Chapter 7

Nuclear Reactions– 
changing the hearts of atoms

She points it to the rock, and the rock turns into gold.
- a legend

Alchemists dreamt of changing worthless mercury into the precious gold and platinum. Chemical reactions never change the identities of element, and alchemists' dream can never be realized. Nuclear reactions change identities of elements and they fulfilled alchemists dreams, however the process costs more than the products.

However, nuclear reactions are not for the purpose of producing precious elements. They are useful in making, for example, radioactive nuclides, new elements, qualitative analyses, quantitative analyses, and weapons. Furthermore, these reactions are employed in fission nuclear reactors and future fusion nuclear reactors. Nuclear reactors are mainly for energy production.

Radioactive decays also change identities of nuclides, but decays need no stimulants. The radioactive nuclei undergo decay (decomposition) by themselves. They may be considered a special kind of nuclear reactions. Nuclear reactions, however, are usually induced by bombarding a sample with energetic subatomic particles or high-energy photons.

In order to understand nuclear reactions, they are studied experimentally under controlled condition. On the other hand, they also occur naturally. 

Nuclear-Reaction Experiments

Radioactivity has always been present but it was not discovered until 1896 because the phenomena due to radioactivity cannot be directly detected by human senses. Like radioactivity, nuclear reactions are taking place in nature all the time, but they are not directly observable. Thus, their discoveries are made by deductive minds after careful analyses of various phenomena.

Nuclear Reactions

Nuclear reactions change the identity of elements or nuclides by altering the energy states of atomic nuclei. Changes in states can be in the form of energy, number of nucleons (protons and neutrons) or number of quarks. In contrast, chemical reactions change the identities of compounds, but not identities of elements. Physical reactions change the states (solid, liquid, gas, solution etc) of substances, but not identities of molecules.

· What is a nuclear reaction?
How are nuclear identities changed in nuclear reactions?
How can the changes be detected and confirmed?
What are the reactants and products in nuclear reactions?
What is the role of energy in nuclear reactions?
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Particles Used in Nuclear Reactions


Symbol
Particle

(
(
photon

electron

p or 1H
proton

n
neutron

d or 2D
deuteron

t or 3T
triton

( or 4He

nE
alpha

other nuclide

I
A nuclide, A, when bombarded by energetic subatomic particles, a, changes to another nuclide is called a nuclear reaction. The energetic particles a either from radioactive decays or from particle accelerators. Often, the products consist of light particles b and another nuclide B. The reaction can be written as



a + A ( B + b.

This reaction is often written in a short form,



A (a, b) B,

where a and b may be an (, (, (, neutron, proton, deuterium, a nuclide, or high-energy electron. An exothermic nuclear reaction releases energy, and an endothermic nuclear reaction requires energy. The energy required in an endothermic reaction can be supplied in the form of kinetic energy (of the incident particle a).
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Potential Energy of Nuclear Reaction

Ideally, the energetic particle a must approach A within 10‑15 m for a nuclear reaction to take place, because the strong force will only be effective at this distance. Particles such as protons, ( and light nuclides with a positive charge experience a repulsion of the atomic nucleus, due to the electromagnetic force. The repulsion results in a rise of the potential energy called the Coulomb barrier. They must carry enough energy to overcome the Coulomb barrier. Once in contact (10​​-15 m) with any nucleon or quark of the nucleus, the strong force becomes effective, merging the incident particle with the nucleus. Such an interaction makes the potential energy uniform and low, within the nucleus forming a potential well due to the strong force.

On the other hand, neutral particles (neutrons) approach the target nuclei experiencing no Coulomb repulsion. Once in contact with the nucleus, a neutron becomes part of the nucleus. However, neutrons carrying high kinetic energies will be bounced off or knock other nucleons out of the nucleus. These considerations are given in planing nuclear reaction experiments.

The forgoing consideration suggests that the type of nuclear reaction depends on the target material A, the incoming particles a, and their energies. Particles from an accelerator may have the same energy before they enter the target. Interactions of incident particles with the target atoms alter the energy of particles before they react with A. Due to the range of energies of the incident particles, several modes of nuclear reactions may take place. 

Review Questions

1. What are nuclear reactions?
How are they different from physical and chemical reactions?
What particles are used to induce nuclear reactions?
What particles are usually produced in a nuclear reaction?

2. What force is responsible for the Coulomb barrier?
What particles experience it, and what particles will not experience it? 

3. What are the advantages of using neutrons to bombard atomic nuclei?
This is an open-ended question, because the more you know, the more you can give.

