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Chapter 6: Effect of Large Radiation
Doses

Brian: Look, you've got it all wrong! You don't need to follow 
me. You don't need to follow anybody! You've got to think for  
yourselves! You're all individuals! 
Crowd: [in unison] Yes! We're all individuals! 
Brian: You're all different! 
Crowd: [in unison] Yes, we are all different! 
Man in crowd: I'm not..... 
Crowd: Shhh! 

From Monty Python's  Life of Brian
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 Weighing scientific evidence
Rise and fall of enthusiasm for science

Nobody  knows  who  did  it  or  when  it  happened.  It  may  have  been  in 
Mesopotamia,  or  possibly  early  in  the  Greek  era,  that  astronomers  first 
successfully predicted a solar eclipse. As a demonstration of the power of 
mathematical  science,  it  must  have  impressed  the  whole  population.  But 
respect for the word of science when established through awe and fear is not 
a sympathetic basis for understanding. 

At a practical and political level it became apparent that making other useful 
predictions was not so easy,  and physicists and astronomers had to accept 
defeat  when they tried to  extend their  new-found powers  to  turning base 
metals into gold; similarly vain attempts in astrology caused the popularity 
ratings of science and scientists to wane. Scientific enthusiasm has always 
coexisted with a primitive awe and apprehension of natural phenomena; it 
has improved with education and successful prediction, but retreated under 
the influence of war, accident, pestilence, earthquakes, rumour, ignorance and 
the vagaries of the weather. So, while science slowly advanced, many natural 
phenomena became either deified or demonised by the public at large. For 
example,  thunder  and  lightning  remained  a  source  of  primitive  fear  that 
diminished only slowly as a deeper understanding of science percolated into 
society from the nineteenth century onwards. However, human prosperity has 
only really improved since confidence and a command of natural processes 
have become established.

Examining the strongest evidence
Members of the public are motivated by simple direct questions such as. 

Is there a danger that could affect me, my family and friends? 
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They are less impressed by calculations and machinations they are unable to 
follow, and they are suspicious of regulations and restrictions which they see 
as a cover for higher prices, taxes, professional career building or political 
manoeuvring. 

But ionising radiation has been in use for over 100 years in medicine, and for 
over 70 years in other spheres. So there is plenty of experience to draw on. 
Down-to-earth common sense answers can be given that do not rely on fancy 
mathematics  or  science.  But  it  is  not  sensible  to  look at  every source of 
evidence. It is better to concentrate only on the most significant; that means 
the most persuasive. Let's clarify this line of thought a little further.

The statistical significance of a result is poorly understood, with the result 
that weak conclusions get into the media and then have to be withdrawn, or 
worse,  fail  to  be  withdrawn.  That  commands  no  respect  and  should  not 
happen. It was notable that prior to the report of the discovery of the Higgs 
Boson at CERN, there was an information blackout until the significance of 
the discovery could be confirmed at five standard deviations – a level of 1 in 
a  million  and  representing  confidence  beyond  reasonable  doubt. 
Unfortunately, putative results in medical and biological sciences are seldom 
subjected to such strict tests and some conclusions are reported to be firmly 
established when at the level of only two standard deviations – in everyday 
language, that means 95% certain, or wrong 1 time in 20. Claims at such a 
weak level of confidence, a 5% chance of being mistaken, would lead to a 
rejection  by  referees  for  many  scientific  journals  in  other  disciplines. 
Dubious results when picked up by the press become sources of confusion – 
what the press like to call  matters for debate. But the press do not have the 
means to engage in such a debate. If the evidence is not strong enough to 
establish a firm result, all should agree to remain silent until further evidence 
becomes available. In the remainder of this chapter, we look at results that are 
widely accepted as beyond reasonable doubt. 

When radiation is fatal, sooner and later
At a very high dose rate, radiation can kill not just cells or organs but whole 
organisms, and by examining data we can find out just how high the rate 
needs to be for this to happen. Radiation can be fatal in one of two ways. It 
can destroy the ability of a cell to service itself and engage in the cell cycle; 
this is called  cell death. If too many cells are killed in this way the entire 
organism may be at risk from  Acute Radiation Syndrome (ARS). This has 
nothing to do with cancer and takes place on the time scale of a typical cell 
cycle, that is within a few weeks at most. There is some difference between a 
dose given to the whole body and one applied only locally, but most organs 
fail due to the local dose when their own cells die independently of the fate of 
other  organs.  Some  radiobiologists  speak  of  cell  death  as  a  deterministic  
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process, but actually it is a biological reaction described by a probability like 
any other process  – though that probability may be high for a large acute 
dose.  Other  historical  descriptions:  tissue reaction  and  early  reaction, are 
descriptive and more helpful.

Most  cells  with  damaged  DNA are  either  repaired  correctly  by enzymes 
within hours or are repaired with errors such that they are not viable and fail 
to be reproduced in the cell cycle. However, a few of those that suffer DNA 
double strand breaks (DSB) are incorrectly repaired and yet survive. These 
mutations may persist in abnormal chromosomes whose behaviour is kept in 
check by the immune system. Failure of the immune system may result in 
runaway cell growth that hijacks the resources of the organism; this is the 
malignancy that we know as cancer. In its later stages such growth may go on 
to  metastasise or  spread  through the  blood stream to  other  locations  and 
organs. With advancing age the immune system becomes less vigilant and 
errors may escape detection. The process is similar whether the error was 
initiated by radiation or another source of chemical oxidation. The probability 
that cancer develops is small and therefore apparently rather random, so it is 
sometimes  called  a  stochastic  process, although  it  does  not  involve  any 
special kind of chance mechanism at a basic physical and chemical level. The 
description late reaction is less committal. We concentrate on cancer because 
data on late reaction for other diseases is usually less clear.  The evidence 
shows that  carcinogenic development is  related more to the failure of  the 
immune system than to  the presence of  an increased number  of  damaged 
chromosomes. The period in which the development of malignancy is kept in 
check by the immune system is called the latency.

Tumours develop at  or  near  the  site of  the original  radiative or  oxidative 
attack  – for example, smoking causes primary cancer of the lung and UV 
radiation  causes  primary skin  cancer,  rather  than  cancers  elsewhere.  This 
suggests that, although whole-body health is always an important factor, it is 
the local radiation dose rather than the whole-body dose that is important. 
This intuitive picture is supported by recent detailed clinical work reported 
by Tubiana and described in Chapter 8. 

A malignant tumour develops at the expense of the host organism; it hijacks 
resources and physically invades the local tissue. The resulting disruption of 
the local blood vessels may be diagnosed with a functional imaging scan. If 
not removed or its cells killed, the tumour eventually metastasises, migrating 
through the bloodstream to establish further tumours elsewhere in the body. It 
may  be  removed  surgically,  or  its  cells  treated  by  targeted  radiation  or 
chemical  drugs.  This  may also be achieved with focussed ultrasound that 
destroys the cells of the tumour tissue by overheating – cooking, in fact. Even 
after  it  has  spread,  the  progress  of  the  cancer  can  still  be  reduced  with 
radiation or chemotherapy.  Such palliative treatment  can extend life,  even 
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though the cancer survives.

 High internal radioactivity, the accident at 
Goiania

The effect of intense internal radiation
It  is  not  a  surprise  that  particular  concern  should  be  expressed  about 
radioactivity inside the body. What data do we have and what can they tell us 
about any threat that this poses to the residents of Fukushima, now or in the 
years to come?  

There  is  general  agreement  among  international  bodies  that  there  is  no 
significant evidence that radioactive caesium was responsible for any death at 
Chernobyl,  either  of  identified  individuals  or  of  members  within a  group 
analysed statistically [1]. However, it was responsible for several deaths in an 
accident with a caesium-137 source in the provincial town of Goiania, Brazil, 
in 1987 [2, 3, 4]. But what was this very intense source doing there?

