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Penetration Level of Nuclear Radiations

Figure 1: Penetration abilities of nuclear radiations

Figure (1) shows that different nuclear radiations have different abilities to pass through materials.
These varying abilities lead to varying biological effects of these radiations.

• Alpha radiation: A very thin barrier such as a sheet of paper or the top layer of skin cells
can usually stop alpha particles. As a result, alpha particles are usually not dangerous if the
source is outside the body but are quite hazardous if ingested or inhaled. They can cause
damages to bones or lungs.

• Beta radiation: Beta particles can pass through a hand or a thin layer of material like
paper or wood but are stopped by a thin layer of metal. Although they can penetrate the
skin but they cannot damage the tissues. They can cause damage to skin and eyes and can
cause cataract.

• Gamma radiation: Gamma radiation is very penetrating and can pass through a thick
layer of most materials. Some high-energy gamma radiation is able to pass through a few feet
of concrete. They can easily penetrate the body and pass through it. They cause damage
to cell structure.
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• Neutron radiation: Fast moving neutrons can easily pass through the human body. When
they encounter a tissue, they can deposit their energy leading to production of gamma rays.
They can cause damage to the cell structure.

• X-radiation: They can travel very far and pass through the body tissues except bones.
They can cause damage to the cells.

The ability of various kinds of emissions to cause ionization varies greatly, and some particles
have almost no tendency to produce ionization. α-particles have about twice the ionizing power
of fast-moving neutrons, about 10 times that of β-particles, and about 20 times that of γ-rays and
X-rays.

Relative Biological Effectiveness (RBE)

Figure 2: Ionization caused by γ-radiation and α-radiation

The effects of ionizing radiation not only depend on the dose but also on the type of radiation
and the type of tissue. For example, if the range of the radiation is small, as it is for α-rays,
then the ionization and the damage created is more concentrated and harder for the organism to
repair. Relative biological effectiveness (RBE) is the ratio of biological effectiveness of one type
of ionizing radiation relative to another, given the same amount of absorbed energy. RBE values
are 1 for electrons, gamma rays and X-rays, 20 for alpha particles, and from 5 to 20 for neutrons
depending on energy.
Figure (2) shows ionization created in cells by α and γ radiation. Because of its shorter range,
the ionization and damage created by α-rays is more concentrated and harder for the organism to
repair. Hence, the RBE for α-rays is greater than the RBE for γ-rays, even though they create
the same amount of ionization at the same energy.

Interaction of Nuclear Radiation with Biological Matter

The nuclear radiations are ionizing radiations as they cause ionization in atoms with which they
interact. As all living cells are made up of atoms, all biological damage effects begin with the
consequence of radiation interactions with the atoms forming the cells.
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The The U.S. Nuclear Regulatory Commission (NRC) explains it as,

Radiation causes ionizations of ATOMS which may affect MOLECULES which may
affect CELLS which may affect TISSUES which may affect ORGANS which may
affect THE WHOLE BODY.

When radiation passes through cellular tissue, it can intearct in the following two ways:

Direct effect: If radiation interacts with the
atoms of the DNA molecule, or some other cellu-
lar component critical to the survival of the cell, it
is referred to as a direct effect. Such an interac-
tion may affect the ability of the cell to reproduce
and, thus, survive. If enough atoms are affected
such that the chromosomes do not replicate prop-
erly, or if there is significant alteration in the in-
formation carried by the DNA molecule, then the
cell may be destroyed by direct interference with
its life-sustaining system.

Indirect effect: If a cell is exposed to radi-
ation, the probability of the radiation inter-
acting with the DNA molecule is very small
since these critical components make up such a
small part of the cell. However, each cell, just
as is the case for the human body, is mostly
water. Therefore, there is a much higher prob-
ability of radiation interacting with the water
that makes up most of the cell’s volume.

When radiation interacts with water, it may break the bonds that hold the water molecule to-
gether and produce ionized water molecules which change into free radicals. These radicals are
highly reactive and can interact with the important genetic material in the cell, the DNA.
Damage caused by these interactions may be fully repaired, in which case, the cell remains viable.
However, if the damage is not successfully repaired and the DNA is not restored completely, the
cell may either die or mutate.

