Chapter 19 - NUCLEAR CHEMISTRY

19.1  Nuclear Stability  and  Radioactive Decay 
Radioactivity is a decay process of the atomic nuclei, which produces high-energy radiation.  The three common types of nuclear radiations are alpha- , beta- , and gamma- radiation.  Alpha-particle is a helium nucleus (
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) is a nuclear electron, and gamma radiation is a high-energy electromagnetic radiation with very short wavelength and high frequency ( ~ 10-13 m;  ~ 1021 s-1).

The term nuclide refers to atomic nuclei with specific number of protons and neutrons, both particles are referred to as nucleons. Nuclides are identified by the atomic number (Z) and mass number (A): 
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X  Unstable nucleus is referred to as radioactive nuclide.

Radioactive materials was first discovered by Antoine-Henri Becquerel in 1896 when he discovered that minerals containing uranium wrapped in a paper and stored together in the dark with some photographic papers caused the latter to be exposed. He also found that the radiation from radioactive substances causes ionization of the air molecules. Later, more radioactive substances were discovered by Marie Curie. She also determined that the intensity of radiation is directly proportional to the concentration of the substance, but not to the nature of the compound in which the element occurs. Curie also showed that radioactive decay was not affected by temperature, pressure, or other physical and chemical conditions.

Equations for Nuclear Reactions

Radioactive decay always results in a change in the atomic number and often in the mass number of the atom.  For example, 
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In a nuclear reaction the total number of nucleons (neutrons and protons) is conserved - the mass number and the atomic number must equal on both sides of the equation.
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Nuclear Stability and the Mode of Decay

In the nucleus, protons and neutrons are bound together by a very strong nuclear binding energy, which is effective only over a very short distance (within ~ 10-15 m). Both nuclear particles also appear to exist in a set of quantized energy shells, analogous to electronic shells in atoms.  Certain magic numbers appear to exist for both protons and neutrons, as they do for electron. That is, nuclei containing certain numbers of protons and neutrons are found to be very stable.  They are assumed to be the number that corresponds to filled nuclear shells.  These magic numbers are analogous to, but not necessarily the same as the number of electrons in filled electronic shells that give noble gases special stability. 

· Magic Numbers for electrons:  2, 10, 18, 36, 54, and 86;

· Magic Numbers for protons:  2, 8, 20, 28, 40, 50, and 82;

· Magic Numbers for neutrons:  2, 8, 20, 40, 50, 82, and 126.

Evidences to support the nuclear shell model and the existence of magic numbers are:  

1. 
Many radioisotopes decay by alpha-radiation. Alpha particle contains the magic number 2 for both protons and neutrons, which gives it special stability.  

2.  
The final products in many natural radioactive decay seem to imply the existence of such magic numbers.  For example, the final product in the decay of uranium-238 is lead-206, which has the magic number 82 for the protons. Decay series of other heavy radioisotopes produce lead-207 or lead-208, the latter also contains the magic number 126 for neutrons.

3.  
Pairing seems to occur among protons and neutrons, just as it occurs in electrons. Such pairing of protons and neutrons seems to be associated with nuclear stability.  For example, the percent of naturally occurring stable isotopes with an even number of protons and neutrons is higher than those with odd number of protons and/or neutrons.

Number of Stable Isotopes with Even and Odd Numbers Protons and Neutrons
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The Band of Stability and Type of Radioactive Decay


When the number of neutrons in various isotopes is plotted against the number of protons, a narrow band, called the band of stability, is obtained. This band corresponds to the n/p ratios for stable isotopes.  The band of stability shows that for light elements with atomic number Z = 1 to 20, the N/P ratios for stable isotopes are about 1.  For elements with Z > 20, the n/p ratios increase gradually and reach about 1.52 in Pb and Bi. It is suggested that as nuclei contain more protons, more neutrons are needed to stabilize the nuclei.  