The radiation used to cure cancer by radiotherapy is no different from that 
present in a nuclear power plant, although the intensity used for therapy is far 
greater than that around a reactor except inside the vessel itself. The intensity 
of the therapy dose is designed to kill the cancer cells directly in its path by 
repeating the dose every day for 5 to 6 weeks. The radiation used in therapy 
may  come  from  a  radioactive  source,  either  external  or  internal  to  the 
patient's body; alternatively it may come as a beam emitted by an accelerator 
in the therapy clinic shining onto the patient. The latter is preferred, simply 
because the radiation can be turned off by unplugging the accelerator and its 
beam can be steered in a particular direction. Although a gamma beam cannot 
be focussed or deliver energy at a specific range, a beam of charged ions used 
in the most modern radiotherapy can do both, so that the dose is confined 
very precisely to the tumour  [see Selected References on page 279,  SR3]. 
However, away from the world of modern technology a brief exposure to 
radiation  from  a  powerful  radioactive  source  is  cheaper  and  simpler  to 
provide.  Well  shielded  sources  have  been  used  for  over  a  century  since 
pioneered by Marie Curie. As with the accelerator method, a powerful dose 
must be delivered in a short time.

The accident, 13 September 1987
The gamma source that had been used in the now-abandoned radiotherapy 
clinic  at  Goiania  was  caesium-137,  which  as  a  major  constituent  of 
radioactive waste, was readily available. Chemically, caesium is like sodium 
or potassium and relatively volatile. It is the most persistent contaminant of 
food  and  the  environment  after  an  accident  such  as  at  Fukushima  and 
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Chernobyl. (In fact it is accompanied by another isotope, caesium-134, but 
we need not worry about that here.) The other contaminant, iodine-131, has a 
half  life of 8 days,  whereas caesium-137 has a radioactive half life of  30 
years. But if caesium is inhaled or ingested into the body, it is expelled again 
with  a  biological  half  life  of  about  100  days  because  caesium,  whether 
radioactive or not, is not a natural constituent of the body's biology.

Illustration 25: A map of Brazil showing the location of the 
provincial city of Goiania, just west of the capital Brazilia.

The  shielded  caesium-137  source  that  had  been  used  to  treat  cancer  at 
Goiania had an activity of 50.9 TBq. The  T of  TBq stands for  Tera,  or  a 
million times a million;  that  is  a  trillion.  This activity is  500,000 million 
times the activity of a litre of water described by the Japanese regulations of 
2012 as unsafe to drink at 100 Bq. But in use, the caesium-137 source was 
held  securely  in  the  shielded  steel  head  which,  when  rotated  to  the  ON 
position, would deliver 4,600 mGy per hour, suitable to treat a tumour. 

By 1987 the source at Goiania was abandoned. It was removed together with 
its protective housing from the radiotherapy machine by some locals, hoping 
to make money by selling the steel of the unit for scrap. Having removed the 
head the gang took it home in a wheelbarrow and broke it open to reveal the 
source itself – 0.93 kg of caesium chloride powder. The two men were then 
exposed  when  they  worked  on  the  source  and  started  to  feel  ill  with 
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diarrhoea, vomiting, dizzy spells, and swollen hands. On 18 September they 
punctured the thin window with a screwdriver and the parts of the rotating 
source assembly were sold to the owners of the scrapyard next door. In their 
garage the source was seen to emit a pretty blue light, and over the next three 
days relations, friends and acquaintances visited to see the curiosity. On 21 
September  they extracted  some  powder,  and  distributed  it  to  friends  and 
visitors, some of whom daubed it on their skin. From 22 to 24 September two 
employees  worked  on  the  head  to  extract  the  lead.  On  24  September 
fragments were taken into the house and handled during a meal, notably by a 
six year old girl, and then the source was sold to another scrapyard. By this 
time many people were ill and the remains of the source were taken to a local 
hospital, where the next day doctors were able to contact a medical physicist, 
who  succeeded  in  raising  the  alarm  after  detecting  the  radiation  with  a 
borrowed detector designed for geological prospecting [2].

Whole-body internal radioactivity Number 
of people

Radiation 
deaths

Goiania [2]

Cs-137 more than 1,000 MBq 1 1 death, ARS
Cs-137 100 to 1,000 MBq 7 3 deaths, ARS
Cs-137 10  to 100 MBq 20

no death,
no radiation 

cancer

Cs-137 1 to 10 MBq 23
Cs-137 100,000 Bq to 1 MBq 15
Cs-137 10,000 to 100,000 Bq 11

Fukushima 
adults [6]

Cs-137 12,000 Bq or less
Aug 2012

32811

Everybody, 
natural K 

K-40 4,300 Bq all 
humans

Fukushima 
children [6]

Cs-137 all less than 1,400 Bq
Nov 2011 - Feb 2012 

1491

Table 4: Figures for whole body caesium-137 radioactivity at Goiania,  
compared to Fukushima (and to its natural look-alike, radioactive 
potassium-40, present in all life). Measured Fukushima limits should 
be increased by a factor 5 to 10 to account for the time lapse before 
measurement (given in the Table).

Casualties and internal radioactivity measurements
By 28 October eight people had contracted ARS, of whom four were dead. 
Altogether 249 people were directly affected by the radiation, externally or 
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internally.  In 28 cases localised contamination and irradiation gave rise to 
deep burns on limbs and body,  many requiring surgery.  However,  internal 
contamination gave the most significant exposures, with protracted or chronic 
doses persisting over a long period. Once caesium enters the blood stream, it 
is taken up throughout the body, particularly in muscle. The natural excretion 
period of caesium is about 100 days. The measured values of the whole-body 
internal activity for over 70 patients have been published by the IAEA [2, fig. 
13 p. 55]. These are shown above in the unshaded bands of Table 4, arranged 
in order of decreasing activity. 

Comparison to public measurements at Fukushima
The right-hand column of Table 4 shows that all fatalities had a whole-body 
internal  activity exceeding 100 MBq, although half  of  those between 100 
MBq and 1,000 MBq survived. Notably, in the 25 years since the accident, 
there  has  been no case  of  cancer  in  any band that  could be attributed to 
radiation  [5].  The  shaded  bands  describe  other  data  for  chronic  internal 
radiation, in particular those relating to the survey of adults and children in 
the affected Fukushima region [6] (see the mobile unit, Illustration 16 on page 
51). Evidently, even the highest whole-body measurement of a member of the 
public recorded in the Fukushima region is at least 10,000 times smaller than 
the lowest internal dose that was fatal at Goiania, noting that none of those 
fatalities was due to cancer in any case. Also shown in Table 4 is the natural 
radioactivity due to potassium-40 present in all life. Potassium and caesium 
have very similar chemistry and therefore circulate around the body in the 
same  way.  However,  irradiation  by potassium-40 is  chronic  because  it  is 
included in all potassium in the environment – most famously in bananas [7]. 
This underlines how genuinely inconsequential small doses of radiation are – 
and even much larger ones too. 

There  are  quite  proper  questions  about  the  effect  of  internal  radiation  on 
pregnancy, but the data from Goiania offers some extraordinary answers too. 
One woman, already four months pregnant at the time of the accident, had an 
intake of 200,000 Bq and gave birth normally – both she and her child were 
radioactive, but this continued to decline by a factor two about every hundred 
days after the birth. Another woman who survived and had one of the highest 
internal intakes, 300 MBq, an activity as great as two of those who died of 
ARS, gave birth  to a healthy child  four years and three months  after  the 
accident [5, p. 47]. These data are very reassuring. Broadly they support for 
humans  the  conclusions  found  from  experiments  with  mice  [8]  that 
pregnancies  and  foetuses  are  not  as  radiation-sensitive  as  is  usually 
presumed.

