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Date: Topic: Nuclear Power Time: Class: 

 

 SEN pupils Gifted and Talented 

This topic is most suitable for A level 

physics students or most gifted and 

talented pupils in GCSE. 

Class Room Support 

Equipment needed for this activity: 

There are no specific scientific materials needed for this 

lesson as it is a presentation with questions interspersed. 

Students will need access to paper, calculators, tables of 

elements and pens and pencils. 

Health and Safety: 

There are no Health and safety issues for this presentation. 

Learning outcomes for this activity 

All students must be able to identify the effects of nuclear fission on the 

atomic mass and atomic number of an element. 

Most students will be able to discuss the propagation rate of nuclear 

fission in terms of sub critical and super critical rates. 

Some students may able to discuss the poisoning of nuclear reactors by 

fission products, relating this to half-life and the disaster of Three Mile 

Island. 

Extension: The concept of dose and relative risk is discussed and students 

are encouraged to evaluate this and relate it to their lives and 

experiences. 
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Starter Activity 

 

 

 

 

Main Activity 

This whole lesson presentation begins with a discussion and description of nuclear fission and its effects on the Atomic number and 

mass of the elements involved and produced. There are opportunities for stopping and allowing students to consider questions 

which are set. 

 

The presentation will take a minimum of 2 to 3 hours to complete, allowing students time to complete the integrated tasks. 

 

 

Plenary Activity 
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1 Nuclear Power 
 

Fission 
 
Heavy elements can be unstable and break into two (or more) lighter elements. 
This is spontaneous fission. A typical reaction is 
 

238 145 90
92 57 35U La Br 3n→ + +  

 
In which 238, 145 and 90 are the mass numbers representing the total number of 
nucleons (protons + neutrons) in the nucleus and 92, 57 and 35 are atomic 
numbers. The atomic number indicates the number of protons in the nucleus. 
Notice that three neutrons are also emitted. The sum of the masses of the fission 
products is less than the mass of the original atom. Mass has been converted to 
energy! Recall the Einstein mass energy relationship E = mc2. In this reaction 
about 156 MeV1 is arried away by the kinetic energy of the fission products and 
neutrons. 
 
In 1938 Hahn and Strassman showed that a heavy nucleus can absorb a neutron 
and undergo fission. All heavy nuclei undergo fission if neutrons have sufficient 
energy. This is termed induced fission. For example, the threshold for induced 
fission in U-2382 requires neutrons with energies around 1MeV. 

 
By 1939 Bohr and Wheeler predicted that only nuclei with an odd number of 
neutrons would be fissile for neutrons with K.E. down to zero. U-235 is fissile for 
energies < 1eV. Such materials are termed fissile. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. The cross-sections for neutron capture in Pu-239, U-235 and U-238 
 
The relevant concept is that of cross-section. You should not think of this as the 
physical cross-section of the nucleus. It is a measure of the likelihood of the 
absorption of a neutron, and engagingly has the unit ‘the Barn’. Fig 4.31. shows that 

                                                
1 The electronvolt (eV) is the unit of energy preferred in the atomic and sub-atomic world. 1 eV is the 
equivalent to 1.6 x 10-19 J. 
2 U-238 is an isotope of Uranium. The number of neutrons in the nucleus differs from other isotopes, 
however the number of protons is the same. Since the electron structure for the isotopes of Uranium is 
the same, they are chemically indistinguishable. More is said later. 
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neutron cross-section is a function of energy. The neutron can only be absorbed by 
the nucleus if there are available energy levels which match that of the available 
neutrons. The graph shows that there are available levels (resonances) and bands. 
The blue area indicates the energies carried by neutrons which are the products of 
fission. Most neutron energies lie in the darker region. 
 
 
 
 
 
 
 
 
 
 
 
Thermal neutrons are in thermal equilibrium with the reactor. They are at the same 
‘temperature’. 

Typical reactions in induced fission 
 

U-235 + n � U-236 � Ba-141 + Kr-99 + 3n 
 
If you add the masses of all the fission products you find there is a loss of mass of 
0.215 amu3 in this reaction. This is converted to energy via the Einstein mass-energy 
equivalence (E =mc2) and is carried away in the kinetic energy of the products. 
      
