughter concentration inside the 
chamber is in equilibrium with the concentration outside. To get 
a more momentary value, the chamber can be filled by opening the 
end cover, or it can be filled by airflow through two vnves, 

The ion current I produced in a chamber filled by air having a 
concentration of radon C * 1 Bq/liter in equilibrium with RaA, 
RaB, RaC and RaC is very small. From Table 1 we see that the 
energies of the particles emitted per disintgegration have 
together an energy E » about 20 MeV. In air the energy required 
to produce an ion Is W « 34 «V. When the charge e • 1,602 
exp(-19) coulomb, the current I produced in a chamber with 
effective volume V • 10 liter will be: 

I » V C E e/W - 10-20-1.602 10~ 1 3 A/34 - M O " 1 3 A (20) 

To measure concentrations in the range from as low as 
C « 0.005 Bq/liter to C « 10 Bq/liter with an ionization chamber, 
a very good linear amplifier for direct current I is needed. We 



22 
have used the amplifier LASC, Model 2. 

LASC (Linear Amplifier for Small Current), manufactured by Sverre 
Strdm A/S, 1340 Bekkestua, was originally designed by The 
Electronic Department, Univ. of Oslo, (ELAB) to be used in 
connection with a high pressure ionization chamber designed at 
the National Institute of Radiation Protection, Sweden (SSI). The 
idea was to design an up-to-date equipment for continuously 
measuring the natural gamma radiation at several places through
out the Scandinavian countries. Thus the equipment was meant to 
replace the apparatus used for this purpose for a long time at 
several stations in Sweden, Ref.7. The work was initiated by the 
State Institute of Radiation Hygiene, Norway (SIS), Ref.8. The 
request was to erect stations in Norway of the same type as in 
Sweden. 

The amplifier LASC continuously measures direct current iust in 
the range needed for radon measurements, namely from I as low as 
I = 0.003 pA to about I = 1000 pA, Ref.9. With the Model 2, we 
have used hitherto, the output from LASC is connected to an 
analogue printer. The new models can be connected to a PC where 
the data can be stored in the memory and/or printed out. In this 
way a copy of the equipment is installed at the State Institute 
of Radiation Hygiene (SIS) for continuously measuring the radon 
concentration in their calibration room. 

The equipment is suitable for measuring how the radon concentra
tion varies with atmospheric conditions, see figure 3. Likewise 
it is easy to register how an installed balanced ventilation in a 
basement or other remedies influence the concentration in various 
rooms in a house, see Figure 4. 

It is recommended that for calibration a few sets of these 
instruments could be shared among the different schools. In 
Norway we have recommandsd that in addition a school collaborates 
with the nearby Local Radioactivity Control Station (LORACON). 
About 50 LORACON stations are supplied with scintillation 
counters and can measure radon concentrations with the charcoal 
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method. 

To find a preliminary value of the constant kCRadon) in equation 

(IB), we have performed 50 simultaneous measurements of the radon 

concentration C and the corresponding counting rate GM(10 min) at 

a time tj • 10 min when the sampling time T = 10 min and the 

total airflow through the filter was 100 liter/min. The values of 

GM(t 1) and C were inserted in equation (21). 

GM(10 min) « x 1030 Bq - 1 v (SJ/SJ) C « C/k r = FC/k(Radon) (21) 

Here we have us*3d the value A(tj^) = 1030/min for the ø-activity 

on the filter when v - 1 liter/min, C • 1 Bq/liter and t 1 • T 

« 10 min. Furthermore, we have supposed that the counting rate is 

proportional to the airflow v and to the ratio SJ/SJ where S 2 is 

the area of the GM window and S^ is the effective area of the 

filter. 

In equation (21) k(Radon) depends on v and SJ/SJ. Because GM(t) 

is a measure of the radon daughter concentration or EEDC and is 

not proportional to C, the values of x and k vary with the 

equilibrium factor F. We assume that the average of the equili

brium factor here in Norway is F • 0.5. We then find that the 

average values of the factors in equation (21) when referred to 

v • 100 liter/min and Sj/S 2 • 2.0 are as follows: 

x • 0.17, k r • 0.11 Bq min/m
3 and k(Radon) • 0.22 Bq min/m3. 

Because the variation in ventilation rate for the 50 preliminary 

measurements was extreme, the equilibrium factor calculated by 

using equation (21) varied from F • 0.11 to F • 0.76. 