The conclusion is that very large internal doses of caesium-137 had no direct 
carcinogenic effect over a 25-year period and that the possibility of cancer 
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from internal radiation by caesium at Fukushima is negligible. The number of 
people that were contaminated at Goiania is not high, but the internal activity 
that many of them received is very large. The woman who had the healthy 
child after four years had the same internal activity after the accident as she 
would have received if she had drunk three million  litres of water with the 
contamination  of  100  Bq  per  litre,  condemned,  without  justification,  as 
unsafe  at  Fukushima.  At  10  Bq  per  litre,  the  upper  permitted  limit  for 
drinking water as at April 2013, the volume of water would be thirty million 
litres, that is twelve 50-m olympic swimmming pools.  For any reasonable 
person  these  data  should  close  the  book on  whether  there  is  any risk  at 
Fukushima  from  caesium-137,  even  for  foetuses,  children  and  pregnant 
mothers. There are other sets of data in the scientific literature [9], but none 
that  contradicts  the  conclusion  that  there  is  inadequate  evidence  for  the 
carcinogenicity  of  caesium-137  in  humans  [10]. (For  simplicity  we  have 
ignored  the  other  isotope,  caesium-134,  that  accompanies  caesium-137, 
although there is no evidence for its carcinogenicity either.)

Civil order and psychological effects 
On 26 March 2012 Yukiya Amano,  Director General of IAEA, wrote in the 
Washington Post [11]

In  one  of  the  world’s  worst  radiological  incidents,  radioactive  
material  stolen  from a  disused  clinic  in  Goiania,  Brazil,  in  1987 
caused  the  deaths  of  four  people,  while  nearly  300  suffered  
radioactive  contamination  and  more  than  100,000  sought  
radiological screening. That incident involved the unintended release 
of radioactivity, but it remains the best real-world indicator of what  
could happen on a larger scale if terrorists were to detonate a dirty  
bomb in a large city or at a major public event. 

This Goiania event may have been the world's worst such incident, but the 
number of fatalities was like a single family car hitting a tree and all four 
occupants  being  killed. Not  an  accident  on  a  world  scale.  It  was  most 
unpleasant  for  the  249 others  involved or  for  the  100,000 who rushed to 
receive a reassuring scan, but a general alarm would not have been justified. 
To  be  fair,  though  there  was  an  information  vacuum  and  many  were 
frightened, there was no breakdown of law and order. Neither the Goiania 
accident  nor  a  terrorist  dirty  bomb  presents  a  global  threat, and  the 
Fukushima accident even less so, but the hysteria so quickly raised by today's 
24-hour rolling media over such an incident could precipitate serious civil 
disorder. Regrettably, that may not be what Dr Amano intended to say. He 
appears  to be talking up the seriousness of  the  accident  itself,  whereas it 
would be in the public  interest  for  the  IAEA to concentrate on providing 
proper education and information to the public in future, to reduce the fear 
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and uncertainty that can easily follow such an accident. 

In  2011  a  study reported  that  42.5% of  those  who  had  been  exposed  at 
Goiania were suffering symptoms of depression, against 3% to 11% in the 
general Brazilian population [6]. The damaging effect of psychological stress 
in  the  community,  so  clearly  seen  at  Chernobyl,  and  then  repeated  at 
Fukushima, was evident at Goiania too.

 Effect of the accident at Chernobyl
Places where time stood still

At some places on Earth the human imagination is carried away by a single 
event frozen in time. A visit to Herculaneum or Pompeii, buried by volcanic 
ash in AD 79, recalls such a time and what was happening then, down to the 
smallest detail of everyday life, that would normally have been swept away 
by  the  onward  march  of  later  trivia.  At  Portsmouth  in  the  UK the  new 
museum of  the  Mary Rose houses  another  example,  the  flagship of  King 
Henry VIII, that sank in a few minutes in 1546 but was recently raised with 
so many details of Tudor life preserved on board. In the same way a visit to 
Chernobyl and the town of Pripyat concerns what happened on a single date, 
26 April 1986. It tells a unique story, one that should be preserved although 
its physical decay is already advanced. The environmentalist, Mark Lynas, 
recently suggested that it should be a World Heritage Site. 

Frozen though these sites may be, the understanding of their message can 
mature, and so it has at Chernobyl. The site, deserted by human life at short 
notice and now overgrown, was reported as a waste land and dangerous for 
many years, but now in reality it is a wildlife park in all but name [SR7]. 
Flora and fauna are radioactive, but are no longer restricted by the disruptive 
intervention of man. The animals, birds and plants flourish freely along with 
the  few  human  beings  who  stayed  behind  when  others  were  evacuated 
[SR11].

Scale of accidents
At  Chernobyl  the  water-cooled  graphite-moderated  nuclear  fission  reactor 
that exploded was designed and built by the Soviet Union [SR3 p. 73 & 141]. 
Unlike Western designs, including those at Three Mile Island and Fukushima, 
it had no spherical containment vessel, so any release of radioactivity was 
free to disperse into the atmosphere, and the control of temperature and rate 
of energy production was not stabilised by a fail-safe design. On the day of 
the  accident  the  operators  were  ill-advisedly testing  operating  procedures 
with important safety systems disabled. They lost control and the temperature 
started  to  increase  quickly.  Soon  the  water,  now steam,  reacted  with  the 
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rapidly-heating graphite, creating hydrogen, whose pressure blew the top off 
the reactor. This hydrogen then exploded in the air and the whole mass of red 
hot  graphite,  now open to the sky,  burned for days,  sending much of the 
nuclear material  upwards.  A brave band of 237 workers fought  the blaze, 
exposing themselves to the open reactor core, which was never shut down in 
the way that those at Fukushima Daiichi and all the others in Japan were. At 
Chernobyl the extreme heat of this open fire generated a rising column of 
gases, carrying all but the heaviest nuclear material into the upper atmosphere 
where it circulated around the globe. To put the comparison with Fukushima 
into perspective you might ask what happened to the cooling water. After all, 
that was the focus of attention at Fukushima. At Chernobyl none remained – 
it had reacted to form hydrogen or been vaporised. Cooling? There was none.

There  is  no  doubt  that  Chernobyl  was  the  worst  civil  nuclear  accident, 
arguably the worst imaginable. The reactor had no containment vessel, unlike 
most reactors of that era and every one since. At the time the government of 
the Soviet Union was entering its dysfunctional phase prior to collapse, and 
information was  not  made  available  – in  fact  it  was  the  detection of  the 
radioactivity in  Scandinavia  that  carried  the  news  that  there  had  been an 
accident at all. In response to Chernobyl, IAEA introduced the International 
Nuclear and Radiological Event Scale (INES) in 1989 to describe the severity 
of  an  accident,  for  a  purpose  that  is  unclear.  Anyway,  Chernobyl  was 
retrospectively classified as 7, the maximum on the scale. Unfortunately, a 
position on this scale is determined by the administrative judgement of the 
authorities actually involved, rather than by an objective measurement like 
that used by seismologists in assessing the strength of an earthquake. In the 
case of Fukushima the Japanese authorities lost their nerve and gave it the 
maximum, 7, like Chernobyl. This was a basic mistake that simply escalated 
the public sense of panic. The Fukushima accident was never in the same 
class as Chernobyl. An unscientific index like INES simply excites instability 
in public opinion which is in the interest of nobody. 

The question is sometimes asked, What should replace the INES scale? The 
answer is simple, Nothing. There is no such scale for fossil fuel accidents or 
the collapse of hydroelectric dams, although these involve the loss of large 
numbers of lives, which is very rarely the case for nuclear accidents. Scales 
of this sort fill no beneficial function. Why does anybody think that there is a 
need  for  a  scale?  Perhaps  because  they  still  see  nuclear  radiation  as 
exceptional and needing extraordinary safety provision, but that is a political 
reaction,  unsupported  by  objective  scientific  evidence.  The  worst  recent 
accidents for a number of base-load energy sources are listed in Table 5. It 
shows that nuclear energy is far safer than other competing sources.
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hydro Shimantan, China 1975 171,000 deaths
nuclear Chernobyl, Ukraine 1986 43 deaths
oil Jesse, Nigeria 1998 at least 300 deaths
natural gas Chuandongbei, China 2003 243 deaths
coal mine Soma, Turkey 2014 301 deaths

Table 5: Recent high-mortality accidents for base-load energy sources 
[12].
Press reactions to such a calm assessment of the Fukushima accident have 
included,  But there was a triple meltdown!! Except in horror movies where 
the science is  adjusted to  make the story exciting,  a  nuclear  meltdown is 
much  preferable  to  a  nuclear  reactor  that  blows  up,  as  happened  at 
Chernobyl. Even there, the effect of the radiation itself on people's lives was 
very limited compared with accidents from other energy sources (see Table 
5).

