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HEALTH PHYSICS

A SHORT ACCOUNT FOR UNDERGRADUATES
Nearly everyone is aware of the dangers posed by exposure to ionising radiation.  High levels of radiation may cause death within days whilst smaller radiation doses, even very small doses, may initiate changes in the cells of the human body which can result in the appearance of malignant disease many years after exposure to radiation.  There is a genetic effect too;  irradiation of the reproductive organs may produce changes in the genetic material which can affect children conceived after exposure to radiation.  To guard against these effects, radiation exposure must be minimised at all times.  It is the purpose of this note to put these risks in perspective and to give quantitative information on the risks involved and the procedures to be employed to ensure safety at all times.

Ionising Radiation
The ionising radiations commonly encountered are:

1)
The charged particle radiations such as alpha and beta radiation.

2)
(Uncharged), neutron radiation.

3)
Electromagnetic radiation in the form of photons of X and gamma

radiation.

The charged particle radiations interact with the orbital electrons of atoms in their path as they pass through matter.  This results in the removal of an electron from an electrically neutral atom so forming an "ion pair" comprising the ejected electron and the positively charged remainder of the atom.  This ionisation process requires energy and, in consequence, the charged particle loses energy continuously as it passes through matter and both alpha and beta radiation in consequence have a finite range in matter. Alpha particles ionise practically every atom they encounter and so produce a dense track of ions in their wake.  Beta particles produce a much sparcer track of ions. Most alpha radiation is stopped by a sheet of paper and beta radiation will not penetrate more than 1 cm of human tissue.

Neutron radiation, being uncharged, cannot produce ionisation directly, but when a neutron encounters a proton in for example a water molecule, a billiard ball type of collision results in the ejection of the charged proton from the molecule. The ejected proton ionises in a similar manner to an alpha particle and leaves a dense track of ions in its wake, consequently neutron radiation is one of the most dangerous types of radiation. 

X and gamma radiation are very penetrating radiations since a photon has only a very small probability of interaction with an orbital electron.

However, when the interaction does occur, the photon either transfers all its energy to a strongly bound electron ejecting it forcibly from the atom (photo-electric effect) or alternatively gives a large fraction of its energy to a loosely bound electron (Compton effect).

Both these effects result in an energetic ejected electron which then produces ionisation in the same way as a beta particle.

Ionisation (and a related process, excitation) of an atom in a molecule frequently leads to the disruption of the molecule.  In the human body, disruption of a water molecule is, at first sight, of no great consequence since it is easily replaced.  But, the same can not be said of disruption of the DNA in the nucleus of a cell.  This may alter the function of the cell, or even kill it.  As well as this direct effect of radiation there is an indirect effect; disruption of a water molecule in the cell water leads to the production of chemically reactive free radicals such as H+ and OH-.  These radicals can diffuse through the cell water and damage more important cell constituents.

It must be concluded that ionising radiation is basically a damaging phenomenon as far as the human body is concerned.  Repair processes for damage to DNA do exist, but it is possible that very occasionally the repair process may be defective in the case of damage produced by ionising radiation.

Radiation Dose
We see that there should be a link between the number of ionisations in the human body and the subsequent damage produced.  We find that it is best to express "radiation dose" in terms of the number of ionisations per unit mass of tissue irradiated.  At this point, we find a very useful physical fact - the average energy required to produce one ion pair does not depend upon the type of radiation or its energy.  We can therefore use the energy dissipated in unit mass by the incident radiation as a measure of the number of ionisations produced per unit mass.  The energy absorption per unit mass is the quantity we call Absorbed Radiation Dose, D. It is measured in terms of a unit called the gray.  1 gray = Energy absorption of 1 joule/kilogram.  (An older unit of absorbed dose is still sometimes used.  It is called the rad, and we find 1 gray = 100 rad).

From a study of many hundreds of biological experiments involving different types of radiation, it became evident that the absorbed dose alone was not the sole factor determining the amount of damage produced.  Radiations such as alpha radiation which produce a very dense track of ions are about twenty times more effective than beta particles in producing biological damage.

To obtain a better estimate of "radiation dose", we introduce two new terms, the "Radiation Weighting Factor", WR and "Equivalent Dose", H.  We then define Equivalent Dose = Absorbed Dose x Radiation Weighting Factor

i.e.  H = D x WR
For alpha radiation, WR = 20; the table below gives the values of WR for the other commonly encountered radiations. (Formerly, WR was called the "Quality Factor" of the radiation in question).