Although more measurements should be done to obtain better 
3 

results, the above value k(Radon) « 0.22 Bq min/m can be used to 

obtain preliminary values for various airflow rates v and ratios 

S./S, by U6ing equation (21). 
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Radioactive fallout in foodstuffs 
After the Chernobyl accident the concentrations of Cs-137, Cs-134 
and other radioactive isotopes in various foodstuffs in many 
European countries were too high to be consumed. Due to warnings 
and notices in the media, people were extremely concerned and 
perhaps unduely worried about this invisable phenomenon. To help 
the younger generation become acquainted with such fallout, we 
have worked out a simple method adapted to be used in the schools 
for measuring Cs-137 and other radioactive isotopes in food
stuffs, Ref.10. The experiments involve a measurement of radio
active fallout in meat or vegetables and a comparison of this 
with the natural radioactivity of potassium. Further some 
calculations are included in order to get some knowledge about 
the notions becquerel, sieverts, etc.. 

The set up for the experiment is shown in Figure 5. Along the 
center of plastic tube with length L and outer diameter D is a 
long GM tube covered by a plastic tube with diameter d. The 
material to be measured is packed between the two tubes. Thus the 
only equipment to be bought is a long GM tube designed to have 
good effectivity in counting gamma-rays. 

The experiment is carried out by first packing the space between 
the two tubes full with a powder which consists of KOH, K 20 or 
another chemical which contains the natural element potassium. 
The counting rate is measured before and after packing to obtain 
the counting rate GM^ originating from the potassium powder 
alone. The next step is to pack in the same way some meat or 
vegetables which contain some fallout isotopes f and measure the 
corresponding counting rate GM f. 

Pottasium K consists of 93.10 % K-39, 0.00118 % K-40 and 6.F.8 % 
K-41. The radioactive isotope K-40 has a half-life of TJ,J = 

1.28 10 years and emits a gamma-ray of energy E • 1.46 MeV. As 
an example we choose the chemical powder KOH as our standard 
source. The activity Afc of the radioactive isotope K-40 in 1 kg 
weight KOH powder is A k = 21 800 Bq. Only 10.7 % of the disinte
grations are accompanied by a gamma ray of energy E • 1.46 MeV. 
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The number of gamma-rays N k emitted per second in 1 kg KOH is: 

N k - A k 10.7/100 - 2 330 Bq (21) 

As an example we compare this with the activity A f of Cs-137 in 
1 kg of some meat or vegetables. Looking at the decay scheme lor 
Cs-137 one finds that 85.2 % of the disintegrations are accom
panied by a gamma-ray of energy E„ = 662 keV. The number of 
gammarays emitted per second IB thus N f « 0.852 A f. 

The efficiency of the counter for gamma-rays varies with the 
energy E„. Thus the efficiency e k for E = 1.46 MeV gamma-rays is 
different from the efficiency e f for E = 662 keV. If the 
counting rate GM k observed from 1 kg KOH is GM k, and the counting 
rate originated by the isotope Cs-137 in the meat source is GM f, 
the activity A f will be: 

A f = (0.107/0.852) (e k/e f) (A k/GM k) GM f (22) 

Equation (22) holds when the two sources are packed in the same 
way around the counter and have the same weight of 1 kg. More
over, we have presupposed that absorbtion and scattering of 
gamma-rays in the two sources are the same. If not, this must be 
corrected for by appropriate factors. 

In fallout the isotopes Cs-137 and Cs-134 are always present 
together. In the fallout from Chernobyl the activity A, 3^ of 
Cs-134 Bhortly after the accident was about half the value of the 
activity A 1 3 7 of Cs-137. Beciuse the half-life of Cs-134 is so 
much shorter than the half-life of Cs-137, the ratio 
F « Ai34^ Ai37 ^as n o w so'"e 3 years later dropped to 
F « about 0.2. 

The decay scheme of Cs-134 is much more complicated than the 
decay scheme for Cs-137. Cs-134 emits more gamma-rays per 
disintegration than Cs-137. When calculating the counter effi
ciency, one can very approximately assume that the complicated 
gamma-ray spectrum of Cs-134 is equal to 0.95 gamma-rays with 
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energy E„ = 0.799 MeV and 1.23 gamma-rays with energy 
E * 0.596 MeV per disintegration, Ref.10. So when calculating 
the counting rate N^,^ originated from a source having a certain 
CB-134 activity A 1 3 i f l we assume the efficiency e 1 3 i ( for Cs-134 
gamma-rays equal to be about twice the efficiency for Cs-137 
gamma-ray.::. 

If one does the proper correction for different decay schemes 
etc. in this manner, one can by comparing the counting rates GM^ 
and GMf find the activity A f of a source containing one or 
another fallout isotope, Ref.10. Much more accurate values are 
obtained by having a source which contains the proper iBotope 
evenly distribution in a comparable material. Here in Norway it 
is recommended that the schools control their equipment and 
calibration by asking the nearby Local Radioactivity Control 
Stations (L0RAC0N) for a source of known cesium activity. This 
can be obtained without any cost because about 50 L0RAC0.V 
stations are distributed all over the country to measure fallout 
levels in meat, fish and vegetables. 