Effect on local mental health
At Chernobyl  the local  authorities were slow to act until  the international 
alarm forced them to acknowledge what had happened.  Chernobyl  is  in a 
poor area of Ukraine largely dependent on agriculture. So, unaware of the 
accident,  the  country  people  continued  to  eat  locally  produced  food, 
absorbing radioactive fallout from vegetables and dairy products as they did 
so. Then, suddenly and without notice, many of them were herded into buses 
and evacuated to unfamiliar accommodation quite unsuited to their way of 
life. Unemployed and ignorant of what had happened to them, the evacuees 
and  their  families  developed all  the  usual  signs  of  severe  social  stress  – 
suicide, alcoholism, family break-up, increased smoking and hopelessness. 

Mortality from radiation 
Accounts  of  accidents  record the  details  of  injuries,  lists  of  fatalities  and 
social consequences, even though these may not be known precisely. Also 
important is the number of cases that would have happened anyway without 
an accident. Exposure to radiation can result in eye damage and beta-burns to 
the  skin,  similar  to  sunburn,  although  recovery  from  such  conditions  is 
usually complete. However, at  the time of the Chernobyl  accident and for 
many years thereafter, there was wild speculation that the number of deaths 
that it would cause would be high – tens and hundreds of thousands – and the 
reasons  for  this  expectation  were  cultural  and  historical,  as  discussed  on 
Chapter 10. But after a lapse of 25 years it is now possible to set the record 
straight  and  give  generally  agreed  scientific  estimates  of  the  number  of 
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deaths,  and  to  understand  the  effect  of  the  radiation  in  terms  of  modern 
biology. 

What do such numbers mean and how are they found? There are three types. 

• First,  there  are  the  deaths  of  identifiable  individuals  who  would 
otherwise have lived. We do not need fancy mathematical statistics to 
get  the  answer  for  them;  we  know who they are,  individually by 
name. 

• Second, there may be a group that as a whole shows a significantly 
larger number of deaths than would have been the case without an 
accident, but for which it is not possible to distinguish the individual 
casualties from those cases that would have occurred anyway. To be 
confident that the radiation accident was a cause, two large groups 
need to be compared which are similar, except that one was irradiated 
by the accident and the other was not. Estimates of the number of 
extra deaths and its uncertainty involve a statistical calculation. The 
conclusion may be quite firm or it may be decidedly weak.

• Finally, there are those who might have died from the accident but 
for whom no clear statistical evidence is available. This is a  don't-
know situation and the evidence does not exist; it is dangerous just to 
speculate  in  the  absence of  evidence.  But  in  the  early years  after 
Chernobyl  it  was  possible  to  argue that  one should wait  and see. 
After 25 years this is no longer reasonable and the conclusions of no 
evidence are looking final.

Death from Acute Radiation Syndrome
At Chernobyl there was one group of individually identifiable victims. These 
were the 28 men who died after fighting the fire at the reactor in the first few 
days. Death was from ARS, not cancer, and the mortality among the 237 fire-
fighters in each dose range is shown in Illustration 26. The graph shows that 
for those who received less than 4,000 mGy, labelled point A, the mortality 
was only 1 in 195. At higher doses the mortality rises steeply and reaches 
near  100%,  point  C,  at  around 7,000 mGy,  point  B.  Evidently there  is  a 
threshold in the region of 3,000 to 4,000 mGy and the data for rats described 
by the smooth curve show a similar effect. All those who died of ARS did so 
within a few weeks and the others recovered.



136      Chapter 6: Effect of Large Radiation Doses

A significant question is what happened subsequently to those of the 237 fire 
fighters who survived early death by ARS. In 25 years in any such group 
some would die anyway. The questions are whether more of them died than 
expected,  and  whether  the  complaints  that  they  died  from  have  any 
connection to radiation. The numbers are relatively small and so fluctuations 
are expected. Nevertheless, the World Health Organisation has not reported 
any  significant  signs  or  correlations  among  these  closely  monitored 
survivors, suggesting extra cases of leukaemia, for instance [13].

Cases of child thyroid cancer
There was one small group of extra deaths that were identified, though only 
statistically.  The  incidence  of  thyroid  cancer  in  the  regions  of  Ukraine, 
Belarus and Russia near to Chernobyl  showed an increase  of about  6,000 
among children  [14,  15]. Some of these were unrelated to radiation (and so 
would have occurred in  any event)  and others  were  detected prematurely 
because they were screened intensively. Some may have been caused by the 
ingestion of radioactive iodine-131 from vegetables and milk contaminated 
by fallout. Iodine, whether radioactive or not, is concentrated into the thyroid 
gland, especially in growing children. The uptake of iodine depends on the 
supply of iodine in the local diet which may be poor, as it is in Ukraine, or 
rich, as it  is  in Japan, where iodine-rich sea weed is  eaten regularly.  Any 
radioactive iodine is diluted by the presence of regular iodine, whether from 
normal diet or taken as a supplement. Radioactive atoms decay with a half-
life  of  eight  days  and  then  become  harmless.  So  children  born  since the 

Illustration 26: A graph of data showing for different radiation doses  
the mortality of the 237 early fire fighters from ARS (crosses labelled  
by number of  deaths/total  for each dose range).  The curve is  from 
similar data for rats.
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accident cannot be affected, and indeed they do show that the cancer rate has 
returned to its normal low level. Thyroid cancer can be treated making use of 
the same high efficiency with which iodine is concentrated by the thyroid. In 
a course of therapy the patient is injected with much more radioactive iodine 
that then kills the tumour cells. In spite of the increased reported incidence, 
most cases were successfully treated and, as a result, the number who have 
died from the radiation is not 6,000 but 15.

The  intensive  screening  process  caught  some  cases  that  would  not  have 
developed and these cases were not caused by radiation. The extent of these 
false diagnoses is debated. But if normal potassium iodide tablets had been 
taken,  as they were in many places in Japan,  the number of real  cases at 
Chernobyl  would  certainly have  been  reduced.  Given  that  the  release  of 
iodine-131  at  Fukushima  was  much  smaller  than  at  Chernobyl,  no  real 
increase in the incidence of child thyroid cancer beyond that which would 
have occurred without the accident is expected, and certainly no death.

There continues to be no evidence for any other fatality at Chernobyl caused 
by radiation. In particular,  in agreement with findings for the survivors of 
Hiroshima  and  Nagasaki  after  50  years,  there  is  no  evidence  for  any 
increased incidence of deformity or inherited genetic effect [16]. 

Loss of life caused by fear 
Fear of the radioactivity released in the Chernobyl accident spread far beyond 
the  evacuation  zone  and  those  labelled  as  sufferers.  Concern  about  any 
possible risk to later generations was reflected in increased abortion rates in 
the  following  months  in  many  countries,  even  those  quite  far  away.  In 
Greece,  for  instance,  this  was  evident  as  a  sharp  dip  in  recorded  birth 
statistics,  indicating that there were 2,000 extra abortions  there [17]. These 
statistics indicate drastic personal action taken in response to the threat of 
radiation, when in reality there was no danger at all.

As  described  in  Radiation  and  Reason [SR3],  social  stress  and  fear  of 
radiation is  now considered by the  World Health  Organisation (WHO) to 
have been responsible for many deaths, although reliable numbers are not 
available.  The  rural  population  near  Chernobyl  had  little  education  or 
experience of life in nearby towns and their  disorientation was caused by 
their  hurried and unexplained evacuation.  Officially labelled as  victims of  
radiation, a description beyond their knowledge and disconnected from their 
sensory experience.  They suffered from the threat of unknown disease, the 
scramble  for  compensation  and  life  in  an  unfamiliar  place.  These  led 
inevitably to general stress, dependency and hopelessness. 