Fission products will play a crucial role in the nuclear reactor impacting both design 
and performance. 
 
Fission products can, themselves, be unstable and many will undergo further decay. 
For example 
 
 
 
 
 
 
τh is the half-life for each decay. This is the time taken for half the atoms to decay. 
 
Notice that Plutonium is a product of the decay series. Plutonium is not a naturally 
occurring element. It is produced inside ‘breeder’ reactors. 
 
� Will this reaction be prompted by fast or ‘thermal’ neutrons? You may need to look 
back to fig 4.31. 
 
� Thermal neutrons do not have sufficient energy to cause fusion in U-238, so it has 
to be the fast neutrons. There are significant differences in design between a breeder 
reactor and a thermal reactor – the type used for power generation. 
 

                                                
3 (I amu = 1.66 x 10-27Kg) 
 

Student Activity 1 
 

A. Do you consider P-239 to be a fissile material? Why? 
 
B. What would you have to do to the ‘fast’ neutrons to promote fusion readily 

in U-235 and Pu-239.  
 

C. Would most neutrons liberated by fission cause fusion in U-238? Give a 
reason for your answer. 

238 239 239 239
92 92 93 94U n U Np Pu+ → → →

β− β− 

τh = 23.5 mins 

τh = 2.35 days 
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� I have noticed that the mass number remains constant, but that the atomic number 
rises by one during each decay. Why is this? 
 
� A neutron converts to a proton and this is accompanied by the emission of an 
energetic electron (the β- particle) plus a neutrino. Pauli, in 1930, hypothesised the 
existence of a small, neutral particle to account for some missing angular 
momentum. This was called the neutrino, and was first detected in 1956. You should 
not consider that the neutron is a proton + electron. The neutron converts to a proton 
by changing one of its three constituent quarks – the electron + neutrino is a by-
product. 
 
Chain Reaction 
 
Notice that each fission reaction produces a number of neutrons. These are capable 
of initiating further fission. However, few neutrons will be energetic enough to cause 
fission in U-238, whilst being too energetic to promote fission in U-235. This is 
important since it informs design of a reactor.  
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Essential components of a nuclear reactor 
 

 
 
 

Fig 2. Cutaway diagram of a pressurised water reactor (PWR) 
From http://www.phyast.pitt.edu/~blc/book/chapter6.html accessed 02/05/05 

 
• Fuel which provides sufficient neutrons. Naturally occurring Uranium contains 

U-235 and U-238. U-235 represents 0.72% by weight of the naturally occurring 
Uranium. Most nuclear fuels are enriched, raising the amount of fissile U-235 to 
something between 2 – 5%.  Weapons grade Uranium is enriched to 90% so it 
is completely wrong to believe that a nuclear reactor can explode in the manner 
of an atom bomb.  

 
The fuel is typically composed of pellets stacked to produce 1cm diameter rods 
encased in a Zirconium column stacked in a vertical grid in which the 
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interspacing between fuel rods is some 20 cm. The matrix of fuel rods is clearly 
seen in the figure below. 

 

 
 

Fig. 3. Maintenance on a PWR reactor. The closure head assembly is removed and 
fuel rods are replaced. The old fuel rods will be orders more active than the original 
due to the daughter products. The blue light is Cerenkov radiation. It is caused by 
radiation travelling faster than the speed of light in that medium and is analogous to 
the sonic boom heard when aircraft travel faster than the speed of sound. From 
http://www.crb-pmi.org/2003Programs/DrySpentFuelTour.html (2005) 
 
• Moderator which is needed to slow energetic neutrons released by fission to 

‘thermal’ energies by elastic collision. The moderator is typically graphite, water 
or heavy water (D2O). 

  
• Control Rods that absorb neutrons. This is to control the chain reaction 

maintaining the reactor in a critical condition.. 
 
Critical: On average each neutron causes one further fission. 
 
Sub-critical: On average each neutron causes less than one further fission. 
 