As the number of protons gets too large (Z > 83) the proton-proton repulsion becomes too great that a stable nucleus cannot be maintained.  In fact, no stable nuclide is known for elements with atomic number greater than 83.  All elements with Z = 83 or less have at least one stable isotope, except for technetium (Tc, Z = 43) and promethium (Pm, Z = 61).

Isotopes with N/P ratios that fall outside the band of stability are radioactive.  They decay in such a way that the product nuclides would have the N/P ratios fall within the band of stability.  The following criteria are useful for predicting the type of radioactive decays:

1.  Nuclides with N/P ratios greater than the "stable ratio" are likely to decay by emitting beta-radiation.  This emission changes a neutron to a proton, which brings the N/P ratio into the band of stability.  
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2.  Nuclides with n/p ratios lower than the stable band decay by a positron emission or electron capture.  Low atomic number nuclides (Z < 20) are more likely to decay by positron emission.
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Isotopes with atomic number > 30 are more likely to undergo electron capture process, because the innermost shell electrons (in n = 1) are very close to the nucleus and are easily absorbed by the latter.  

For example,
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[The lost of a positron or the capture of an electron changes a proton to a neutron: 
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n. Atomic number Z decreases by one unit, while mass number A remains the same.]
3.  Heavy nuclides beyond bismuth (Bi) have too many protons and are unstable. They generally decay by -emission, which decreases both the number of protons and neutrons.

Examples,
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Types of Radioactive Decay

1.
Alpha Decays - Most heavy isotopes with Z > 83 decay by emission of alpha particles (
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2.
Beta Decays - Some heavy radioisotopes such as Thorium-234 and most light radioisotopes, such as carbon-14, decay by emitting beta particles
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Beta particles are electrons found in neutrons; the lost of a beta particle convert a neutron to a proton:




[image: image61.wmf]1

0

n  (  (
[image: image62.wmf]1

1

H  +   
[image: image63.wmf]-

1

0

;

3. 
Gamma ( emission - This is a high energy electromagnetic radiation that accompanies many radioactive decays. Nuclear processes often result in an excited nucleus and when this nucleus relaxes to a more stable state, energy in the form of -radiation is emitted. Several -radiations of different frequencies can be emitted as excited nucleus relaxes to the ground state. For example,
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(gamma emission does not alter the atomic or mass numbers)
4.
Positron Emission - Positron is a positively charged nuclear particle with mass equal to that of the beta particle and is assigned the symbol  
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.  For example, the isotopes boron-9, carbon-11, and nitrogen-13 all decay by positron emission:
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The emitted positron is absorbed by an electron and produces two gamma radiations:
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The process is called annihilation; positron is an antimatter to electron. The collision between a matter and antimatter results in the emission of energy radiation as the two particles destroy each other.

5. 
Electron Capture - In an electron capture (EC) process, an electron of the innermost shell (n = 1) is absorbed by the nucleus, where it combines with a proton to form a neutron.  A new nuclide with lower atomic number is formed
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The following table summarizes the types of radioactive decays.
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Type of Decay

Radiation
    Nuclear  Change         
Type of Nuclide






Atomic No.
Mass No.
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Alpha emission
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Electron capture
X-rays
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excited nucleus
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Exercise-1:

1.
Write balanced equations for the following nuclear reactions:

(a) Nuclide Americium-243 undergoes alpha decay:
(b) Iodine-131 decays by beta-emission:
(c) Carbon-11 decays by position emission:
(d) Copper-61 undergoes electron capture:
2.
Complete the following nuclear equations.  Indicate the symbol, the mass number, and the atomic number of the unknown particle

(a).  
[image: image85.wmf]7

13

N  (   
[image: image86.wmf]6

13

C  +  _____;

(c).  
[image: image87.wmf]29

61

Cu  +  
[image: image88.wmf]-

1

0

e  (   _____;

(b).  
[image: image89.wmf]6

11

C  (  
[image: image90.wmf]5

11

B  +  _____;

(d).  
[image: image91.wmf]11

21

Na   (  _____   +  
[image: image92.wmf]1

0

;

3.
Write equations for the probable mode of decay of the following isotopes.

(a) Aluminum-28 (
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Al):