In  1986  the  Cold  War  was  not  yet  over  and  for  a  number  of  years  the 
international community continued to be so transfixed by the much-hyped 
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dangers  of  radiation  and  radioactivity that  they overlooked this  suffering, 
which was the most serious health outcome. It was not until 2006 that the 
truth was fully acknowledged in international reports,  the latest draft  from 
UNSCEAR  being  published  less  than  two  weeks  before  the  Fukushima 
accident [18].

Mistakes at Chernobyl repeated at Fukushima
These  reports  on  Chernobyl  by  WHO,  IAEA and  UNSCEAR  remained 
unheeded  by  the  authorities  in  Japan  when  the  accident  at  Fukushima 
occurred, and the mistakes of Chernobyl were repeated there. Why did the 
authorities in Japan not have a plan of action? Why did they act seemingly 
unaware of these reports? Their reaction is not uniquely Japanese, and it is 
probable that the national authority in any other country would have reacted 
similarly  had  such  an  accident  occurred  there.  Instead  of  thinking  for 
themselves  as  they  do  when  faced  with  an  earthquake  or  tsunami,  the 
Japanese  authorities  turned  for  advice  to  the  US  Nuclear  Regulatory 
Commission (NRC). Why?

Advice is sought from higher authority for any threat that is not understood 
or  trusted,  in  Japan as  elsewhere.  Unfortunately the  Japanese government 
lacked both understanding and trust, and so consulted the US NRC. This was 
unfortunate because it was headed at the time by Gregory Jaczko, who held 
long-standing anti-nuclear views. Clearly he had not read and understood the 
UN reports either, and the Japanese government seems to have received inept 
and dangerous advice. Jaczko was replaced as head of the US NRC a year 
later. 

The Japanese people would seem to have been victims of their deferential 
attitude to the US, an unfortunate outcome given the indigenous expertise in 
Japan. Much of the finest scientific work on the beneficial effects of radiation 
at  low  dose  rates  comes  from  Japan,  but  there  is  a  culture  of 
compartmentalised responsibility, an unwillingness to make public comment 
on any matter unless required to do so. But Japan is not alone in this and 
other cultures suffer from the same paralysis of opinion. What distinguishes 
Japan is its geology, and that is what caused the damage and loss of life, not 
its use of nuclear energy.

 Chronic and protracted doses, radiotherapy
Dose rates, time scales and whole-of-life doses

The permanent damage inflicted by a radiation dose spread out over a period 
of time is quite different from that inflicted in an acute dose, a single dose all 
at once. Even when the total dose, that is the energy deposited in joules per 
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kg, is the same, the extension in time alters the effect on the organism in two 
ways.  Firstly,  although in  a  short  period the resources  needed by cells  to 
replace or repair  temporary damage get  rapidly used up,  a dose delivered 
over a longer period allows time for further resources to become available. 
Secondly, it allows the cell (or cells) to adapt their readiness for any further 
incident in the light of experience. 

Here is an analogy. If an acute dose is like a sprint, a chronic dose is like a 
long-distance run, and the adaptation is like the improvement over time that a 
history of regular exercise builds up. Adaptation is least in response to an 
acute dose, such as the flash of gamma rays and neutrons experienced by the 
inhabitants of Hiroshima and Nagasaki. So the effect of acute and chronic 
doses are different. A steady chronic dose rate is measured in mGy per day, 
for example, while a single acute dose is measured in mGy, full stop.

Traffic accidents provide another analogy. These are related principally to the 
speed at which vehicles travel, and less to the distance they cover. If distance 
were  related  to  accidents,  the  police  might  hand  out  tickets  to  motorists 
travelling more than 15,000 miles,  for example.  But since distance is  less 
important  than  speed,  and  accidents  do  not  accumulate  with  distance 
provided the speed is kept low, the highway police only give tickets for the 
rate of distance (that is the speed) over 70 miles per hour, say. Slower speeds 
do not accumulate accidents, or speeding tickets. 

Similarly, the evidence for the damage due to a radiation dose suggests that it 
depends  primarily  on  dose  rate,  not  accumulated  dose.  The  difference 
between an acute and a chronic dose may be as obvious as the difference 
between  miles  and  miles  per  hour,  but,  nevertheless,  they are  frequently 
confused. 

As argued in Radiation and Reason [SR3], there are reasons to give chronic 
dose rates a daily or monthly time-scale, for that is the scale of the biological 
repair  and  replacement  processes,  some  linked  to  the  cell  cycle.  To  be 
conservative we consider chronic dose rates in mGy per month.  Only for 
irreparable  damage  would  mGy  per  life  be  appropriate,  and  only  by 
examining data can it be discovered whether this is applicable to any extent. 
What is the effect of a chronic radiation dose rate? Where does evidence to 
answer this question come from? The biological response to a radiation dose 
is the subject of Chapter 8, but it is good scientific practice to let the evidence 
speak for itself before interpreting it in one way or another. 

Experimental data on mice, dogs and humans
We start with the effect of beta and gamma radiation [19]. (The effect of alpha 
radiation  is  somewhat  different  and  will  be  described  at  the  end  of  this 
chapter.) Large-scale radiation experiments on humans, even under controlled 
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conditions,  are  frowned  upon  because  they  are  thought  to  be  dangerous. 
Instead we have to rely, either on experiments with animals, or on the best 
human information  that  is  available,  by chance or  accident.  In  controlled 
experiments on animals their number can be large depending on the resources 
available.  Observations  may  be  compared  in  detail  with  a  control  group 
which is identical in all respects, except that its members did not receive the 
radiation dose. Results from a relevant experiment were published as early as 
1915 and 1920, and are described in Chapter 8. Today genetic variation can 
be  removed  as  a  possible  source  of  confounding  by  employing  a  single 
genetic strain of mice for both the irradiated and the control group. However, 
mice differ from humans, and dogs are different again. Conclusions found in 
mice  or  dog  experiments  cannot  be  related  directly  to  humans,  most 
obviously because their life spans and metabolic rates are different. So results 
can only be indicative, although, for acute experiments at least, the agreement 
may be fair. 

But it is in the effect of chronic doses that such experiments are most useful, 
for  instance  to  show  the  different  sensitivity  of  adults  and  juveniles  or 
foetuses. Some authorities suggest that sensitivity to radiation decreases with 
age,  but  others  point  out  that  youth  is  less  sensitive,  thanks  to  a  more 
effective  immune  system.  When  tested  in  experiments  on  mice  these 
questions  can  be  answered  quickly and  also  combined  with  post-mortem 
examination.  The short  lifespan of mice limits  the useful  information that 
such data can give for any prolonged exposure. A better choice is the study of 
beagles with a natural lifespan of 12 to 15 years. In such studies with various 
lifelong dose-rates, lifespans and causes of death can be compared with those 
of a control group who were not irradiated. These data do show significant 
effects from chronic radiation, but only at high dose rates together with high 
lifelong doses. The details will be seen in Chapter 8. It is still  relevant to 
ensure that the most significant human data tell a consistent story. 

Cancer caused by radiotherapy for an earlier cancer
The task is to track down evidence for human cancer – carcinogenesis, if you 
prefer the long name – due to chronic or protracted radiation. This turns out 
to be surprisingly difficult,  in  large part  because chronic  radiation simply 
does not cause cancer at low and intermediate dose rates as readily as might 
be expected. What happens at high dose rates, such as used in the medical 
treatment of cancer? This radiotherapy is given as a course lasting six weeks 
or so; each day a fraction of the radiation dose is given. This protracted dose 
is better seen as a chronic rather than as an acute dose, because a day is long 
enough for  the  irradiated  tissue  and  its  cells  to  react  to  the  radiation,  as 
confirmed in laboratory test-tube experiments. In practice this fractionation 
of the treatment turns out to be essential to its success [20]. 
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The point is that, although this very large dose, given every day, may kill the 
cells  of  the  tumour  as  intended,  it  may  also  itself  be  a  source  of  new 
carcinogenesis in the healthy tissue close by. Examined in this way, data on 
the vast clinical experience of radiotherapy can come close to answering the 
question of a threshold,

What is the lowest chronic radiation dose rate that is found to give  
rise to cancer? 