	Radiation
	WR (Quality Factor)

	X-Rays, gamma rays
	1

	Beta radiation
	1

	Alpha radiation
	20

	Neutron radiation
	20


Measuring absorbed dose D, in grays, the unit of equivalent dose is the sievert (Sv).

eg
An absorbed dose of 1Gy of gamma radiation  =>
1 Sv


An absorbed dose of 1 Gy of alpha radiation =>
20 Sv
Sub units of absorbed dose and equivalent dose are in common use.


1 millisievert = 10-3 Sv,
1 microsievert  =  10-6 Sv.
Health Effects of Ionising Radiation
If we consider first "acute" radiation exposure where the duration of exposure is short, ie minutes, hours or several days at most, we find that an equivalent dose of 4 Sv will be fatal in 50% of those affected.  Doses of order 1 Sv will produce nausea and vomiting but recovery is certain; whilst doses of order 0.5 Sv produce blood changes such as damaged chromosomes, but there is no immediate clinical effect.  As we might expect, "fractionating" a radiation dose by spreading it over a period of several weeks greatly reduces the clinical effects observed, since the body has time to repair and replace damaged cells.

The health effects mentioned above are called Deterministic Effects because they are certain to occur once a threshold value of dose has been exceeded.

Considering now the situation where the body is exposed to a very small radiation dose perhaps delivered over a period of years, we find that another type of effect can occur.  In this effect, ionisation in a particular cell may give it the potential to become malignant at a later date.  This is a chance effect depending on the susceptibility of the cell and the body's ability to repair ionisation damage.  In contrast to the Deterministic Effect described above, it is believed that there is no threshold radiation dose below which the effect does not occur.  Because the incidence of this effect is a chance process it is called the Stochastic Effect.
In this effect, there are no immediate clinical symptoms but there is a probability of subsequently developing a malignant disease such as leukaemia or bone cancer.  The onset of this disease will occur anything from 5 years to decades after the radiation dose was received.  The situation is similar to that which occurs in the lung cancer/smoking scenario.  

Comparing a population of smokers with a population of non-smokers, we know that the smokers have a greater probability of subsequently contracting lung cancer and the heavier smokers incur the greater risk. It is true, however, that it is a chance process since many heavy smokers do not actually die of lung cancer.  The situation is similar in the case of exposure to ionising radiation.  Following up the health statistics of the survivors of Hiroshima and Nagasaki, and certain classes of hospital patients who were exposed to large radiation doses in their treatment, we can evaluate the chance of subsequently developing a fatal malignancy for a given radiation dose.

In 1990 the International Commission on Radiological Protection reviewed the latest evidence on stochastic effects and concluded that generally the effect of exposure to small doses of ionising radiation was to increase the pre-existing chance of developing a malignancy.  Since we are all prone to developing cancer in our later years, it is expected that this is the time when most radiation involved cancers will appear.  Although there is no direct evidence at dose levels in the mSv range, a pessimistic view would seem to indicate that a radiation dose of 1 mSv implies a risk of about 1 in 20,000 of subsequently dying from a radiation induced malignancy.

The hereditary effects mentioned in the introduction have also been considered by ICRP and they estimate that a radiation dose of l mSv received by one parent prior to conception of a child may result in a risk of 3 in one million for the appearance of a serious hereditary defect in children and grandchildren.  To put this risk in perspective, it is worth noting that the naturally arising risk of such defects is of order 1 in 100.

Natural Background Radiation
Man has evolved in an environment with a "natural" radiation component.  We are subject to bombardment by cosmic radiation, the effect of which is equivalent to a radiation dose of 300 (Sv/yr.  Gamma radiation from the naturally occurring radioisotope 40K and from the trace amounts of the uranium and thorium radioactive series elements in rock and soil contributes a further 500 (Sv/yr.  The human body contains an average of about 150g of potassium, 0.012% of which is in the form of 40K; this irradiates the body internally to contribute a further 200 (Sv/yr.  Adding these component radiations together we find that we each receive a radiation dose of 1000 (Sv = 1 mSv per year.

Gamma radiation from the environment may be a factor of two different from that quoted depending on the underlying geological strata, granite areas having the highest radiation levels.

