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Summary
1) Relation of radiation related quantities such as radioactivity,

exposure, absorbed dose, dose equivalent, effective dose equivalent and

radiation protection standards were explained as easy as a beginner

could understand. 2) Using published data including IAEA data in the

report "One Decade After Chernobyl (Summary of the Conference Results,

1996)" and some reports, outline of explosion, exposure dose and

radiation effects which gave to the human body were briefly described

and some rational ways for understanding the data were shown.

1. Introduction

It is considered that there are several causes which bring about

excessive radiation-phobia in majority of public. These are 1) a human

can not recognize the existence of the radiation with five senses of

sight, hearing, smell, taste and touch, 2) the straight line relation

hypothesis between radiation exposure and Its biological consequences

would produce misunderstanding in public, as if the relation is a fact

and 3) a rational way of understanding radiological consequences may be

Insufficient in many people.

Here, in connection with the last subject, I attempted to give some

rational ways for understanding the radiological consequences written in

the reports of the Chernobyl accident which is a matter of great concern

to us. It is another reason of choosing the reports of Chernobyl

accident to probe a possibility of putting these reports to some use in

school education.

2. Radiation related quantities and radiation protection standards.

Before going to the matter of Chernobyl accident, I described about

radiation related quantities and radiation protection standards

including risk coefficient for a better understanding of matters. For

the radiation related units, there are five principal quantities such as

radioactivity, exposure, adsorbed dose, dose equivalent, effective dose

equivalent and risk coefficient. The former three are physical

quantities and the latter three are quantities for radiation protection.
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a. Radioactivity (Bq, Cl, dpm and cpn)1*2*
A quantitative expression of intensity of rdloactive nuclide is the

radoactlvlty, abbreviated by symbol A. The SI unit of radioactivity is
the Becquerel (Bq) defined as the number of disintegrations per second
(dps): 1 Bq = 1 dps. It is a very small activity and usually multiples
of It are used: PBq, TBq, GBq, MBq, kBq. The traditional unit of
activity was Curie (Ci). Although the use of the Ci unit is not
recommended it Is defined to be 1 Cl = 37 GBq = 3.7xlO10.

Activity Is often characterized by the number of disintegrations per
minute (dpm): 1 dpm = 60 Bq; 1 Ci = 2.22 x 1012 dpm. Taking the degree
of efficiency of the measurement to be rj , we can formulate the
following relationship between the counts per minute (cpm) and the
activity in dpm: 1 dpm = \ x \/rj cpm.

In the following description, I deviate sometimes from the SI
recommendations and use Ci (as well as Its fractions mCi, p. Ci and
multiples MCI, kCl).

b. Exposure (C/kg and R) and Exposure rate (C/(kgs) and R/h)1"3'4*
The electromagnetic radiation (gamma rays or X rays) causes

ionization in air. The measure of the Interaction is characterized by
the exposure abbreviated by symbol X. The SI unit of exposure Is
coulombs per kilogram of air (C/kg). (amount of 1 kg of air corresponds
to the volume of 773 liter of air at temperature of 0 °C and pressure of
1 atm.) The traditional unit of exposure was Roentgen (R): 1 R =
2.58xlO~4 C/kg; 1 C/kg in air = 38 Gy in water (see section 2.c). The
exposure is called by the name of "radiation dose", too.4>

Exposure rate is exposure per unit of time, stated as coulombs per
klrograms per second (C/(kgs) or A/kg). The traditional value of 1 R/h
Is equivalent to 7.167xlO~8 A/kg.
c Adsorbed dose (Gy and rad)2-3-4*

The energy of both corpuscular and electromagnetic radiation is
adsorbed during the passage through an organism in the same manner as in
any other material, by lonization and excitation of atoms or molecules
of the material. In a biological system this ionization causes damage
directly by disruption of chemical bonds in the cell. The Interaction of
the radiation with water both Inside and outside cell nucleus produces
free radicals which also damage the cell by causing oxidation-reduction
reactions.