Discoveries of Nuclear Reactions 

Nuclear reactions were discovered in 1919. At that time, tracks of ( particles were made visible in cloud chambers. Their discovery was due to the power of mind and a keen observation.

· When were the first few nuclear reactions discovered, and by whom? 
How were they discovered?
What are the reactions?

In 1914, E. Marsden and E. Rutherford studied ( particles. In the vicinity of the ( particle source, they observed some tracks of positively charged particles that were different from those of ( particles. 
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In the cloud chamber, these particles made longer but thinner tracks than the (-particle tracks. Furthermore, these particles gave more point‑like scintillation images on the zinc sulfide (ZnS fluorescence material) screen than the ( particles did. Eventually, they identified them as hydrogen nuclei or protons. At first, they thought the protons came from ionization of water molecules, but they carried out these experiments carefully under water-free conditions. The persistence of the protons around the ( source led them to the extraordinary conclusion that "the nitrogen atom is disintegrated under the intense force developed in a close collision with a swift  (‑particle".  They considered the hydrogen atomic nuclei so liberated constituents of the nitrogen nuclei. This conclusion led to the observation of the first nuclear reaction in 1919, and they postulated the reaction to be:


14N + 4He ( 17O + 1H  

or in short form  14N ((, p) 17O, which is often called an ((, p) reaction.

At about the same time, F. Joliot and I. Curie bombarded aluminum with alpha particles. After the bombardment, they found the aluminum metal radioactive. The induction of artificial radioactivity by ( particle bombardment marks another nuclear reaction,


27Al ((, 1n) 30P ( , (+ or EC) 30Si.

The 30P further decay by positron emission or electron capture (EC) leading to a stable isotope of silicon, 30Si. The half-life of 30P is 2.5 min.  The short notation ( , (+ or EC) indicates a radioactive decay process which involves no incident particles as a reactant.

Another milestone in the study of nuclear reactions took place around 1929 when John D. Cockroft and Ernest T.S. Walton( devised an accelerator in the Cavendish Laboratory, Cambridge, England. They applied high voltage to accelerate protons and observed the reaction:


7Li + p ( 2 (

This was actually a proton induced fission reaction because the lithium nuclei were divided into two halves.  However, they called the reaction the smashing of an atom by artificially accelerated particles.

Skill Developing Questions

1. What contributed to the discovery of nuclear reactions?
This is an open-ended question for discussion, but some factors are keen observation, careful analysis, sound deduction, and bold conclusion.

2. Describe the nuclear reactions discovered by Rutherford and Marsden; F. Joliot and I. Curie; and J.D. Cockroft and E.T.S. Walton.

Nuclear Reaction Experiments




A typical nuclear reaction experiment requires a source of energetic particles, a target containing atomic nuclei, a shield, detectors, and a data collection and analysis system as depicted here.  Furthermore, the complicated data collection and analysis may be helped by the use of computers.

· What particle sources are available and what are the energies these particles?
What target materials are used? 
How products can be identified?
What to use to detect the emitted small particle in a nuclear reaction?
How can a conclusion be reached?

In an intended experiment, we usually know the particles and target nuclides used, but usually not the products. The parameters such as the types and energies of the particles and targets are set or known in an experiment, but the products are seldom as predicted. To understand a nuclear reaction, products must be detected and identified. Instruments extend our senses to see the products. Careful analysis of the data helps us to interpret the reaction.

In addition to particles from radioactivity, high-energy particle accelerators provide energetic particles for the study of nuclear reactions*. Often, charged particles such as protons, alpha particles, atomic nuclei, electrons and positrons are accelerated to energies in keV, MeV, and GeV. They are used in nuclear reactions. After the bombardment, sophisticated detectors are built to detect particles emitted by the target nuclei after the reaction. Energy, charge, and type of emitted particles can be determined by specific detectors. Thus, some of the products can be identified.

The unidentified products can be inferred based on the conservation of charges, particles, and masses.

Research nuclear reactors usually provide neutron sources. Neutrons are captured by many nuclides and the reactions produce radioactive nuclides. Identities of the products can be determined by measuring the types of decay, the energies of the particles, and the half lives. These measurements usually lead to the identification nuclides produced by comparison with properties of known radioactive nuclides.

There are many applications for nuclear reactions. For example, some information on the Basics of Boron Neutron Capture Therapy (BNCT) can be found in the URLs: http://www.mit.edu:8001/people/flavor/intro.html. and http://www.mallinckrodt.nl/nucmed/noframes/general/nucmed.htm

Review Questions

1. What are the key requirements in a nuclear reaction experiment?

2. What are some of the particle sources? 
Give a short list of them that you know how they are generated.

3. When 10B nuclei are irradiated by neutrons, alpha particles are emitted. What is the reaction?

Neutron Sources

Neutrons are ideal bombarding particles for nuclear reactions, because they approach atomic nuclei experiencing no Coulomb barrier as do positive particles.