A challenge to others 
The above discussion is written primarily to be read by school 
teachers, and may be too difficult for ordinary students except 
for those who intend to choose this subject as their speciality. 
If the experiments are to be accepted in a school, easy to read 
instructions for each of the experiments must be written. 

Here in Norway this work has been undertaken by the Laboratory 
for School Science, Phys. Dep. University of Oslo (LSS), 
Ref. 11. So far a few courses have been held for teachers in the 
secondary schools. The teachers have brought in their own 
apparatus, and the experiments described above have been perform
ed. In this way the teachers get a personal, first introduction, 
as well as a calibration of their different instruments. 

The plan is that every school plots in the results obtained on a 
proper form which is returned to LSS. These are examined at LSS 
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and the results sent on to The State Institute of Radiation 
Hygiene, SIS. It will take some time before this turns into a 
routine, but it may well be that the students will find the 
experiments more interesting because it may be of value in this 
way. 

The results obtained for radon and thoron concentrations can 
without doubt be of value as screening results. The experiments 
with fallout are for the time being of little direct value. 
However, cooperation between the secondary school and the LORACON 
station in the district can be of value in the sense that it 
helps to maintain an active profession over the years when tnere 
is no new fallout. It could perhaps prevent what happend here in 
Norway with the old LORACON stations. 

For many years preceeding the Chernobyl accident there was no 
radioctive fallout here in Norway, and the LORACON stations were 
in no way engaged in measuring radiation. The maintenance of the 
equipment and the professional standard which the stations had 
during the years of bomb tests were lost. Although the stations 
were set up to be in action in the case of accidents like 
Chernobyl, less than 101 of them were in action during Chernobyl. 
The contact with a nearby scnool as mentioned above may perhaps 
prevent that this will be the case with the new LORACON stations. 

The experiments described above involve no chemistry, although it 
is also possible to include some chemistry. By simple methods it 
may be possible to separate one isotope from another. During the 
bomb tests the concentration of the isotope Sr-90 in the rain
water was about the same as the concentration of Cs-137. During 
the Chernobyl accident there was very little Sr-90. Regarding 
health risks it is an important tosk to know the ratio of Sr-90 
to Cs-137 in the fallout. During the bomb tests this ratio was 
found by doing some simple chemistry to separate the isotopes and 
then measure the p - activity by just the same GM counter as 
described above. A manual for this experiment is described in a 
student thesis, Ref. 12. Such an experiment in nuclear chemistry 
could perhaps arise a bit more interest among students if it was 
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coupled to a nuclear fallout in the future. The work to find the 
most simple and best set up for a student experiment may be a 
challenge to someone. 

The work described above is in progress, and many details can of 
course be improved. Thus it can be a challenge to determine more 
precise calibration constants than those given above. If someone 
finds it opportune to introduce such experiments in other 
countries, it may be a challenge to design a set up suitable for 
the schools in question. It is our hope that some of the ideas 
put forward to be used here in Norway may be of value for that 
work. 

For the various military and civil defence personnel equipped 
with GM counters, the experiments described above may be suitable 
for training. In the case of fallout, the data obtained from all 
such stations could be of some value in the same manner. 

For the student experiments a slow working instrument is in many 
cases rather better for learning purposes than a modern black 
box. In many military and civil defence stations and at research 
institutes there may be a lot of instruments which have been 
scrapped, but remain excellent for the above experiments. For 
example, around 1960 the Norwegian LORACON stations were equipped 
with N0RAT0M instruments specially designed for measuring 
fallout. Now the LORACON stations are equipped with new instru
ments and the old NORATOM instruments are used in schools. This 
is a way for the schools to save money on equipment. 
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Figure 1. After a sampling time of T • 1 h the counting rate 
, . GM(t) decreased during the first 300 min as shown by the upper 

curve. By extending the observation time t, the contribution t. 
the counting rate GM(t) from the thoron daughters is found as 
shown by the lower curve. 
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Figure 2. The hose A from a vacuum cleaner fits into the lower 
part of the filter holder B. An outer ring of the filter F is 
held airtight against the holder by the upper cylinder C. After 
sampling the GM tube in its holder H is put on top of the filter 
F. 
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Figure 3. The curve showi how the radon concentration in the 

baiement of a house varied with time. Notice the relative low 

values during windy days. 



J U N E 

Figure 4. The curve shows the effect of a balanced ventilation in 
the basement. The radon concentration was continuously measured 
in a room on the groundfloor, while the ventilation in the 
basement was on during the days and off during the nights. 



Figure 5. The container for measuring Cs-137 in various materials 
consists of an outer plastic tube with an inner plastic tube to 
protect the long GH tube. 
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