Biological Sensitivity to Nuclear Radiation

Cells

Not all living cells are equally sensitive to radiation. Those cells which are actively reproducing
are more sensitive than those which are not. This is because dividing cells require correct DNA
information in order for the cell’s offspring to survive. A direct interaction of radiation with an
active cell could result in the death or mutation of the cell, whereas a direct interaction with the
DNA of a dormant cell would have less of an effect.
Lymphocytes (white blood cells) and cells which produce blood are constantly regenerating, and
are therefore the most sensitive. Reproductive and gastrointestinal cells are not regenerating as
quickly and are less sensitive. The nerve and muscle cells are the slowest to regenerate and are
the least sensitive cells.
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Cells have a tremendous ability to repair damage. As a result, not all radiation effects are ir-
reversible. In many instances, the cells are able to completely repair any damage and function
normally. If the damage is severe enough, the affected cell dies. In some instances, the cell is
damaged but is still able to reproduce. The daughter cells, however, may be lacking in some
critical life-sustaining component, and they die.
The other possible result of radiation exposure is that the cell is affected in such a way that it does
not die but is simply mutated. The mutated cell reproduces and thus perpetuates the mutation.
This could be the beginning of a malignant tumor.

Organs

The sensitivity of the various organs of the human body correlate with the relative sensitivity of
the cells from which they are composed. For example, as the blood forming cells are one of the
most sensitive cells due to their rapid regeneration rate, the blood forming organs are one of the
most sensitive organs to radiation. Muscle and nerve cells are relatively insensitive to radiation,
and therefore, so are the muscles and the brain.

Body

Whole body sensitivity depends upon the most sensitive organs which, in turn, depend upon the
most sensitive cells. The biological effects on the whole body from exposure to radiation will
depend upon total dose, type of cell, type of radiation, age of individual, stage of cell division,
part of body exposed, general state of health, tissue volume exposed, and time interval over which
dose is received.

Biological Effects of Nuclear Radiation

Biological effects of radiation are typically divided into two categories,

Deterministic Effects

Deterministic effects are those responses which increase in severity with increased dose. They
develop due to cell killing by high dose radiation.
The exposure to high doses is over short periods of time producing acute or short term effects.
High doses can kill so many cells that tissues and organs are damaged. This in turn may cause a
rapid whole body response often called the Acute Radiation Syndrome (ARS).
High doses of radiation are generally associated with catastrophic events like nuclear explosions.
But exposure to high doses can happen at workplaces where nuclear material is handled viz. nu-
clear reactor.
An example of a nonoccupational accident occurred in 1987 in Goiania, Brazil. An abandoned
medical therapy source (cesium) was found and cut open by people who did not know what it was.
This resulted in the deaths of several members of the public and the spread of radioactive contam-
ination over a large area.
Every acute exposure will not result in death. If a group of people is exposed to a whole body
penetrating radiation dose, then fatality might be observed. The final outcome depends upon the
health of the individuals at the time of the exposure and their ability to fight the effects of exposure.
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Besides death, there are several other possible effects of a high radiation dose. Some of them are
as given in table (1). Above the thresholds mentioned in the last column, the severity of the effects
increases with the absorbed dose.

Effect Organ Time to appear
Absorbed dose

(Gy)

Skin burns Skin 2 - 3 weeks 5 - 10

Temporary hair loss Skin 2 - 3 weeks ∼4

Permanent sterility Testes 3 weeks ∼6

Permanent sterility Ovaries <1 week ∼3

Renal failure Kidney >1 year ∼7

Fibrosis/necrosis Bladder >6 months ∼15

Table 1: Dose thresholds for deterministic effects
Source: International Atomic Energy Agency (IAEA)

Biological response to high doses of radiation can be summarized as,

Radiation dose Effect

< 0.05 Gy No immediate observable effects

∼ 0.05 Gy to 0.5 Gy Slight blood changes may be detected by medical evaluations

∼ 0.5 Gy to 1.5 Gy Slight blood changes will be noted and symptoms of nausea, fatigue,
vomiting, etc. likely

∼ 1.5 Gy to 11 Gy Severe blood changes will be noted and symptoms appear immediately.
Death is due to the destruction of the blood forming organs. Without
white blood cells, infection is likely. At the lower end of the dose
range, isolation, antibiotics, and transfusions may provide the bone
marrow time to generate new blood cells and full recovery is possible.
At the upper end of the dose range, a bone marrow transplant may
be required to produce new blood cells.