Super-critical: On average each neutron causes more than one further fission. 
 
Control rods are typically cadmium or boron. They absorb neutrons without 
undergoing fission. 
 
It is essential that you recognise the difference between the moderator and 
control rods. Control rods absorb neutrons; the moderator slows neutrons by 
elastic collision without absorption. 
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• Shim Rods are designed to compensate for the effects of burnup (i.e., 
energy production which results in changes in the reactor’s radioactive 
inventory). Reactivity changes resulting from burnup can be large, but they 
occur slowly over periods of days to years, as compared to the seconds-to-
minutes range over which safety actions and routine regulation take place.  

 
• Safety Rods to be inserted to stop the reaction. These may be gravity fed 

and allowed to drop by a thermal fuse. This is a fully passive system in which 
there is no possibility of electronic failure in a purely mechanical system. 

 
• The importance of delayed neutrons: 
 
Prompt neutrons originate from the initial fission process and contribute to the 
neutron flux within 10-3 – 10-4 S of the fission. Delayed neutrons form about 0.7% 
of the neutron flux. They come from fission products over a time period of a 
fraction of a second to minutes. 

 
It is sufficient for control to be based on delayed neutrons. A far easier 
engineering task! This is achieved by ensuring that prompt neutrons in the 
neutron flx do not, themselves, bring the reactor to criticality. The additional 
delayed neutrons provide the extra necessary to cause criticality.  
 

 
• Coolant 

 
The energy of fission is quickly converted to heat, the bulk of which is deposited 
in the fuel. A coolant is therefore required to remove this heat. The most common 
coolant is water, but many fluids can be used. Heavy water (deuterium oxide), air, 
carbon dioxide, helium, liquid sodium, sodium-potassium alloy (called NaK), 
molten salts, and hydrocarbons have all been used in reactors or reactor 
experiments. I should point out that water plays a part in absorbing neutrons and 
this will be particularly important in your consideration of the Chernobyl disaster. 

 
��Shielding to protect workers from core radiation. 

 
��Containment to prevent the release of radioactivity in the event of a reactor 

core failure. 
 
See appendix one for a comparison of reactor types used around the world. Why is 
the AGR more efficient?
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2 Three Mile Island: The chronology of a nuclear 
accident. 

 
 

 
Fig 4.34. Photograph and schematic of the Three Mile Island plant. 

Time          Event 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Photograph and schematic of the Three Mile Island plant. This is a 
pressurised water reactor as seen in figs. 3 and 4. The photo is from 
http://www.british-energy.com/images/library/ph_three_mile_island.jpg accessed 
May, 2005. the schematic is adapted from http://www.nrc.gov/reading-rm/doc-
collections/fact-sheets/3mile-isle.html 
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Time          Event 
 
0 sec    Feedwater pump (1) shuts trips due to an improperly closed valve in 

demineraliser.  
 
2 sec Turbine automatically switches off. Pressure rises to 2255 psi, and the 

relief valve (4) opens as it should. It fails to close properly.  
 
4 sec An operator notes that emergency feedwater pumps (2) are on. 

Unfortunately their block valves (3) are closed and coolant is not getting to 
the reactor core. 

 
8 sec Sensing high pressure, reactor "scrams"4, dropping all control rods. 
 
9 sec Fission reaction stops. However, the fission products still produce heat 

and the core still needs cooling! Pressure relief valve indicates shut 
(falsely). 

 
1:45 The steam generator (5) (secondary loop) boils dry. 
 
2:00 Emergency core cooling system (ECCS) automatically turns on when 

pressure drops below 1600 psi.  
 
4:30 Operators shut down the ECCS!! This had, on previous occasions cut in 

for no reason. By this time the operators were dealing with many alarms!! 
Design of the instrumentation was unhelpful, and there was no direct 
measurement of coolant level in the core. The water level continues to 
fall. 

 
8:00 The block valves (3) for the auxiliary feedwater are seen to be shut and 

are manually opened. 
 