(b) Titanium-45 (
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Ti):

(c) Plutonium-239 (
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Decay Series
Heavy isotopes such as radium, thorium, uranium, etc., undergo a series of decay until a stable isotope is formed. For example, a uranium-238 undergoes a series of - and -decays until lead-206 is formed. Can you identify what radiation particle is produced at each decay step? How many alpha and beta particles, respectively, are produced in a complete series of the decay of uranium-238?
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Exercise-2:

1.
Uranium-235 undergoes a series of decay to form lead-207. How many  and  particles, respectively, are produced in one decay series?

2.
If radium-226 undergoes a series of decays in which five  and four  particles are produced, what would be the final product?

_____________________________________________________________________________

19.2  The Kinetics of Radioactive Decay

Nuclear activity is the rate nuclear decay.  The SI unit of nuclear activity is called the Becquerel (Bq), where  1 Bq = 1 event/s;  or  1 disintegration/s.  More commonly used unit for activity is the Curie (Ci), where 1 Ci = 3.70 x 1010 Bq .

Radioactive materials decay by first-order rate law:  

Rate = kN;  (where k = rate constant and  N = number of radioactive nuclides).

ln(At/A0)  =  - kt;    (A0 = activity at time t = 0 and At = activity at time t)

The rate of decay is expressed as the number of disintegrations per second (dps) or counts per second (cps). Unlike most chemical reactions, the rate of natural radioactive decay is not influenced by external conditions, such as temperature and pressure.   

Half-life

The half-life represents 50% chance that a nuclide will decay during that period. The activity of radioactive substances are normally given in the form of their half-lives, from which the rate constant, k, can be calculated. For example,
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t½  =  0.693/k)  =  5730 yrs; 
(  k =  0.693/5730 yrs)  =  1.21 x 10-4  yr-1
Exercise-3:  

1.
Rubidium-87 has a half-life of 4.88 x 1010 y.  What are the rate constant and the rate of disintegration of a sample containing 2.5 mg rubidium-87. (Atomic mass ~ 87 g/mol

2.
Iodine-131 has a half-life of 8.0 days. If a person ingests 2.5 mg of NaI labeled with iodine-131, how much of the radioactive isotope remains in the body after 30. days?

Half-life of Some Radio-isotopes

Isotopes

Half-life
Hydrogen-3
13.3 yrs

Carbon-14
5730 yrs

Sodium-24
15.0 hrs

Phosphorus-32
14.3 days

Sulfur-35
87.1 days

Cobalt-60
5.26 yrs

Strontium-90
28.8 yrs

Iodine-131
8.1 days

Cesium-137
30 yrs

Radon-222
3.8 days

Uranium-235
7.1 x 108 yrs

Uranium-238
4.51 x 109 yrs

Plutonium-239
2.44 x 104 yrs

_______________________________

19.3  Nuclear Transformation (Transmutation)

Nuclear reactions can be induced by bombardment of target nuclei with fast moving particles called the projectile.  The process is called transmutation.  Rutherford and co-workers were the first to apply this technique, when in 1919, he used alpha particles from a radioactive source to bombard nitrogen-14 nuclei, and the reaction produced oxygen-17 and a proton.  He also bombarded aluminum-27 with alpha particles to produce phosphorus-30 and a neutron.
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Since the projectile and the target nuclei are both positively charged and strongly repel each other, the projectile must be accelerated through a particle accelerator, such as the Stanford Linear Accelerator (SLA) and cyclotron, in order to acquire a very high kinetic energy before reaching the target.  For example, a linear accelerator called Superhilac was used by Professor Glen Seaborg and co-workers at UCB to produce element-106 (Sg); the following reaction occurs:
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The element lawrencium-257 was created by bombarding californium-252 with boron-10.
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Neutrons are often used as projectiles in many transmutation processes.  Since neutrons are electrically neutral and not strongly repelled by the target nuclei, high kinetic energy neutrons are not necessary.  They are sufficiently accelerated by heat, hence called thermal neutrons, which have just enough energy to bind to the target nuclei. Neutron bombardments are often used to produce isotopes such as cobalt-60 from cobalt-59 or iron-59 from iron-58:
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Transmutation process is used to prepare plutonium-239 from uranium-238, in which the latter is bombarded with fast neutrons. The reaction produces Uranium-239, which undergoes two successive beta-decays, first to neptunium-239 and then to plutonium-239.  
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Exercise-4:  Complete the following nuclear equations and identify the other products