There  are  many  details  that  make  a  quantitative  conclusion  difficult. 
Nevertheless,  members  of  the  public  undergoing  a  course  of  treatment 
receive up to 1,000 mGy per day to healthy tissue which then recovers. This 
amounts to a very large total dose over a period of a month or so, and they 
thank the radiologists for this treatment that is given to kill their cancer, or at 
least provide palliative relief. As we shall see in Chapters 8 and 9, the chance 
that the radiation causes a new primary cancer is something like 5%. If it 
were much higher, the clinicians would scale back the daily dose; if it were 
much lower, they would increase the dose to be more certain of curing the 
initial cancer. 

Indeed, everybody knows a friend or relative who has experienced such a 
course of radiotherapy treatment with this sequence of high doses. These data 
do not come from experiments in a concrete bunker hidden away at a secret 
research laboratory that might be thought unfriendly or untrustworthy. On the 
contrary,  the  public  have  every  reason  to  accept  and  acknowledge  such 
information. They should realise where it comes from. A discussion of the 
doses  used  is  openly  available  on  the  website  of  the  Royal  College  of 
Radiologists [20].

Living with artificial radioactivity
Are there no data for humans exposed to a constant radiation dose-rate lasting 
many years? Sources of such data are unusual, even for moderate rates, but 
they do exist and there is one in particular. In 1982 a development of 1,700 
apartments was built for 10,000 residents in Taiwan. The structural steel used 
was contaminated by cobalt-60 – it must have included scrap structural steel 
from a  fission  reactor.  This  isotope  is  formed  when  natural  cobalt-59  in 
structural steel absorbs an extra neutron. Such neutrons do not exist in the 
wild,  because left  on  their  own all  neutrons  decay with  a  half-life  of  10 
minutes. The only place where cobalt-59 might meet a free neutron is inside 
the vessel of a working fission reactor. Anyway, what were the consequences 
of the accident?
Cobalt-60 has a half-life of 5.3 years and decays with the emission of a 1.3 
MeV gamma; such radiation is very penetrating. In the Taiwan apartments it 
irradiated the occupants continuously over a period up to 20 years without 
their knowledge. By the time this was discovered 1,100 people had received 
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an annual dose of more than 15 mGy; 900 had received between 5 and 15 
mGy annually. The residents were quite unaware of their exposure and there 
seems to be general agreement that  the data show no evidence for excess 
cancer or any other ill effect [21]. The data have been examined for beneficial 
effects of low dose rate radiation, but 15 mGy per year is too low a dose rate 
for any significant conclusion to be drawn. Data for larger chronic dose rates 
would be needed to  show firm evidence of an effect  although claims  are 
made.

Living with natural radioactivity
A source of chronic radiation that is occasionally much larger than 15 mGy 
per  year  is  the  ever-present  natural  background  radiation  that  varies 
considerably, depending in particular on the local geology and height above 
sea level (discussed in Chapter 5). The geological dependence comes from 
local variations in naturally-occurring potassium, uranium and thorium ores. 
Alpha radiation is absorbed within the minerals, but the gamma escapes to 
contribute to the environmental background. Radon, the naturally occurring 
radioactive gas, contributes by escaping too.

Radon-222 was discovered by the German chemist, Frederick Dorner, in 
1900. It is a noble gas with complete electron shells and little interest in 
chemical combination – in fact it is the heaviest in the sequence of such 
gases that starts from helium and runs through argon to xenon, and finally 
radon. It is produced in the alpha decay of radium-226 which is a member 
of the decay sequence that starts from uranium-238. The concentration of 
uranium in the Earth's crust is very variable, and so that of radium is too. 
Radium-226 has a long half life,  but is  relatively soluble in water.  So 
when  it  decays  to  radon-222,  it  may  already  be  dissolved;  this  is 
significant for the half life of radon-222 is only 3.8 days. (If still in the 
rock, it would escape into the air much less frequently.) Each atom of 
radon has a mass 222, eight times heavier than a nitrogen molecule in air, 
and so the gas naturally accumulates at low level, particularly in mines, 
cellars and caves.

Exposure to radon may depend on location within a house, how the house is 
built and the way it is occupied and ventilated. As a gas and alpha-emitter, 
radon is expected to cause lung cancer. The picture is one in which radon is 
inhaled from the surrounding air and some atoms decay before it is exhaled 
again. The products of decay are not gases, and these products themselves 
decay in a number of sequential alpha and beta emissions that add further 
dose to the lungs (see Table 2 in Chapter 5). 

Because radon is a colourless and odourless gas present in the home, it can 
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haunt the imagination of the  worried well, just as effectively as any tale of 
germs round the bend. Many home owners are persuaded to pay for radon 
remediation, and a radon survey may be recommended by their agent when 
they sell their property [22]. Such attention to domestic radon has become a 
profitable  industry  in  affluent  countries,  bolstered  by  regulations  not 
amenable to public scrutiny. The concentration of radon in the air is measured 
in Bq per cubic metre. The Action Level recommended in the UK is 200 Bq 
m-3 with  a  Target  Level set  at  100  Bq  m-3.  These  may  look  reasonable 
numbers,  but  the  actual  radon  concentration  at  this  Target  Level  is  truly 
minute. Even if radon did have an odour or was coloured, it would not be 
detectable because its proportion at this level is only 1 part in 6×1017.

We can calculate the radon concentration for an activity of 1 Bq per m3 
 = 474,000 (secs, mean life radon-222) / 2.68×1025 (total molecules per m3)
 = 1.768×10-20 radon molecules per air molecule. 
At the Target Level the concentration is 100 times larger than that. That is 
less than 2 parts in 1018, a million times a million times a million - that is 
not very much!

What radiation dose is received by inhaling air containing 1 Bq m-3  radon? 
Estimates vary within a factor ten. The ICRP says that it gives 0.017 mSv per 
year [23 p 16].  UNSCEAR says it is equivalent to 9 nSv per hour, or 0.079 
mSv per year [24]. Being conservative and taking the UNSCEAR value, the 
dose to someone living 24/7 in an environment at the Action Level would be 
16 mSv per year, less than 2 CT scans. That should be of no consequence, but 
what do the data say is the effect on the lungs of this modest dose rate?

There is no shortage of academic studies that cast doubt on any link between 
domestic radon and lung cancer [25, 26, 27, 28] and, equally, a number of studies 
[29, 30, 31] that, by relying on a curious derivative of the LNT model, keep the 
radon safety industry and the radon mitigation services in business. So should 
householders  worry about  domestic  radon? The basic  question is  whether 
there is a significant measured correlation between the radon environment 
and the incidence of lung cancer. The published answers to this question are 
quite unsatisfactory and such a correlation is not established. One may draw 
the conclusion that spreading concern about natural concentrations of radon 
deceives  the  public  and  that  any  related  remedial  work  is  wasteful, 
unnecessary  and  should  be  discontinued.  There  are  technical  but  critical 
points to summarise and we put them in a box so that readers can skip over 
them if they wish.
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This is a brief summary of comments on the case made by those who 
report a correlation between domestic radon and lung cancer:

1. The  effect  of  radon  must  be  small  because  the  initial  local 
national  analyses  reported  no statistically significant  influence. 
The large continent-wide meta-analyses [29,  30,  31] make identical 
heavily loaded assumptions in order to show that environmental 
radon  causes  lung  cancer,  a  result  that  they  claim  to  be 
significant.  Because  of  these  contested  assumptions  the  three 
claims are not independent. 

2. The claimed linearity would mean that each cause and its effect is 
separate from every other cause and its effect. The science behind 
this was discussed in Chapters 4 and 5, and also in Radiation and 
Reason,  Chapter  7.  In  other  words,  if  the  dependence  of  the 
cancer risk (R) on radon concentration (r) and smoking (s) were 
linear, R would be

 R = A*s + B*r + C
with A, B and C being constants. C is a background. But the data 
say that this is not true for the carcinogenic effect of radon and of 
smoking. 