As a result of interaction between radiation and a material, the
amount of energy absorbed in the irradiated material per unit mass is
called the absorbed dose abbreviated by symbol D. This applies to all
radiations and material. The SI unit for adsorbed dose is Gray (Gy). One
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Gray means that one joule of energy absorbed per 1 kilogram of material;
the traditional unit of absorbed dose was rad (rad): 1 Gy = 100 rad =
10000 erg/g = 10000000 erg/kg = 1 J/kg.

If radiation dose is 1 R, then absorbed dose will be almost 1 rad. If
the value of exposure is estimated in absorbed dose In water, 1 C/kg in
air is equivalent to 38 Gy:

1 C/kg = 2.998 106 esu/g
= 2.998 106 esu/g x (1/4.803-10"10 esu/lons) x 34 eV/Ion
= 2.122 1017 eV/g
= 340000 erg/g = 34 Gy In air
= 34 Gy in air x (electron density per gram of water
= 38 Gy in water ^ e l e c t r o n density per gram of air)

4 Gy of electromagnetic radiation (: 4 Sv) of the adsorption dose
(which brings 50 % death) causes 53000 of ionizatlons per human cell
nucleus. In comparison with the number of atoms (: approximately 1011

in DNA strand (wt, 5.6 pg) of a human nucleus, the number of ions formed
by irradiation Is very small. However this quantity of adsorption dose
brings about serious biological effects (see section 2.f.).
d. Dose equivalent (Sv)1-3*

The degree of biological effect is depend on the kind and energy of
the radiation, even in cases where the absorbed dose Is the same. In
order to take into account the different extent of the biological
effects of different radiation, the concept of dose equivalent
abbreviated by symbol H was created. The dose equivalent is used only
for radiation protection at the low exposure dose. In the estimation of
degree of biological effects at high exposure dose, the concept of the
relative biological effectiveness (:the RBE value) is used. The dose
equivalent can be obtained by multiplying absorbed dose, D, by a quality
factor, Q, and modification factor, N : H = DQN. The quality factor
relates to the radiations of different LET (linear energy transfer). For
example, quality foctors of 1 for beta rays (electron rays) and gamma
rays (X-rays), and 20 for alpha rays are currently used. The
modification factor adjust for differences due to irradiation
conditions, such as exposure rate, however, at present, a value of N is
taken as 1.

The SI unit of dose equivalent is Sv: 1 Sv = 1 J/kg. The fractions
mSv, u Sv are also used. The traditional unit of dose equivalent was
rem: 100 rem = 1 Sv. If the gamma rays or X-rays are externally exposed
to the human body, 1 Gy of adsorbed dose become 1 Sv of dose equivalent;
1 rad likewise become 1 rem: 1 Gy = 1 Sv; 1 rad = 1 rem.

On 1990 ICRP recommendation, the term of "dose equivalent" was
renamed to "equivalent dose". Under current Japanese laws and ordinances
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(Concerning Prevention of Radiation Hazards), the name of dose
equivalent is still used.
e. Effective dose equivalent (Sv)1-3-5*

Radiation effects on the human body appear in two form: although the
relationship between exposure dose and biological effect is st i l l a
matter of conjecture, it is now accepted that the probability of
occurrence of some late and somatic effects (e.g. cancer) and genetic
effects, rather than the severity of the effects, varies with the
magnitude of the radiation exposure (: the straight line relationship).
Threshold dose can not be assumed below which some harmful effects may
not occur. This kind of effects is called stochastic effects. In
contrast, the acute and somatic effects (e.g. loss of hair) and some of
late and somatic effects (e.g. leukemia) depend on the magnitude of the
dose received, and there may be a threshold dose below which no
detrimental effects can be observed. These effects are non-stochastic
effects. On 1990 ICRP, the term of "non-stochastic effects" was renamed
to "deterministic effects", but the old name of "non-stochastic effects"
Is stil l accepted in Japanese law.