2:15:00 The reactor core is exposed 
 
2:20:00     An operator notices pressure relief valve temperature is high and closes 

the backup. By now ¼ million gallons have been discharged to the drain 
tank. A loss of cooling accident (LOCA) is still not suspected. The rupture 
disc (6) would yield, flooding the sump and providing a route for a small 
radiation leak from the containment. 

 
2:25:00 Half the core is now uncovered and radiation alerts start. 
 
A melt down is finally averted after 15 hours. Concerns continued for a few days in 
relation to a hydrogen ‘bubble’ formed by the oxidisation of zirconium present in the 
fuel cladding. It did ignite but little additional damage was caused. 
 
Estimates are that the average dose to about 2 million people in the area was only 
about 1 millirem. Compare this with the exposure from a full set of chest x-rays which 
is about 6 millirem. The natural radioactive background dose is about 100-125 
millirem per year for the area. The maximum dose to a person at the site boundary 
would have been less than 100 millirem.5  See appendix 2 for units. 

                                                
4 Safety ContRol Axe Man! 
5 http://www.nrc.gov/reading-rm/doc-collections/fact-sheets/3mile-isle.html#sources 
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3 Chernobyl: The chronology of a disaster. 
 

 
 

 
 
Fig.5. The RBMK reactor. From www.world-nuclear.org/info/chenobyl/rbmk.htm. 
Accessed May 2005. 
 
The reactor core is 12 m dia. and 7 m high. It is built from graphite blocks penetrated 
by vertical channels each containing a zircanium alloy (Zr +2.5% Nb) pressure tubes. 
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Each channel (1661) contains two fuel assemblies tied by a central rod. The fuel 
assemblies comprise 18 pins of 2% enriched uranium oxide in stacked in  Zirconium 
tubing. 
 
The core is cooled by light water at 70 bar, 270 C, containing 14% steam by weight. 
This is important because if the steam content increases the density of the coolant 
falls. This will increase the neutron flux density. 
 
There are two separate cooling loops, each consisting of two steam drums 
connected to four primary circulating pumps, one normally kept on standby. Dry 
steam from the steam drums is passes to the turbines and condensed water is 
returned to the steam drums. 
 
Of the 211 boron carbide control rods, most are inserted from the top. This is 
achieved using a mix of manual and automatic control. 163 are manually operated, 
24 are automatic (12 average power automatic regulation ‘AR’ and 12 local automatic 
regulation ‘LAR’) and 24 shortened absorber rods. These rods have graphite ‘riders’ 
or ‘followers’ connected to the bottom. These displace water from the core as the rod 
is lowered. The control rods take 18 seconds to insert from the fully out position. This 
complex system was designed with the reactor operating conditions in mind. 
 

Operating Conditions 
 

 
 
Fig. 6. RBMK Reactor operating conditions. Note the significance of the positive void 
coefficient. 
 
When operating at less than 20 percent of full power the RBMK reactor operates 
under a condition called the Positive Void Coefficient.  If reactor power rises (or 
coolant flow diminishes) the amount of steam in the water rises and steam voids can 
appear in the water coolant. This reduces the density of the coolant. Neutron flux will 
rise causing a further increase in power hence more steam!. This positive feedback 
loop can potentially cause a massive surge in power. No nuclear reactor in the West 
would be licensed if it could operate under a positive void coefficient. The RBMK is a 
uniquely Soviet design. 
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Operating under a negative fuel coefficient the reactor has a negative feedback loop 
which stabilises it. As the power increases the temperature rises. This causes the 
fuel rods to expand, reducing the neutron flux density. 

Xenon Poisoning 
 

A product of fission reactions is Iodine-135. This is a rather common fission product, 
reportedly amounting to up to 6% of the fission products.  
 
Iodine-135 has a small probability for absorbing a neutron, so not in itself a significant 
factor in reaction rate control. But it has a half-life of about 6.7 hours and decays into 
Xenon-135 (half-life 9.2 hours). The Xenon-135 has a very large cross-section for 
neutron absorption, about 3 million barns under reactor conditions! This compares to 
400-600 barns for the uranium fission event. 
 