3. The authors of [29,  30,  31] use a non-linear formula for  R of the 
form (with C, D and E constants)

 R = (C + D*s) * (1 + E*r).
Significantly in their formula the dependence of R on radon r also 
involves smoking s which makes it non-linear. They call this the 
Relative  Risk model.  In  fact,  since  smoking  increases  R by a 
factor  25  according  to  them,  their  analysis  forces a  radon 
dependence  which  is  25  times  larger  for  smokers  than  non-
smokers. They offer no justification for this blatantly non-linear 
assumption, except to mis-represent it as being linear.

4 All  available data in the literature on cancer induced by radon 
have been re-analysed recently by Fornalski and Dobrzynski [27] 
using a full range of possible hypotheses. These include constant 
risk, linear risk and relative risk as applied by the 3 meta-analyses 
(so called LNT). If this model is forced, their analysis agrees with 
the results found by the proponents.

However,  having  compared  the  likelihood  of  the  different  models 
quantitatively all  28  sets  of  available  data, Fornalski  and  Dobrzynski 
conclude [27]

a Bayesian analysis shows that the radon data published in 28  
analyzed studies bear no evidence of the dependence of lung .....
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In summary, find that betting odds of 90-to-1 in favour of no dependence of 
lung cancer on radon against the standard safety story. An example of a study 
that did not assume the relative risk model is the analysis of cancer data on 
non-smoking women in former East Germany [26]. In the south east region 
the radon concentration is high, but the data (up to 1,000 Bq per m3) show no 
indication of any increase in cancer, in disagreement with the general meta-
analyses.
Meanwhile there is an extensive tourist industry based on spas that boast of 
hot radioactive waters that are claimed to provide therapeutic benefits [32]. 
They may well do so, and at the very least are popular with customers. The 
water is warmed by geothermal heat, that is fired by the radioactivity that 
makes the centre of the Earth hot and provides the energy for all volcanic 
activity  and  earthquakes.  Not  surprisingly many such  facilities  lie  at  the 
boundaries of tectonic plates, including Iceland, California and Japan. These 
therapeutic centres have a strong tradition in Germany which like Japan is a 
notably radio-phobic country.

The conclusion should be drawn that this radioactivity, either in background 
radiation or in health spas, certainly does no major harm, although it is not 
intense enough to show the threshold at which damage to health begins. We 
should continue our search for evidence of the effect of more intense chronic 
radiation. And cancel that expensive contract for radon remediation on the 
house too.

 Effect of intense chronic alpha radiation
The life of Marie Curie

For  Marie  Curie,  working  with  alpha  decay  was  an  integral  part  of 
disentangling  the  elements  produced  in  the  natural  radioactive  decay  of 
thorium and uranium. This was a matter of chemistry, as well as physics, and 
it was through their chemistry that she was able to identify them. Clearly, she 
was exposed to beta and gamma as well as alpha radiation throughout her 
career, but nobody has even guessed what dose she must have received. One 
may speculate that she adapted to radiation as she lived to 66, not far short of 

cancer  incidence  on  the  dose  in  the  analyzed  dose  range.  It  
follows from the model selection routine that in order to accept  
the linear no-threshold (LNT) dose-effect relationship preferred 
by many researchers, one should a priori have an over 90 times  
higher  degree-of-belief  in  such  a  relationship  than  in  a  dose-
independent model. [27]
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the average life span at that time, showing that her life was not drastically 
foreshortened by her radiation work. Her husband, with whom she shared her 
first  Nobel Prize, died at age 46 in a horse-drawn road traffic accident in 
Paris, vividly showing how life depends on chance, but her achievements did 
not.

Because  alpha  radiation  has  a  very short  range,  the  dose  that  it  gives  is 
confined to a region very close to the source, and that makes the dose harder 
to measure than that from beta or gamma radiation, both of which spread out. 
Alpha radiation is high LET, so it is intense (in joules per kg) and gives more 
biological damage per joule than beta or gamma radiation by a weighting 
factor. This factor is the cause of some mumbo-jumbo in the LNT model, as 
described briefly in Chapter 5. For alpha radiation the factor is taken to be 20. 
We ignore this and look for a threshold in mGy per month. Any threshold 
found  for  permanent  damage  by  alpha  radiation  is  then  an extremely 
conservative  estimate  of  any threshold for  low-LET radiation.  This  is  the 
strategy we follow.

The Radium Dial Painters and litigation 
Practical radiation safety, like safety in other activities, is largely a matter of 
education,  training and overcoming ignorance.  A historical  instance is  the 
story of the Radium Dial Painters. These were mostly young girls who were 
employed to paint the faces of watches and instruments with luminous paint 
early in the twentieth century. The paint contained radium whose radioactive 
decay provided the energy for it to glow in the dark. Painting the fine lines, 
numerals  and  dots  was  exacting  work,  and  the  best  workers  licked  their 
brushes to keep a fine point. The industry intensified in the First World War, 
but  it  was  not  until  1926 that  it  was shown that  the  technique of licking 
caused  bone  cancer  and  the  practice  was  stopped  [33].  This  action  was 
immediately effective as will be apparent from Illustration 27.

Radium has a chemistry like calcium, and once in the body, it finds its way to 
tooth  and  bone  where  it  stays  for  a  long  time.  Radium-226,  the  isotope 
concerned, has a half life of 1,200 years, so providing a chronic source of 
alpha radiation for the remainder of the person's life. The radiation has a very 
short range and the damage it causes is to the bone. Bone cancer has various 
forms,  but  is  relatively  unusual  and  no  statistical  expertise  is  needed  to 
appreciate its effect. Illustration 27 is a plot where each symbol represents the 
death of a worker, with the distance across the plot showing the date at which 
she started in the industry and the distance up the plot showing her whole-
body radioactivity count rate in becquerel (on a logarithmic scale). There are 
two kinds of symbol: '+' for those who died of bone cancer and 'o' for all of 
the others. Note that there is no case of death from bone cancer among those 
who started after 1926 (the vertical line) and none either with a whole-body 
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count rate below 3.7 MBq (the horizontal line). In total numbers there were 
1,339 painters with count rates below 3.7 Mbq (and no cancers); out of 191 
painters with more than 3.7 MBq, there were 46 deaths from bone cancer. 

The plot shows a clear threshold for cancer at about 3.7 MBq, whole-body 
alpha radioactivity. Another message was also clear: there is a need for safety 
standards and for the public education that should go with them. With these 
in place from 1926, safety was assured. 

However  the  incident  had  mixed  consequences  and  casts  a  long  shadow 
down  the  history  of  radiation  safety  [34].  The  new  safety  regime  was 
introduced following denial by management and litigation by workers. This 

Illustration 27: Data for the deaths of Radium Dial painters and 
whether they died from bone cancers (+) and otherwise (o), according 
to radioactivity intake and year of entry. Horizontal dashed line is  
activity threshold for bone cancer 3.7 MBq.
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engendered a spirit of fear and distrust of nuclear radiation for the first time. 
In fact the law is a totally unsuitable instrument that turns science into a set 
of instructions to be obeyed,  instead of guidance to be understood.  In the 
history  of  radiation  the  case  of  the  Radium  Girls has  resulted  in  safety 
advisors putting the need for education second to the need for precautionary 
measures, even where these are unnecessary. For many organisations since 
that time, safety has become more a matter of protecting those responsible 
from litigation, than protecting employees from injury. On the employee side, 
unknown science became distrusted by default,  whereas collaboration and 
education should have been demanded instead.

On the positive side the incident demonstrates evidence for the existence of a 
threshold. No statistical gesticulations are needed to see the result, although 
the processes of litigation ensured that for many years the data in Illustration 
27 were not freely available. The threshold in whole-body radioactivity of 3.7 
MBq was established in 1941 by US National Bureau of Standards [35]. A 
practical  threshold for  a  lifelong chronic  dose was established by Robley 
Evans at 10 Gy [33], that is in the region of 1,000 mGy per year [36].