In addition to the natural radiation doses mentioned, it should also be noted that the inhalation of radon, (a radioactive noble gas produced in the decay of radium in the soil), and its daughter products irradiates the sensitive tissues of the lung, the radiation dose to this organ being of order 7 mSv/yr.

Exposure to Man Made Radiation
As well as "natural" background radiation, we all at some time or another receive a radiation dose from one of the man made sources of radiation.  A simple chest X-Ray for example, means that a substantial part of the body receives a radiation dose of 1 mSv whilst several tens of millisievert may be received in the course of a pelvic X-Ray examination.

Fall-out from the atmospheric testing of atomic weapons in the early 1960s contributes about 10 (Sv/yr to our annual radiation dose, and it is estimated that over 50 years after the Chernobyl accident the average individual will accumulate a dose of 46 (Sv, i.e. about 1 (Sv/yr.

The average annual dose received by a member of the public in the UK attributable to the nuclear power programme is 0.5 (Sv/yr.

Radiation Dose Limits
ICRP recognises three categories of personnel who may be exposed to ionising radiation, i) occupationally exposed radiation workers, ii) members of the general public and iii) students and school pupils who may be exposed to radiation in the course of teaching.  The maximum permissible annual radiation dose for each category is given below.

i)
Occupationally Exposed Radiation Workers
Presently, in the UK to minimise stochastic effects, radiation workers must not 
exceed a radiation dose rate of 20 mSv/year.


To limit deterministic effects, the dose to the skin and hands and feet must not exceed 500 mSv/year.


The lens of the eye is a special case and the limit here is 150 mSv/year.

ii)
Members of the Public

The (stochastic) annual dose limit is 1 mSv/year and the (deterministic) dose limits are one tenth of those given above for radiation workers.

iii)
Students and School Pupils

In this case, the (stochastic) dose limit is 0.5 mSv/year, with the further restriction that no single experiment or demonstration should expose the student to a dose greater than 0.05 mSv.

The deterministic dose limit is set at 5 mSv/year.


To meet these limits,

a)
All X-Ray machines must be provided with shielding to reduce the
dose rate at 5cm from the surface of the apparatus to 5 (Sv per hour.

b)
The dose rate at a distance of 10 cm from radioactive sources used for producing radiation must not exceed 10 (Sv per hour in the case of gamma radiation, and 50 (Sv per hour for beta radiation. In practice this means that the "activity"* of gamma ray sources should not exceed 500 KBq and for beta particle sources the corresponding limit is 50KBq.

* 
The amount of a radioactive material is measured in terms of its  ACTIVITY. The activity of a radioactive source is its disintegration rate and is measured in Becquerels (Bq) where 1 Bq = 1 disintegration  per second.  This is a very small unit and we often use the kilobecquerel (kBq) and megabecquerel (MBq).

1 kBq = 103 Bq
:
1 MBq  =  106 Bq
The older unit of activity is the Curie (Ci) :  1 Ci = 3.7 1010 Bq
c)
Where radioactive material is used in unsealed form e.g. in a tracer experiment, the total activity must not exceed one tenth of the Annual Limit of Intake (ALI)* of the radioisotope in use.  Values of this quantity for typical radionuclides are given below.

	Radionuclide
	3H
	14C
	35S
	32P

	1/10 ALI (MBq)
	100
	4
	3
	0.5


The activities quoted above are far greater than those normally necessary for a satisfactory teaching experiment.

* The Annual Limit of Intake (ALI) of a radioisotope is that amount which, if ingested or inhaled by a radiation worker, would cause him/her to exceed the ICRP annual dose limit for a radiation worker.
Procedures in the Teaching Laboratory
In all work with ionising radiation it is essential that all exposure to the radiation is As Low As Reasonably Achievable - the ALARA principle stressed in the philosophy of ICRP and built into UK legislation.

Much thought has been given to the experiments involving the use of ionising radiation in the teaching laboratories, and every effort has been made to reduce radiation exposure to the absolute minimum. 