Within the range of low doses under keeping properly the radiation
protection rules, the number of radiation workers or public suffering
from a deterministic effects is virtually zero. However there must be
serious concern about stochastic effects. For the stochastic effects,
the sensitivity to radiation varies with the tissue (or organ). Even If
dose equivalent is the same, the probability of occurrence of radiation
effects depends on the tissue which is irradiated. In order to assess
the total stochastic effect on various tissues throughout the body,
effective dose equivalent, abbreviated by the symbol of HE, is used. To
get an effective dose equivalent, tissue dose equivalents, HT,
multiplied by weighting factors for tissues, WT, (expressing each
tissue's sensitivity to radiation) are added together; Unit Is Sv (or

r e m ) : H -
B -

f. Radiation Protection standard3-5-8'

At an exposure dose of 0.25 Sv or less, no clinical symptoms by non-

stochastic effects are recognized. The excess exposure of a whole-body

to radiation In one time causes a harmful acute effects. A minimum

lethal dose is 2.25 Sv. A dose about 4 Sv brings 50 * death within 30

days. At 7 Sv, the probability of death is 100 %.

The aim of radiation dose limitation in the ICRP (International

Commission on Radiological Protection) recommendation is to prevent the

stochastic effects of cancer (see section 2.e.). Although the straight
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line relationship between radiation exposure and its biological
consequences for stochastic effects is assumptive, these error, if
anything, is on the side of safety

For a radiation worker, the ICRP, in 1977, recommended the effective
dose equivalent limit of 50 mSv (5 rems) per year. For public, in
addition to 2.4 mSv, which was estimated as an annual effective dose
equivalent due to natural background, a whole-body exposure to radiation
was limited to 1 mSv (100 mrem) per year. For the annual dose limit of
radiation worker, the value of 50 mSv are still accepted in present
Japanese law, although, in 1990, the ICRP recommended new effective dose
equivalent limit of 20 mSv/y for a radiation worker.

Risk coefficient3': The degree of occurrence of harmful effects
induced by exposure is called a risk. The risk does not mean that harmful
effects will occur, it is only the probability that they will occur. The
degree of risk is represented by a risk coefficient. Present Japanese
law was based on the ICRP 1977 recommendations and has accepted a risk
coefficient of 1.65xlO~2/Sv which is a cumulative value of probability
of occurrence of lethal cancer on every tissue and organ.

In 1990 the ICRP recommended new risk coefficient, newly named
nominal lethality probability coefficient, of 5.00xl0~2/Sv for public
including children and 4.00xl0~2/Sv for a radiation worker. But author
describe with use of the risk coefficient accepted In Japan in the text.

3. Studies of Radiological Consequences on the Chernobyl Accident
3.1. Outline of explosion7-*-™"11*

At am. 1:23 on 26th April 1986, an accident of explosion of reactor

unit occurred at unit 4 of the Chernobyl nuclear power plant (graphite-

moderated light-water-cooled reactor; 1000 MW of electric power). 10 km

north of Chernobyl, Pripyat having population of 45 thousand is located

and 130 km south, Kiev having population of 2.5 million is located. This

accident was an occurrence during shutdown of the reactor for routine

maintenance. At the time of accident an experiment was carried out and

the reactor staff did not keep to the operating rules. The reactor

became uncontrollable, causing the increase of output by about 100 times

of the rated output with the steepest ascent that resulted in a

generation of enormous amounts of steam, an explosion and the ejection

of enormous amounts of rdloactive material.

Releases of radioactive materials was as follows: the total activity

of all the radioactive materials: around 12xlO18 Bq including noble

gases (85Kr,133Xe etc.) 6-7xlO18 Bq, 131I 1.3-1.8xlO18 Bq, 137Cs ca.