1.
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2.
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19.4  Detection and Uses of Radioactivity

Nuclear activities are measured using Geiger Counter or scintillation detector.  A Geiger counter measures decay rates by counting the pulses of electric current produced by the ionized Argon gas particles in the probe. When the high-energy radioactive particles, such - or -particles, enter the probe, they collide with the argon gas and ionize the latter. The argon ions that are formed produced an electrical pulses, which are detected and measured by the detector. 

The Geiger counter used to measure neutrons emission also contains BF3 gas labeled with isotope boron-10. Boron-10 absorbs low energy neutrons and is converted to lithium-7 and an -particle. The -particles ionize the argon gas in the probe, which produced electric pulses.
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In the scintillation detector, the probe uses a fluorescence substance, such as sodium iodide, that produces flashes of light when struck by radioactive particles. The detector counts these flashes and measure the photoelectric current produced by the radiation.  Unlike the Geiger counter, which only measures the rate of nuclear decay, a scintillation detector also measures the radiation energy.

Radioisotope Dating

Fixing the dates of relics or fossils is an application based on the rate of radioactive decay.  The decay of carbon-14 is often used to date objects, which at one time contain living materials.  Carbon-14 is continuously formed in the upper atmosphere by reaction of neutrons from cosmic radiation with nitrogen-14:
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Carbon-14 nuclide undergoes beta-decays with a half-life of 5730 yrs:
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t½ = 5730 yrs.

In nature, the rate of formation and decay of carbon-14 is equal, establishing a steady state concentration for carbon-14 in nature.  The natural radioactivity of carbon-14 is about 14.9 dpm/g-C. In the atmosphere, carbon-14 is converted to 14CO2, which is then absorbed by plants during photosynthesis and incorporated into the plant materials. Animals and human consumed plants and the carbon-14 become part of the body tissues, including bones. Carbon-14 is distributed throughout living matters (plants and animals),  and the radioactivity of carbon-14 remains constant at about 14 dpm/g-C. 

However, when the plant or an animal dies and metabolic processes stop and the level of carbon-14 decreases as it continues to decay but not get replaced. By comparing the radioactivity of isotope carbon-14 in the dead material with the steady state radioactivity, and the knowledge of its half-life, the age of the object can be calculated.  The accuracy of carbon-14 dating is limited to periods between 500 to 30,000 years.  Its accuracy also depends on the assumption that carbon-14 level in the atmosphere remains about constant.

Exercise-5:

1.
The so-called Dead Sea Scrolls, Hebrew manuscripts of the old Testament, were discovered in 1947.  The activity of carbon-14 in the linen wrappings of the book of Isaiah is about 11.0 dpm/g-C.  Estimate the age of the scroll when it was discovered.

2.
A wooden Japanese temple guardian statue of the Kamakura period (AD 1185 - 1334) showed a carbon-14 activity of 12.9 dpm/g-C when it was discovered in 1990. If the initial 14C activity was 15.0 dpm/g-C, what year was  the statue was made?  ( t½ = 5730 yrs)

Medical Applications of Radioactivity
Radiation Therapy

Radiotherapy is widely used to treat cancers and blood disorder such as leukemia.  Cancer cells are usually more sensitive to radiation than normal cells.  Radiation kills more cancerous cells per dose than healthy cells.  A slow administration of radiation will give affected normal cells time to repair damage.  Large  tumors in the body are normally irradiated with gamma-radiation such as from cobalt-60.  Damage to normal tissues is greater and also causes side effects such as nausea and loss of hair.  Iodine-131 is used to treat thyroid diseases, phosphorus-32 is used to locate tumors in the body.