∼ 11 Gy to 20 Gy The probability of death increases to 100% within one to two weeks.
The initial symptoms appear immediately. A few days later, things get
very bad, very quickly since the gastrointestinal system is destroyed.
Once the gastrointestinal system ceases to function, nothing can be
done, and medical care is for comfort only.

> 20 Gy Death is a certainty. At doses above 50 Gy, the central nervous system
(brain and muscles) can no longer control the body functions, includ-
ing breathing blood circulation. Everything happens very quickly.
Nothing can be done, and medical care is for comfort only.

Source: United States Nuclear Regulatory Commission (NRC)
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High doses of radiation affect many cells, which can result in tissue/organ damage, which ul-
timately yields one of the Acute Radiation Syndromes. Even normally radio-resistant cells,
such as those in the brain, cannot withstand the cell killing capability of very high radiation doses.
The acute radiation syndromes are,

Syndrome Organs affected Sensitivity

Hematopoietic Blood forming organs Most sensitive

Gastrointestinal Gastrointestinal system Very sensitive

Central Nervous System Brain and muscles Least sensitive

Stochastic Effects

Stochastic effects are those effects which have an increased probability of occurrence with increased
dose, but whose severity remains unchanged. (Stochastic means having a random probability
distribution).
The effects are produced because of exposure to low doses of radiation over an extended period
of time. This exposure produces chronic or long term effects. Low doses spread out over long
periods of time and do not cause an immediate problem to any body organ.
The effects of low doses of radiation occur at the level of the cell and the results may not be
observed for many years. The principal effect of low doses of radiation received over extended
periods of time is non-lethal mutations, with the greatest concern being the induction of cancer.
The stochastic effects are of three types,

a. Genetic effect: The genetic effect involves the mutation of very specific cells, namely the
sperm or egg cells. Mutations of these reproductive cells are passed to the offspring of the
individual exposed.
Radiation is an example of a physical mutagenic agent. (There are also many chemical agents
as well as biological agents (such as viruses) that cause mutations). Radiation increases the
spontaneous mutation rate, but does not produce any new mutations.
Although not all mutations are lethal or even harmful, not all mutations are bad and hence
radiation exposure shall be held to the absolute minimum or as low as reasonably achievable.

b. Somatic effect: The effect is primarily suffered by the individual exposed. Since cancer is
the primary result, it is sometimes called the carcinogenic effect. (Soma means the parts
of an organism other than the reproductive cells.)
Unlike genetic effects of radiation, radiation induced cancer is well documented. Many
studies have been completed which directly link the induction of cancer and exposure to
radiation. Some of the population studied and their associated cancers are,

• Lung cancer – uranium miners

• Bone cancer – radium dial painters

• Thyroid cancer – therapy patients

• Breast cancer – therapy patients

• Skin cancer – radiologists

• Leukaemia – bomb survivors, in-utero
exposures, radiologists, therapy patients
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c. In-utero effect: The in-utero effect involves the production of malformations in developing
embryos.
Radiation is a physical teratogenic agent. (A teratogen is any agent that causes an abnor-
mality following fetal exposure during pregnancy.)
There are many chemical agents (such as thalidomide) and many biological agents (such as
the viruses which cause German measles) that can also produce malformations while the baby
is still in the embryonic or fetal stage of development.
The effects from in-utero exposure can be considered a subset of the general category of
somatic effects. The malformation produced do not indicate a genetic effect since it is the
embryo that is exposed, not the reproductive cells of the parents.
The actual effects of exposure in-utero that will be observed will depend upon the stage of
fetal development at the time of the exposure,

• At preimplantation stage i.e. 0 - 1 weeks since conception, intrauterine death may
occur.

• At organogenesis stage i.e. 2 - 7 weeks since conception, developmental abnormalities,
growth retardation or cancer may occur.

• At fetal stage i.e. 8 - 40 weeks since conception, same effects as the second case may
occur with lower risk plus possible functional abnormalities.
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