0.09X1018 Bq, 134Cs ca. 0.05xl018 Bq and 90Sr O.OlxlO18 Bq. About 3-4 *
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of used fuel in the reactor as well as up to 100 % of noble gases
(Kr.Xe) and 20-60 * of volati le radionuclides (20-40 * of Cs, 50-60% of
I) were released at the time of accident. The amount of radioactivity
was assumed to be 200 times of radioactivity of both Hiroshima and
Nagasaki atomic bombs together.

It is considered that if the 1000 MW nuclear reactor involves a
radioactivity of 40xl08 Ci after 1 day from the time of shutdown, this
act ivi ty decreases to 10xl08 Ci after 1 month, to lxlO8 Cl after 1 year
and 1X107 Ci after 10 years. 10> Present to ta l act ivi ty in the destroyed
Chernobyl reactor is estimated to be 700xl015 Bq (1.9xl07 Ci).7>

3.2. Exposure Dose1""12'
a. The persons who received exposure to radiation7*
The response to the accident was carried out by the init ial persons

having dealt with accident and a large number of specified workers
called "liquidators" and so on. The number of persons who received
exposure and the individual exposure dose of them are shown in Table 1.
The group 1 of several tens persons received a lethal dose of 1000 mSv.
The group 4 was the inhabitants having lived within a distance of 30 km

Table 1. The number of persons who received exposure to radiation.

Groups of persons who Number Exposure dose
received exposure to radiation of persons mSv

1. Initial persons having dealt

with accident

2. Liquidators (workers such as

operators, non-professional

personnel, etc on a period of

2 years.)

3. Persons who were registered as 600,000

involved in activities relat ing ~ 800,000

to the reduce of extent of

disaster.

4. Inhabitants having been 116,000

evacuated from their home during (fewer than 5 % had received

a period from Apr. 27 to the doses greater than 100 mSv;

middle of Aug. '96 in Mogilev fewer than 10 % had received

and Gomel dis tr ic ts . doses greater than 50 mSv)

(Between 1990 and the end of 1995, furthermore, decisions were taken to

rese t t l e the persons of 53,000 in Ukraine, 107,000 in Belarus and 50,000

in Russia.)
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from the power plant and having been evacuated; their exposure dose
exceed the annual effective dose-equivalent limit of 50 mSv/y (5 rem/y)
for radiation worker (formal standard value for enforced evacuation).

b. The exposure dose of Inhabitants*'

The exposure dose of inhabitants who were evacuated Is shown In Table
2. The inhabitants of 135,000, having been evacuated, received a
collective effective dose-equivalent of 1.56xlO4 man-rem (the value in
Table 2 differ from the value In Table 1 because of difference of cited
references.) The number of fatal cancers, being revealed in future, due
to the accident was estimated to be 160-230. (Author's note: 1.65X10""2

xl34.9xl03X0.155 = 258, where 1.65X10"2 is a risk coefficient per Sv.
The assumed fa ta l i ty against to the population in question is
0.2 %.) The fatal i t ies of 100-500 was assumed among the persons of
24000 having been exposed to high dose radiation, where the risk
coefficient was 0.0125-0.05 /Sv l o \ (Author's note: 0.0125x24000x0.44
= 132 (fatality = 0.4 %), 0.05X24000X0.44 = 528 (fatality = 2 %))

Table 2. Exposure dose of inhabitants who were evacuated.

Distance from Persons Exposure dose

power plant(km) (xlO3) (rem)

Citizen of Prypyat who were evacuated within the 27th Apr.
3 45 3.3

Persons who were late for evacuation.