 Medical Diagnoses - Medical Imaging and Radiotracers

Medical diagnoses of diseases using radioisotopes may be done in one of two ways - one is to develop image of internal organs;  the second is by using radioisotopes as tracers in the analyses of substances, such as growth hormone in the blood, in order to deduce possible disease conditions.  Technetium-99m is often used to develop images of internal body organs.  It has a half-life of 6.02 hr, decaying by -radiation to technetium-99: 


99mTc   (  99Tc  +  .

The image of internal organs absorbing the radioisotope-labeled substance is obtained by scanning the body with a -scintillation detector.

Thallium-201 is also used to determine heart disease in patients.  Thallium-201 decays by electron capture and emits X-rays as well as gamma-radiation. It can be used to obtain images similar to those obtained with technetium-99m. Thallium-201 binds particularly strongly to heart muscle. Diagnosis of disease or disorders depends on the fact that only muscle tissue that receives sufficient blood supplies bind thallium-201. When a person exercises strenuously, some part of the heart tissue may not receive sufficient blood because of constricted arteries. Areas that do not bind thallium-201 will show in the image as dark spots.

Another method of nuclear imaging is called positron emission topography (PET), which uses positron emitters, such as carbon-11, fluorine-18, nitrogen-13, or oxygen-15.  These are neutron-deficient isotopes, which have short half-lives.  They must be prepared in a cyclotron immediately before use. 

Some Radioactive Nuclides in Medical Applications as Radiotracers________
Nuclide
Half-life
Area of Body Studied___________

24Na
14.8 hours
Circulatory system

32P
14.3 days
Eyes, liver, tumors

51Cr
27.8 days
Red blood cells

59Fe
45.1 days
Red blood cells

87Sr
2.8 hours
Bones

99Mo
67 hours
Metabolism

99mTc
6.0 hours
Heart, bones, liver, lungs

131I
8.1 days
Thyroid

133Xe
5.3 days
Lungs

Food Irradiation

Bacteria and other pests in food can be destroyed by radiation.  Preservation of food by radiation uses much less energy than preservation by heating or freezing.  Food irradiation is commonly done using g-rays from sources such as cobalt-60 and cesium-137.  Insects and fungi in grain can also be destroyed by radiation, and medical supplies can be sterilized by radiation.  

Radioactive Tracers

The chemical property of a radioisotope is almost identical to that of non-radioactive isotopes of the same element. Chemists can use radioactive isotopes as tracers in chemical reactions and biological processes.  Isotopic tracers have been widely used to study mechanism of reactions, both simple as well as complex.  Radioisotope carbon-14 is widely used in the tracer studies of biochemical pathways.  The radioisotope phosphorus-32 has been used as tracer for detecting uptake of phosphorus by plant as well as the rate of such uptake under various conditions.

Use of Radioactive Nuclides in Elemental Analyses

Several methods in modern analytical chemistry, such as neutron activation and isotope dilution, involve nuclear reactions.  Neutron activation is an analysis of elements in a sample, and is based on the conversion of stable isotopes to radioactive isotopes by bombarding the sample with thermal neutrons.  A typical  capture reaction results.  For example,
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The frequency of the gamma rays is characteristic of the element and can be used to identify the element.  The intensity of the radiation is proportional to the amount of the isotope and is used to estimate the amount of the element in the sample.    

Isotope Dilution

Isotope dilution method can be used to measure the volume of fluid such as blood in circulatory system, or water in oil in underground reservoirs.  Isotope dilution is a technique for determining the quantity of a substance in a mixture or in a total volume of liquid by adding a known amount of radioactive isotope to it.  From the dilution of the radioactivity obtained, the total volume of the liquid can be calculated.