How  does  this  observed  threshold  for  radium  compare  with  the  non-
observance  of  cancer  at  Goiania  below 100  MBq  for  caesium-137?  The 
energy of each radium decay is six times that  of  caesium (see Table 2 in 
Chapter 5). So the Dial Painter threshold would be compatible with a cancer 
threshold of 20 MBq or higher for a whole-of-life caesium-137 exposure. At 
Goiania no cancers were seen for 100 day exposure to 100 MBq and more. 
We may not  conclude very much except  that  the data are  not  in  obvious 
conflict. This seems a rather empty statement, but it matters, because in both 
cases the exposures are very large relative to the usual safety prescription. In 
Chapter 9 we will pick these numbers up again, checking them against other 
sources to arrive at a sensible and consistent conservative safety bound for 
chronic radiation of all types. 

Safety of plutonium as a new element
The nuclear bomb dropped on Nagasaki in 1945 used plutonium-239, rather 
than uranium-235, the nuclear explosive used at Hiroshima. Plutonium is an 
artificial  element  that  only  existed  in  microgram  quantities  until  mass 
produced by the first nuclear reactors after December 1942. Plutonium-239 
decays by alpha emission with a half life of 24,100 years,  and its rate of 
fission is smaller than its alpha rate by a factor of 4.4×10-12. So in effect it 
does not fission at all, except when artificially stimulated by neutrons. This 
shows  that  plutonium-239  is  a  rather  innocuous  material,  in  spite  of  the 
character given to it in horror movies. In fact, the reason it acquired a dubious 
reputation in the early days was rather circumstantial.

After the unpleasant surprise of the carcinogenic effect of radium, as exposed 
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by the Dial  Painters,  the safety environment  for  any new unknown alpha 
emitters was precautionary and suspicious. Nobody wanted to get caught out 
twice, especially given the possibility of being faced by a clutch of ambitious 
but un-scientific lawyers.

To set up a sound safety regime for the new element would have required a 
supply of plutonium and sufficient time in which to conduct tests: for even 
with  animals  such  experiments  take  time.  But  the  quantity  of  plutonium 
needed and the time scale on which it had to be manufactured and machined, 
always  with  the  necessary safety in  place,  was  extraordinary.  To  make  a 
critical mass (several kgs by 1945) the quantities had to be scaled up 1,000 
million-fold  from  the  microgramme  quantities  initially  available  in  1942 
when safety procedures had first  to be considered. Such a scale-up for an 
unknown material would alarm any responsible safety authority!

Nevertheless, safe working practices had to be decided, rapidly and in secret. 
Experiments with animals were rushed and did not always give consistent 
results [37]. The uncertainty made some experiments with humans essential. 
These were carried out necessarily in secret, and without the knowledge of 
those treated; this deception added to the public distrust, when in later years it 
was revealed what had been done.

The  uncertain  conclusions  of  the  tests,  the  secrecy,  the  pressure  and  the 
obvious lack of confidence at that time led, all too easily, to extra-cautious 
safety regulations, the antithesis of Marie Curie's advice, Nothing in life is to  
be  feared.  It  is  to  be  understood.  Unfortunately,  however,  the  legacy  of 
distrust has never been reversed, and the reputation of  plutonium has never 
been rewritten, as it should have been. Hollywood and the media have been 
happy to maintain its reputation as the most dangerous element on Earth, an 
accolade better deserved by oxygen.

It was established that plutonium is not retained in the body as effectively as 
radium and, although both elements are found in bones and teeth, plutonium 
does  not  penetrate  into  bone  to  the  same  extent  as  radium.  Under  the 
manufacturing conditions of the Manhattan Project, inhalation of plutonium 
dust caused most concern at the time. But the medical records of all those 
Los  Alamos  workers  with  lung  activity  greater  then  52  Bq  showed  no 
negative effect that could be attributed to plutonium when analysed 42 years 
later in 1991 [38]. Lung activities in 1987 (or at death) ranged to 3,180 Bq 
with a median value of 500 Bq. The highest activity is compared with the 
threshold found for the Radium Dial Painters in Table 6.
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Isotope Activity Bq per kg Notes

Radium Dial Painters radium-226 53,000 (absorbed) 3.7 MBq body. 
Cancer threshold

Los Alamos worker, 
highest after 42 years

plutonium-
239

4,540 (absorbed) 3,180 Bq in lung 
mass ~ 0.7 kg

Radon, 100 Bq / m3

  (or 4 pCi per litre)
radon-222 ~100 (in air) supposedly safe 

limit

Alexander Litvinenko, 
assassinated 2006

polonium-
210

10-40 million 
(absorbed)

1,000-3,000 MBq 
body. Fatal [39] 

Harold McCluskey,
worker accident 1976

americium-
241

0.5 million 
(absorbed)

37 MBq body. No 
cancer in 11 years 

Table 6: A comparison of human cases involving high internal  
activities of various different alpha emitters. 
Evidently, even the highest level of plutonium activity is substantially less 
than  the  threshold  for  cancer  among  the  Radium  Dial  Painters.  Such  a 
comparison would be ill-advised if the difference were small, but that is not 
the  case.  The  worst  fears  of  those  charged  with  the  safety of  plutonium 
workers  in  the  1940s  were  not  realised  in  practice.  Nevertheless  the 
reputation of plutonium as the most dangerous substance known to man has 
never been corrected in the popular mind.

Extreme experiences, Litvinenko and McCluskey
Malicious intent is dangerous, whatever technology is used. The poisoning of 
the  Russian  agent,  Alexander  Litvinenko,  in  London  in  November  2006 
would have been no less fatal if he had been assassinated by Lucrezia Borgia 
(1480-1519) with arsenic, administered in a glass of wine. The massive dose 
of polonium-210 that he was given in a cup of tea, once ingested, could not 
be treated, although as an alpha emitter the radiation was not dangerous to 
others. He died after three weeks. 

Single cases should be seen only as qualitatively interesting, but the story of 
Harold  McCluskey  is  at  least  a  happier  one.  At  the  Hanford  Plutonium 
Finishing Plant in 1976 he was working through a glove box behind a lead-
glass screen. When there was an explosion he received an intake of at least 37 
MBq of Americium-241, 500 times the occupational limit. Americium-241 is 
an alpha emitter used in a small quantity in domestic smoke alarms; it is a 
component of nuclear waste. McCluskey survived for another 11 years after 
the accident, eventually dying from coronary artery disease. A post mortem 
examination is reported to have revealed no signs of cancer in his body .His 
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activity was a factor ten greater than the threshold seen for the Radium Dial 
Painters,  although an examination of Illustration 27 suggests  that  painters 
who had an activity similar to his had a 50% chance of dying of cancer. He 
was fortunate. He died aged 75, continuing to the end to be a vocal supporter 
of nuclear power.

Uranium – natural, enriched and depleted
Like plutonium, uranium is a typical alpha emitter and it does not fission or 
release much energy. It only comes into its own and starts fissioning when 
stimulated by free neutrons – and they are not around except inside a working 
reactor, or a detonating weapon. Consequently it is remarkably safe and easy 
to handle. Its most obvious property is its density, 19.1 times that of water, 
and that, with its hardness and high melting point, is the reason for its use in 
conventional armaments. 

Natural uranium is 99.3% uranium-238 (with a half-life of 14.1 billion years) 
and  0.7%  uranium-235  (with  a  half-life  of  0.7  billion  years)  with  trace 
amounts  of  uranium-234.  Uranium,  enriched  as  a  reactor  fuel,  has  a  few 
percent  of  uranium-235,  but  handling  it  is  not  hazardous.  Only  when 
quantities  begin  to  approach  the  critical  conditions  of  geometry  and 
enrichment does the neutron flux begin to multiply. Otherwise, uranium is a 
fairly safe material. 

Depleted uranium is even safer, the percentage of uranium-235 having been 
lowered – hence the description depleted. Its lack of risk is the subject of two 
reports by the Royal Society [40, 41].
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