This phenomenon had been known about since the first reactors were designed 
should therefore be of little significance, however for the operators at Chernobyl the 
presence of Xenon-135 was deeply significant. Since Xenon is a good absorber of 
neutrons the best way to remove it is by neutron absorption. However, if a reactor is 
operated at low power the neutron flux is low and xenon levels can rise. 
 

The seeds of disaster 
 
Operators, electrical engineers rather than nuclear engineers (significance?), were 
under pressure to perform an experiment to improve the safety of the plant. They 
planned to find out whether the heavy turbine/generators could continue to spin long 
enough to provide emergency power when disconnected from grid and reactor steam 
supply. 
 
To simulate load from the ECCS the generators were to be coupled to four main 
circulating pumps and the feedwater pumps. The reactor was to be operated at 25% 
of full power (significance?). 
 
Time Event 
 
13.00 Operators begin power reduction.  
 
13.05 One generator disconnected from grid. 4 main circulating pumps 

+ 2 main feedwater pumps coupled to the other generator. 
 
14.00 ECCS disconnected from primary circuit to prevent triggering by 

low levels in the steam drum during the experiment. Grid 
controller asks that the reactor continue to supply grid until 
23.10. 

 
23.10 Controllers start to reduce power whilst forgetting to decouple 

the reactor from the grid. 
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26th April 
 
00.28 The 12 LAR control rods were disengaged. Automatic control 

rods (AR) should then have been reset. They were not and 
power dipped wildly. The operators experienced considerable 
difficulty in raising the power level. 

  
 Perhaps the time to end the experiment! 
 

The Experiment 
 
01.05 Standby circulating pumps are started to provide reliable cooling 

at the end of the experiment. This lead to a higher than 
anticipated coolant flow rate resulting in more liquid water in the 
steam/water mix. The operators responded by withdrawing 
control rods further. The drop in steam pressure should have 
tripped the reactor but operators overrode the trips. 

 
01.19 Operators attempt to increase the level of water in the steam 

drums by opening the main feed valve. This increased the 
density of water in the core (less steam). All 12 (AR) control rods 
are moved into a fully withdrawn position (why?) A number of 
manual control rods have also been moved up to try to maintain 
reactor power. 

 
01.22.30 Operators know from the print outs that the reactor is outside its 

safety margins and should have been manually tripped. It was 
not. 

 
01.23.04 The experiment begins. Steam supply to the remaining turbine 

generator is disconnected. The generator, main circulating pump 
and two feedwater pumps start to run down, with the result that 
there was an increase in water inlet temperature and steam 
generation (think about this). 

 
01.23.31 An increase in reactor power is noticed. Attempts to control with the 

twelve AR rods failed. Power surges. 
 
01.23.40 The shift manager attempts a manual scram – it is now thought that 

the reactor had gone prompt critical (what does this mean?) 
 
01.24.0 Witnesses hear two explosions and a reactor lacking 

containment exposes its core!! 
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Pictures after the event seem, understandably, grainy and poorly resolved. These 
two models, constructed after the event gives some idea of the scale of the 
explosion. 
 

 
 

 
 
Fig. 7. Models produced later show the enormous scale of the damage. From 
http://www.neutron.kth.se/gallery/chernobyl/ accessed May, 2005 
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Fig 8. Timeline for Chernobyl disaster. Note the elevated Xenon levels. 

 
 
 
 
 
 
 
 
 
 
 
 

Student Activity 2 
 

A. Provide a complete analysis of the Chernobyl disaster on the scientific and 
human basis provided. 

 
B. Contrast and compare the Three Mile Island and Chernobyl ‘accidents’. 

Consider design issues and the response of operators. 
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Appendix 1: Reactor Types 
 

 

 
From http://www.iee.org/Policy/Areas/EnvEnergy/2Reactortypes.pdf accessed May 
2005-05-06
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Appendix 2: Units in Radioactivity 

Many units have been used to express different amounts of radiation. 
The units often used follow:  

• roentgen (R)  
• rad  
• gray (Gy)  
• rem  
• sievert (Sv)  

These units relate to radiation exposure, radiation dose, or radiation 
protection. Other units (curie, becquerel) relate to radioactivity.  