19.5: Thermodynamic Stability of the Nucleus - Nuclear Binding Energy
In nuclear reactions, a certain amount of the mass is normally lost, such that the mass of a nuclide is always less than the sum of masses of nucleons that make up the nuclide.  For example, a fraction of mass is lost when a proton and a neutron fuse together to form a deuterium  nuclide.
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1.007825 u
 1.008665 u
2.01410 u


Mass defect,  m =  2.010410 u - (1.007825 u + 1.008665 u) = - 0.00239 u

This difference is called the mass defect, which is the amount of mass that is lost when nucleons are bound together to form a nuclide. This lost mass is converted into nuclear binding energy that is needed to hold the nucleons together in the nuclide.  The nuclear binding energy can be calculated using the Einstein equation, E = (m)c2, where m is the mass defect.  For deuterium, the nuclear binding energy 

E =  (m)c2   =  (- 0.00239 u)  x (1.6605 x 10-27 kg/1 u) x (2.9979 x 108 m/s)2
     =   -3.57 x 10-13 J/
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H nuclide; or  - 2.15 x 1011 J/mol 
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Thus, in the fusion reaction involving protons and neutrons, a nuclear energy of 2.15 x 108 kJ is released per mole of H-2 nuclides formed. The formation of 
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He involves a nuclear binding energy of about 2.73 x 109 kJ/mol, about ten times higher than the formation deuterium ((H). The larger the nuclide the greater will be the binding energy.  The nuclear binding energy expressed in Joule per nucleus range from about 3.57 x 10-13 for deuterium to about 2.89 x 10-10 for uranium-238.  The larger the nucleus the larger the binding energy.

However, nuclear stability may be compared based on binding energy if the latter is expressed in term of Joule per nucleon. When the nuclear binding energy per nucleon is plotted against the mass number, the graph shows alpha particle as having an unusually high binding energy compared to its neighbors. Other nuclides with mass numbers divisible by 4, such as carbon-12, oxygen-16, neon-20, magnesium-24, etc., are also found to have higher binding energy per nucleon compared to their neighbors.  The graph also shows that highest binding energy per nucleon occurs at isotope iron-56. This implies that elements with mass numbers < 56 are more likely to be formed by fusion processes and those with mass numbers > 56 are m ore likely to be formed by fission of heavier isotopes formed during the supernova of dying stars.

Exercise-6:

1.
Calculate the nuclear binding energy per nucleon for the 
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He  nucleus. 


(atomic masses: 
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He = 4.0026 amu;  
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H = 1.0078 amu;  
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n = 1.0087 amu; 1 amu = 1.6605 x 10-27 kg)

2.
The nuclides beryllium-8 and beryllium-9 have an atomic mass of 8.005308 u and 9.012186 u, respectively. (a) What is the mass defect in each nuclide? (b) Calculate the nuclear binding energy in J/nucleus and the nuclear binding energy in J/nucleon for each nuclide. (c) Predict which nuclide is more stable? (d) Explain why beryllium-8 does not exist?

_______________________________________________________________________________________

19.6  Nuclear Fission and Fusion

Nuclear Fission

Two most important nuclear fission processes are those of uranium-235 and plutonium-239 isotopes. The fission reaction of uranium-235 is brought about by bombardment with slow (thermal) neutrons, while the fission process of plutonium-239 is caused by bombardment with fast neutrons. When a slow (thermal) neutron strikes a uranium-235 nucleus, it is absorbed by the latter to form a metastable uranium-236, which is called a compound nuclide - a nuclide composed of a target (uranium-235) and a projectile (neutron).  The metastable uranium-236 disintegrates into a series of products as shown below.  The fission also produces more neutrons.  The number of neutrons increases rapidly during the fission process, and cause more fission reactions, resulting in a branching chain reactions.
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The extent of chain reactions depends on the size of the uranium sample.  A sample that is too small to sustain chain reaction is referred to as a subcritical sample.  A sample size that is just right and able to sustain chain reaction in a controllable manner is referred to as a critical sample.  A sample size that is too large and brings about chain reaction in an uncontrolled fashion is called supercritical sample. In such samples fission reactions increase exponentially resulting in a tremendous explosion (a nuclear explosion), which releases an enormous amount of gamma radiation . 