It is essential that the procedures laid down for each experiment should be strictly observed so that this objective is achieved.
Some points of general application are noted below.

i)
Experiments with Sealed Radioactive Sources
(a)
Some nuclear detector experiments require low activity gamma emitting sources for calibration purposes.  These often take the form of a small (2 cm) plastic plate with a minute spot of radioactivity encapsulated at its centre.  Sources of this type of activity less than 10 kBq are safe to handle at all times, but one would handle the source by its edges, and would not intentionally irradiate the fingers by placing them in direct contact with the central radioactive spot.  Sources emitting beta particles and gamma sources of activity > 10 KBq should always be handled with the forceps provided.  If in doubt, always use forceps for handling calibration sources.

(b)
In experiments on the attenuation of radiation, sources with an activity greater than that of the sources mentioned in (a) are frequently in use.  In some cases gamma sources of activity 40 MBq may be used. These sources are provided with lead shielding so that apart from the useful beam, the radiation dose rate is less than 5 (Sv per hour at a distance of 5cm from the shielding.

The useful beam from these sources should always be pointed away from the occupied part of the laboratory, and the hands must be kept out of the gamma ray beam.  Remember that in all experiments with radioactive sources, the inverse square law applies - doubling the distance from a point source of radiation reduces the radiation dose by a factor of four.  It follows that distance from a radioactive source is one of the best forms of protection. 

Conversely, if one places one's fingers very close to a source, the radiation dose will be correspondingly higher.

(c)
The Radioactive Substances Act requires the University to account at all times for the radioactive sources in its care.  


It is therefore absolutely essential that the procedures for issuing sources and returning them after use are meticulously observed.

ii)
Experiments with Unsealed Radioactive Material
In such experiments, as well as the hazard from radiation originating in sources outside the body, we have the possibility that careless handling of the material may result in an intake of radioisotope by inhalation or ingestion. This internal radiation hazard is particularly dangerous since even small amounts will irradiate the body continuously and there is no distance protection and practically all the energy released in each nuclear disintegration will be dissipated producing ionisation within the body.  There is the further complication too that many radioisotopes concentrate in particular organs of the body, resulting in a disproportionately high radiation dose to the organ involved. 

Every effort must be made to avoid contamination of the laboratory and the person to reduce the risk of an intake of radioactive material to an absolute minimum.  To this end, detailed 
instructions are provided with each experiment and it is important that they be followed to the letter. The following points are particularly important when handling unsealed radioactive material:

(a)
Wear a buttoned up lab coat, and disposable gloves.

(b)
Do not eat, drink, smoke or mouth pipette.

(c)
Avoid clutter and work over a tissue lined spill tray on a bench covered with benchkote.

(d)
Avoid operations which could cause contamination spotting of the bench, and beware the production of radioactive aerosols and vapours in the course of the experiment.  If this is at all likely, the experiment should be conducted in a fume cupboard.

(e)
In the event of a spill, take simple measures to limit the spread of contamination (eg place tissues on spill), warn persons in the immediate vicinity and obtain assistance immediately.

(f)
Dispose of radioactive waste in the prescribed manner.
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University Radiation Protection Service - 0141 330 4471


University Radiation Protection Adviser - 0141 330 5878


         University Student Health Service - 0141 339 8855 (Ext 4538)

	Annual Dose Limits (mSv/year)

	
	Radiation Worker
	Public

	Whole body
	20
	1

	Lens of eye
	150
	15

	Skin, hands and feet
	500
	50


· Unit of Absorbed Dose (D):

1 gray (Gy)  =  1 joule kg -1
· Radiation Weighting Factor(WR)
X, gamma and beta radiation
WR = 1









 alpha radiation
WR = 20

· Unit of Equivalent Dose (H): 

1 sievert (Sv)

· Equivalent Dose (H) = Absorbed Dose (D) x WR
· Activity1 curie (Ci)    = 3.7 x 1010 becquerel (Bq)

Conversion of activity in Curies to Becquerels
	1 pCi
	1 nCi
	1 (Ci
	1 mCi
	1 Ci

	37 mBq
	37 Bq
	37 kBq
	37 MBq
	37 GBq


Conversion of activity in Becquerels to Curies
	1 Bq
	1 kBq
	1 MBq
	1 GBq
	1 TBq

	27 pCi
	27 nCi
	27 (Ci
	27 mCi
	27 Ci


	Prefixes

	k  kilo 103
	m  milli 10 -3

	M  Mega 106
	1  micro 10 -6

	G  Giga 109
	n  nano 10 -9

	T  Tera 1012
	p  pico 10 -12 
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