The rad, rem, roentgen, and curie are special radiation units. These units 
are older than the gray, sievert, and becquerel.  

The International System of Units (or SI units) includes the gray, sievert, 
and becquerel:  

• The gray is the SI unit used for absorbed dose (see Section 2.2).  
• The sievert is the SI unit used for the dose equivalent and for the 

effective dose equivalent (see Section 2.4).  
• The becquerel is the SI unit used for radioactivity (see Section 2.3).  

More information about the indicated units is provided in Sections 2.1 – 2.4.  

2.1  Radiation exposure units  

The roentgen describes the amount of x-rays or gamma rays to which a 
target (e.g., fly, mouse, rat, dog, human, cow, elephant, etc.) is exposed. The 
roentgen relates to the ability of x-rays and gamma rays to remove electrons 
from atoms in air. One roentgen corresponds to 2.58 x 10-4 coulombs per 
kilogram of air.  

2.2  Radiation absorbed dose units  

The radiation absorbed dose is important for describing radiation 
effects. The absorbed dose relates to how much radiation energy gets put 
into a given target mass (e.g., lung, eye, thyroid gland).  

The absorbed dose has units of energy divided by mass (e.g., ergs per 
gram or joules per kilogram). It better measures harm to organs and tissue in 
the body than the exposure in R.  

Different absorbed doses can arise in different organs or tissue of the 
body for the same exposure in R.  Thus, if a person were exposed to 10 R 
of gamma rays, the eye, the thyroid, and the lung would have different 
absorbed doses. Special computer programs can calculate such doses.  
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Units of absorbed dose often used are the rad and gray (an SI unit).  

The rad is a relatively old unit of absorbed dose.  One rad corresponds to 
100 ergs of radiation energy per gram of target substance. An exposure of a 
fly to 1 roentgen of gamma rays results in an absorbed dose of about one rad 
to the total body of the fly.  

The gray unit represents 1 joule of radiation energy put into a kilogram 
mass. Thus, 1 gray equals 1 joule per kilogram.  

The gray and rad apply to all types of ionizing radiation, unlike the 
roentgen unit, which only applies to x-rays and gamma rays.  

Some useful conversion factors that relate to absorbed dose follow:  

• 1 gray (Gy) = 100 rad  
• 1 milligray (mGy) = 0.1 rad  
• 1 rad = 1 centigray (cGy, 10-2 gray)  

2.3  Radioactivity Units  

Radioactivity arises from the disintegration of unstable atoms and is 
expressed in units like the becquerel (Bq) and curie (Ci).  

One becquerel (Bq) corresponds to 1 disintegration (transformation) per 
second.  

One curie represents 37,000,000,000 (i.e., 3.7 x 1010) disintegrations per 
second. A curie is a very large amount of radioactivity.  

Some useful conversions follow:  

• 1 megacurie (MCi) = 106 curies (Ci).  
• 1 kilocurie (kCi) = 103 curies (Ci).  
• 1 millicurie (mCi) = 10-3 curies (Ci).  
• 1 microcurie (µCi) = 10-6 curies (Ci).  
• 1 nanocurie (nCi) = 10-9 curies (Ci).  
• 1 picocurie (pCi) = 10-12 curies (Ci).  
• 1 femtocurie (fCi) = 10-15 curies (Ci).  
• 1 microcurie (µCi) = 37,000 becquerels (Bq)  
• 1 nanocurie (nCi) = 37 becquerels (Bq)  
• 1 picocurie (pCi) = 0.037 becquerels (Bq)  

2.4  Radiation-Protection Units  

Special dosimetric units are used in radiation protection to limit radiation 
exposure of nuclear workers and the public. These units include the rem and 
sievert (SI unit), which apply to single and mixed radiations and are 
measures of potential harm to humans.  
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• 1 sievert (Sv) = 100 rem.  

One rem of alpha radiation would be expected to pose the same risk of 
harm as 1 rem of gamma rays or as 1 rem of combined exposure to 
neutrons and gamma rays.  