3 -7 7.0 54

7-10 9.0 (24000 pers. 46 av.
10-15 8.2 in total) 35 44

15-20 11.6 5.2

20-25 14.9 6.0

25-30 39.2 4.6

• 135.9 In to t a l av. 11.5

• Collective effective dose-equivalent = 135.9xl03man x 11.5 rem
= 1.56x10*4 man-rem

c. Collective effective dose-equivalent for public**
It was estimated that the people of 74.50 million living in Ukraine

(pop. 50 million), Belarus (pop. 10 million) and Russia (pop. 150

million) received 290,000 man-Sv of collective effective dose-equivalent

over their lifetimes of 50 years (i.e., per caput effective dose-

equivalent was 290,000 / 74.5xlO6 = 0.0039 = 3.9 mSv/person/lifetime).

The fata l i ty due to the committed dose was assumed to be 0.006 %

(1.65X10"2x0.0039 = 6.4xlO~5), which would be impossible to distinguish
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from the spontaneous mortality due to cancer (26.5 %).

d. Territories with radioactive contamination11*12*
There are two contaminated territories of 1) central region

centerring around the atomic power plant in Chernobyl, Ukrine, and 2)
Bryansk-Belarus contaminated region, north of Chernobyl, ranging over
Mogilev-Gomel districts in Belarus and Bryansk district in Russia
Federation.11' Chernobyl lies near the north border of Ukrine (600,000
km2) being contiguous to Belarus (210,000 km2) and Russia (17070,000
km2).

Three years after the occurrence of accident, the distribution of
137Cs, whose half life (30 y) is very long and which can be detected
easily, in the ground surface was revealed. The contamination density of
37 kBq/m2(l Ci/km2, 0.001 mCi/m2) - 555 kBq/m2(15 Ci/km2, 0.015 mCI/m2)
was measured at the area of about 100,000 km2, and the activity levels
in excess of 555 kBq/m2 (15 Ci/km2, 0.015 mCi/m2) was measured at the
area of larger than 100,000 km2. The contamination areas of high level
of 1480 kBq/m2 (40 Ci/km2, 0.04 mCI/m2) and 5200 kBq/m2 (140 CiAm2,
0.14 mCi/m2) were found in the central region and the Bryansk-Belarus
contaminated region respectively. The values of these high contamination
densities (ca. 200 Ci/km2) are understandable, if the 137Cs activity of
2X106 Ci (0.074X1018 Bq) that is released came down to cover the ground
within 10,000 km2.

Present author notes In parentheses that the exposure rate at the
distance of 1 m from a point radiation source of mCs of 1 mCi can be
calculated to be 0.35 mR/h (: external exposure dose rate of 3.5
u Sv/h). Using this value being the case for a point radiation source,
the annual external exposure dose are tentatively estimated to be 1.23
mSv/y and 4.4 mSv/y for the radiation source of 1480 kBq and 5200 kBq
which existed on the ground surface of area of 1 m2:

0.04X 0.35 = 0.014 mR/h = 0.14 p. Sv/h = 1.23 mSv/y
0.14X 0.35 = 0.05 mR/h = 0.5 u Sv/h = 4.4 mSv/y

These values are 2 - 1 0 times of natural terrestrial annual dose of 0.4
mSv/y (worldwide average value)10'. Although these estimation are a
lit t le underestimated, these additional external exposure doses due to
the contamination would be reasonable in the order of magnitude. The
authorities recommended resettlement to the population living in areas
with the contamination densities more than 1480 kBq/m2.n>

In the report of 9 years after the occurrence of accident from
Bryansk, an affair of radioactive contamination is almost the same as
before12*: the minimum value of contamination density of the territories
was 57 kBq/m2 (0.0015 mCi/m2) and the maximum was 3486 kBq/m2 (0.094
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mCI/m2). An internal exposure due to the eating habits of inhabitants
was 0.2 - 1.4 mSv/y.