In a nuclear reactor, the rate of fission reaction is controlled so that the number of neutrons produced is equal to the number absorbed, enough to sustain fission reaction.  The core in a nuclear reactor consists of fuel rods, which contain uranium-235, and control-rods (usually contain cadmium), which are placed in between the fuel rods.  If the number of neutrons emitted increases, the control-rods are lowered to absorb excess neutrons, and this will slows down the fission process.  When the number of neutrons falls too low, the control rods are removed and the fission reaction increases.   

Neutrons produced by fission reactions are fast neutrons, which cannot cause fission reaction on uranium-235. Slow or thermal neutrons are required to bring about nuclear fission on uranium-235. A moderator, normally the cooling water system, is used to slow down the neutrons produced by fission, and these are then fed back into the reactor core to bring about more fission reactions. 

Problem Associated with Nuclear Power

After a few years, the concentration of fission products that capture neutrons build up to a point where power can no longer be produced at a practical rate.  The fuel rods must be replaced.  The fission products in the used-fuel contain too many neutrons and are therefore radioactive, and will continue to be dangerously radioactive for many thousand years. Their disposal poses an enormous problems.  One reasonable suggestion is that radioactive waste be converted to small volume of glassy materials and then stored underground in geologically stable rock beds.

Another problem with nuclear power is that the supply of uranium-235 is very limited. Natural uranium contains only about 0.72% uranium-235; the remainder is uranium-238, which does not undergo fission reaction.  However, uranium-238 captures fast neutrons to undergo a series of beta-decays and finally forms plutonium-239.
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Using Plutonium-239 for Nuclear Energy

Plutonium-239 undergoes nuclear fission process when bombarded with fast neutrons.  A moderator is not needed in a nuclear reactor that uses Plutonium-239 as fuel.  A special type of reactor, called breeder reactor, is designed to produce plutonium-239 from uranium-238. A breeder reactor uses a mixture of plutonium-239 and uranium-238 as fuel.  One of the neutrons produced from the fission of plutonium-239 nucleus is used to sustain the fission chain reactions, while other neutrons are used to convert uranium-238 to plutonium-239. Thus, a breeder reactor produces both energy to generate electricity and more fuel (
[image: image202.wmf]94
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Pu).  

Nuclear Fusion

The combination of light nuclei is called nuclear fusion, and tremendous amounts of energy are generated by such reactions.  The sun, which presently consists of 73% hydrogen (protons), 23% helium (-particles), and 1% other nuclei, gives off vast amount of energy from the fusion of protons to form helium:


[image: image203.wmf]1

1

H  +  
[image: image204.wmf]1

1

H  (  
[image: image205.wmf]2

1

H  +   
[image: image206.wmf]1

0

;


[image: image207.wmf]1

1

H  +  
[image: image208.wmf]2

1

H  (   
[image: image209.wmf]3

2

He


[image: image210.wmf]3

2

He  +   
[image: image211.wmf]3

2

He  (  
[image: image212.wmf]4

2

He  + 2 
[image: image213.wmf]1

1

p;


[image: image214.wmf]3

2

He  +  
[image: image215.wmf]1

1

H  (   
[image: image216.wmf]4

2

He  +  
[image: image217.wmf]1

0


These reactions produce solar energy in the order of 1019 kJ of energy per second.  A temperatures in the order of 107 K is required to bring about fusion reactions.  At these very high temperatures atoms exist as plasma consisting of unbound nuclei and electrons. 