The rem and Sv were developed to account for different efficiencies of 
different types of radiation in producing harm.  Because these units apply 
to single and mixed radiations, it follows that: 

• 1 rem of alpha radiation = 1 rem of gamma rays.  
• 1 rem of gamma rays = 1 rem of neutrons + gamma rays.  

Law of the rem (introduced here for the first time to help understand its use):  

The risk of harm from 1 rem to an organ from one radiation source = the risk 
of harm from 1 rem to that organ from any other radiation source!  

Law of the sievert (introduced here for the first time to help understand its 
use):  

The risk of harm from 1 sievert to an organ from any radiation source = the 
risk of harm from 1 sievert to that organ from any other radiation source!  

Using exposure limits in rem or sievert for the public and for nuclear 
workers has protected many lives around the world for many years. Exposure 
limits are much lower for the public than for nuclear workers.  

Types of doses expressed in rem or Sv include:  

• dose equivalent (applies to single organ)  
• committed dose equivalent (applies to single organ)  
• effective dose equivalent (applies to total body)  
• committed effective dose equivalent (applies to total body)  

The dose equivalent is a quantity that accounts for the different 
efficiencies of different external radiations in causing harm to a given 
organ or tissue. Special weighting factors (e.g., quality factor) are used to 
account for differences in radiation quality. The term "external radiation" 
simply means that radiation originates from outside the body. Examples are 
gamma rays from contaminated soil or from a radioactive cloud.  

Radiation quality is a measure of the potential for causing harm.   The 
larger the quality factor is, the greater the chance for harm from a given 
absorbed radiation dose.  

A dose equivalent of 1 Sv of neutrons to the lung would be expected to 
produce the same harm as a dose equivalent of 1 Sv of gamma rays to the 
lung.  
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The committed dose equivalent is similar to the dose equivalent but 
applies to doses from radionuclides taken inside the body. Quality factors are 
used to account for different efficiencies of different radiations in producing 
biological damage internally. Committed doses are evaluated to some future 
time (e.g., to 50 years) after intake of radionuclides.  

Effective dose equivalents account for different biological sensitivities 
of different organs and tissue and apply to the total body. They also 
account for different doses (dose equivalents) to different organs.  Effective 
dose equivalents specifically apply to external radiation sources (i.e., sources 
outside the body).   

An effective dose equivalent of 1 Sv for a nonuniform, combined exposure to 
neutrons and gamma rays would represent the theoretical dose of gamma 
rays uniformly distributed over the body that would incur the same risk of 
harm from stochastic effects (mainly cancer) as for the actual nonuniform 
exposure to neutrons and gamma rays.  

Committed effective dose equivalents also account for different 
biological sensitivities of different organs and tissue but apply only to 
radionuclides that enter the body (e.g., via inhalation or ingestion). A 
committed dose equivalent of 1 Sv from inhaled alpha particle emitters would 
represent the theoretical committed dose of gamma rays to the total body that 
would yield the same risk of harm from stochastic effects such as cancer. 
Committed dose equivalents are evaluated to a fixed time in the future (e.g., 
50 years) after intake of radionuclides.  

Recently, the dose equivalent has been replaced by a closely related 
concept called the equivalent dose. These doses should not be used for 
evaluating risks for any biological effects that have threshold doses.  A 
threshold dose is one below which no harm occurs.  

The equivalent dose is obtained by multiplying the absorbed dose by 
special factors called radiation weighting factors (WR) that are intended to 
account for different efficiencies of the different radiations in producing 
biological damage. Like its predecessor the quality factor, the weighting factor 
WR was designed to protect against radiation-induced harm (mainly from 
cancer induction). The factors WR were not designed to evaluate risks for 
nuclear-weapons-related or radiological-weapons-related scenarios that 
involve threshold-type biological effects.  

Radiation weighting factors, WR, currently used for alpha radiation, beta 
radiation, gamma rays, and x-rays follow:  

• WR for alpha radiation = 20.  
• WR for beta radiation = 1.  
• WR for gamma radiation = 1.  
• WR for x-rays = 1.  
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For neutrons, WR depends on neutron energy. The following formula can 
be used where the neutron energy, E, is in millions of electron volts.  