3.3 Radiation effects which gave to the nuaan Body
a. Acute radiation syndrome
The 12 hours after the occurrence of accident, patients of 499 were

transferred to Kiev and Moscow. A total of 237 occupationally exposed

Individuals were suggested to be suffering from clinical syndromes due

to radiation exposure. The 149 patients were mild case, 55 middle case,

21 serious case and 21 extreme serious case. Their exposure doses were

in the range of 1 - 10 Gy. The medical treatment such as shower washing

with soap, blood collecting, urine test, measurement of radioiodine in

the thyroid, hole body radioactivity measurement, treatment for burn and

bone marrow failure. The number of persons who received exposure to

radiation and who died by acute radiation hazards is shown In Table 3.

Table 3. The number of persons who received exposure to
radiation and who died by acute radiation hazards

Clinical observed effects Number of persons

Occupationally exposed individuals 237

of clinical syndromes due to exposure

Patients of acute radiation syndrome 134

The dead out of these 134 patients 28

within the f i rs t three months

Patients received doses greater than 10 Gy 11

and received intestinal function change:

The dead out of the 28 patient who died, 26

with skin lesions that affected over 50 % of

to ta l body surface area:

The dead, out of these 134, who died over the 14

past ten years after the acute effect

b. Late and soaatlc effects
There is the thyroid effects as a clear evidence of public health

effects of radiation exposure due to the Chernobyl accident. The

increase of the thyroid cancer was observed in children. During 9 years

since the accident occurred, the thyroid cancer was diagnosed In the

cases of 800 children under 15 years old. More than 400 of these cases

were In Belarus.

The incidence of thyroid cancer increased to 4.5X10"5 (cases of 400 /
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pop. Belarus of 107) with significant high rate in comparison with the

spontaneous incidence (10~6) of thyroid cancer. For the affair of

appearance of late and somatic hazards between the cases of Hiroshima

and Chernobyl, the differences were found as shown In Table 4 (WHO

report).

Table 4. Difference of type of appearance of late and somatic

hazards between the cases of Hiroshima and Chernobyl

Hiroshima Chernobyl

Exposure Momentary external exposure External and internal

with large quantities of exposure with small

dose dose rate for long time

Incidence of Increase in the first Increase in the 4 - 5

of radiation 10 years after exposure years after exposure

Induced thyroid

cancer

Incidence Increase in the first

of radiation 2 years after exposure;

induced Showing the peak of

leukaemia incidence in the first

7 years after exposure

Among the inhabitants living in the contaminated territories, to

date, an Increase of incidence of leukaemia due to the radiation

exposure did not observed. Among the 7.1 million Inhabitants of

contaminated territories and strict control zone, the fatalities due to

radiation Induced leukaemia were assumed to be the order of 470.7> In

the 1977 JCRP recommendation, the risk coefficient for leukaemia is

0.2x 10"2/Sv. If individual life dose is 30 mSv, the fatalities due to

radiation induced leukaemia Is calculated to be 470 (: 0.2xlO~2x0.03

X7100000). This value would be impossible to distinguish from the

spontaneous mortalities of 250000 due to leukaemia (: 3.5x 10~3x 710000

= 25000).

The fatalities due to radiation Induced leukaemia among the 200,000

liquidators (see Table 1) was assumed to be 2007> (Cf. 1.65xl0~2x0.1

X200000 = 330). This value would also be difficult to distinguish

from the spontaneous mortalities of 700 (: 3.5xl0~3x200000 = 700).

c. Health effects coming froa spiritual stress

Health effects of social severance due to the enforced evacuation and

resettlement, and anxiety of hereditary effects on the descendants were

Increased.
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4. Conclusion

At first the mutual relation of radiation related quantities such as

radioactivity, adsorbed dose, effective dose equivalent, risk

coefficient, etc. were explained together with radiation protection

standards for a better understanding of the Chernobyl accident. In the

description of consequences of Chernobyl accident, the radioactive

contamination was explained in paying attention to the unit of

contamination density. The fatality due the radiation Induced cancer was

estimated with use of radiation risk coefficient. These attempts would

be a help of taking out of some rational ways in understanding the data

shown in the reports.
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