Much research is being devoted to making the following fusion process a practical reality: 
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E ~ -1.7 x 109 kJ/mol

In fusion bombs (also called thermo-nuclear bombs), the fusion reaction involves deuterium (
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H) and tritium (
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H), where the latter is produces from lithium-6 bombarded with neutrons produced by the fission bomb. That is, lithium-6 deuteride is placed around the plutonium-239 fission bomb. When the fission explosion is set off, the following reactions occur, which set off another explosion from fusion processes.
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Exercise-7:

1.
How much nuclear energy (in kJ) is produced per mole of (He formed in the following fusion reaction:
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 (Atomic masses:  
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  1 amu =  1.6605 x 10-27 kg;  c = 2.9979 x 108 m/s; 1 J = 1 kg.m2/s2)

_____________________________________________________________________________

19.7   The Effects of Radiation
All three types of radiation () disrupt normal cellular processes in living organisms.  The biological effect of radiation depends on the type of cells exposed to radiation, the radiation dose, and the duration of radiation.  A person exposed to ionizing radiation may suffer either short or long-term injury, depending on the radiation dose received.  Cancer is often the main delayed effect of ionizing radiation. 


A dose is the quantity of ionizing radiation absorbed by a unit mass of matter.  The SI unit of radiation dose is called gray (1 Gy = 1 J/kg), although the unit rad (radiation absorbed dose) is more commonly used, where 1 rad = 10-2 J/kg and (1 Gy = 100 rads).  Since different types of radiation affect tissue differently, a quality factor Q is assigned to each type of radiation in order to compare their relative effectiveness.  For  and  radiation, Q = 1; for slow (thermal) neutrons, Q = 5; for fast neutrons and protons, Q = 10, and for alpha-particles, Q = 20. This implies that an alpha-radiation causes 20 times more damage to tissue than a beta-radiation. This quality factor is also called the relative biological effectiveness or RBE value.  The SI unit of radiation dose that takes into account the type of radiation and its quality factor is called the sievert (Sv), where 1 Sv = Gy x Q.  The traditional unit of radiation dose that takes into account the type of radiation and its RBE value is called rem (roentgen equivalent man), where 1 rem = 1 rad x RBE.  (1 Sv = 100 rem).

Different types of tissues have different sensitivity towards radiation. Specialized cells and cells undergoing active cell divisions are generally more sensitive to radiation.  As a result, the danger of radiation effect is many times greater to the fetus during the trimester period of pregnancy.


External exposure to -radiation is not harmful because alpha particles will not penetrate the outer epidermal layer of the skin.  However, if a radioactive substance that produces alpha particles gets into the body, they can cause severe ionizing damage to internal organ tissues exposed to them.  Beta-radiation is stopped by about 0.5 - 1.0 cm of the skin tissue; while - and X-rays are very penetrating.


The average radiation dose received by nonsmokers is about 180 mrem/yr.  About 65% of this dose is from natural sources, and 35% is the result of human activities, with diagnostic X-rays being the largest source of exposure from such activities.  The estimated dose for smokers from tobacco products is about 220-250 mrem/yr). In some areas, airborne radon (esp. radon-222) is responsible for two-third of the radiation from natural sources.  


The chemical properties of radioactive substances are also important factors in biological effects of radiation. The damage from internal radiation source depends on how long the radioactive substance stays in the body.  For example, strontium-90 (a radioactive isotope) is particularly dangerous because of its similar chemical properties to calcium, it tends to accumulate in the bone where it may cause leukemia and bone cancer.  Radioactive iodine accumulates in the thyroid gland.  

Typical Radiation Exposures for a Person Living in the United States


Exposure


(mrem/year)
From natural sources:
Cosmic radiation
50

From the Earth and building materials
50
In human tissues
20
From the air
  5 _
Total from natural sources
125
From human activities:
X-ray diagnosis
50

TV tubes/computer monitors, etc.
  5  _
Total from human activities
55
Total from both
180
Effects of Short-term Exposures to Radiation____

Dose (in rem)
Clinical Effects                                                                                          _
0-25
No detectable effect
25-100
Temporary decrease in white blood cell counts

50+
Temporary sterility in men

100-200
Strong decrease in white blood cell counts; 


Mild radiation sickness: vomiting, diarrhea, and tiredness in a few hours;


Reduction in infectious resistance;  


possible bone growth retardation in children

300+
Permanent sterility in men and women

500
Serious radiation sickness: marrow and intestine destruction; 


50% death of exposed population within a month

1000+
Acute illness;  death within days.
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