WR for neutrons = 5 + 17 exp[-(ln{2E})2/6], 

where ln{2E} is the natural logarithm of 2E.  

What is the equivalent dose for combined exposure of the cornea (of the 
eye) to 0.1 Gy of alpha radiation plus 0.2 Gy of gamma rays? The 
answer follows:  

Equivalent dose in Sv = WR(alpha radiation)*0.1 Gy + WR(gamma rays)*0.2 
Gy.  

Since WR(alpha radiation) equals 20 and WR(gamma rays) equal 1, you get  

• Equivalent dose in Sv = 20 x 0.1 + 1 x 0.2 = 2.2 Sv.  

The committed equivalent dose is also based on the use of radiation 
weighting factors WR (unlike the committed dose equivalent that is based on 
quality factors). It applies to radionuclides that enter the body by inhalation, 
ingestion, or through wounds. The radionuclide can continue to irradiate the 
body so that the radiation dose is committed over time.  

The committed equivalent dose usually is evaluated for a fixed period 
(e.g., 50 years). Computer programs or dose conversions factors are used to 
obtain the committed equivalent dose.  

Dose conversion factors are used to convert radioactivity taken into the 
body into a radiation dose (e.g., committed equivalent dose) for a given organ 
or tissue.  

The committed equivalent dose was not intended to be used to evaluate 
risks associated with nuclear or radiological weapons associated 
scenarios.  

The effective dose (which replaces the effective dose equivalent) is obtained 
by multiplying the organ/tissue-specific equivalent dose with additional 
weighting factors that account for different sensitivities of different 
organs/tissue to cancer induction. These factors are called tissue weighting 
factors (WT). The products are then added to get a single effective dose for 
the total body. This single dose in theory corresponds to the uniform dose of 
gamma rays to the total body that would incur the same risk for stochastic 
effects (mainly cancer).  

Table 2.1 compares effective doses (estimates) received from cosmic 
radiation while flying at 39,000 feet between different U.S. cities.  

Table 2.1  Effective radiation doses during air travel 
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Flight 

Round Trip  
Flight Time 

Radiation Exposure  
in millirem (mrem) 

   San Francisco to Washington, DC  12 hours  6 mrem  
   Atlanta to Chicago    4 hours  2 mrem  
   Dallas/Ft. to Chicago    4 hours  2 mrem  
   Boston to Los Angeles  10 hours  5 mrem  
   Chicago to Honolulu  18 hours  9 mrem  
   New York to Las Vegas  10 hours  5 mrem  

U.S. astronauts in Earth orbit or on Moon missions received modest 
effective doses. This can be seen from estimated effective doses for Apollo 
Missions provided in Table 2.2 based on a report of the United Nations 
Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) entitled 
Ionizing Radiation: Sources and Biological Effects.  

Table 2.2.  Effective doses (estimates) received by Astronauts on Apollo 
Missions. 

Mission 
Number  

Launch 
Date  

Type of 
Orbit  

Duration of 
Mission (hours) 

Total  
mrem  

VII Aug. 1968  Earth orbital  260  120  
VIII Dec. 1968  Circumlunar  147  185  
IX Feb. 1969  Earth orbital  241  210  
X May 1969  Circumlunar  192  470  
XI July 1969  Lunar landing  182  200  
XII Nov. 1969  Lunar landing  236  200  
XIV Jan. 1971  Lunar landing  286  500  
XV July 1971  Lunar landing  286  500  

Neither the effective dose equivalent nor effective dose should be used 
in evaluating the risk for threshold-type effects (e.g., death from 
destruction of bone marrow).  

Some useful dose conversion factors related to rem and Sv follow:  

• 1 rem = 10-2 sievert (Sv)  
• 1 millirem (mrem) = 10-5 sievert (Sv)  
• 1 millisievert (mSv) = 10-3 sievert (Sv)  
• 1 millisievert (mSv) = 0.1 rem  

Reproduced from http://www.radiation-scott.org/radsource/2-0.htm 
 
 