· What nuclear reactions will produce neutrons?
Can the production of neutrons be made into convenient neutron sources?
What are the applications of neutron sources?

Mixtures used as Neutron Sources


Neutron

Source
Reaction
energy / MeV
Ra and Be
9Be ((, n) 12C
up to 13

Po and Be

up to 11

Pu and B
11B ((, n) 14N
up to 6

In 1932 James Chadwick* bombarded beryllium with alpha particles, and discovered a neutral particle, the neutron. The reaction is now used as a neutron source, and the reaction is 



9Be ((, n) 12C.

Further study showed that bombardment of boron by alpha particles also produced neutrons in the reaction, 9B ((, n) 12N. 

Since ( particles do not travel more than a few centimeters, ( emitting radioactive nuclides Ra, Po, and Pu are mixed with beryllium or boron to produce neutrons. Only small fractions (in the order of 0.005% to 0.05% depending on the mixture) of the alpha particles emitted result in the production of neutrons. These mixtures are called neutron sources. The energies of the neutrons so produced are in the order of MeV.

Two-component Neutron Sources


Neutron

Source
Reaction
energy / MeV
Ra, Be
9Be ((, n) 8Be
0.6

Ra, D2O
2D ((, n) 1H
0.1

24Na, Be
9Be ((, n) 8Be
0.8

24Na, D2O
2D ((, n) 1H
0.2

Neutrons are also produced when light nuclides are excited by high-energy photons. Since the emission of gamma rays often follow the emission of ( or ( rays, excitation by photons requires ( sources separate from the light elements to avoid irradiation by ( and ( particles. Usually, beryllium, Be, and heavy water, D2O, are suitable target materials. Some well-known neutron sources are listed here. These neutrons are much less energetic than those given earlier.  

Neutrons can also be produced using accelerated particles. A d-d reaction, 



2D (d, n) 3He, 

gives different yields depending on the energy (100 KeV to 2 MeV) of the accelerated deuterium, d (2D). Better yields of neutrons are obtained with the d-t reaction, 3T (d, n) 4He. These fusion reactions are well studied, and they will be discussed in Chapter 9 on nuclear fusion.

Another type of neutron source is provided by spontaneous fission. For example, the nuclide 252Cf decays by 97 % alpha decay and by 3% spontaneous fission. Every fission reaction releases an average of 3.8 neutrons. Nuclear fission reactions are discussed in Chapter 8.

Major sources with very high numbers (intensities or densities) of neutrons (1015 n cm-2 s-1 or higher) are close to the core area of nuclear reactors. More information will be provided for these sources in conjunction with nuclear fission and nuclear reactor technology in Chapter 8.

Skill Building Questions

1. Give some examples of alpha induced reactions that produce neutrons. 
What applications have been made of these reactions?

2. Give some examples of neutron sources using gamma ray technology. What are neutrons used for?

3. Discuss the d-d and d-t reactions. (Open ended question)

Neutron Induced Radioactivity

Neutrons, discovered in 1932, are ideal projectiles for inducing nuclear reactions. Neutrons are captured by most stable nuclides. The increase of neutrons in these reactions produces radioactive materials, mostly beta emitters.

· What are the typical nuclear reactions induced by neutrons?
How can the products be identified?

Emission of light particles (, (, and ( in neutron-induced reactions are often delayed. Half-lives of nuclei produced and their decay energies are determined by experiments, and these data provide identification for the products. Once the products are identified, the reactions are deduced. Almost every element absorbs neutrons, but some more than others.
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Soon after the discovery of neutrons, the group led by Enrico Fermi( in Italy worked feverishly. Just two months after I. Curie and F. Joliot announced their discovery of artificially induced radioactivity, Al ((, n) P, in France, Fermi claimed the discovery of the following reactions:


19F (n, () 16N
 
27Al (n, () 24Na ( , () 24Mg.

After that, he told his student Segré( to buy all possible pure elements found in Mendeleyev's periodic table, and then they bombard what they have bought with neutrons. Using a pure element as target material reduced complication due to other elements. They produced radioactive nuclides with various half-lives for the elements iron, silicon, phosphorous, vanadium, copper, arsenic, silver, tellurium, chromium, barium, samarium, gold, neodymium, etc.  They identified (n, (), (n, p) and (n, () reactions. The neutron bombardments gave them many new radioactive nuclides, and Fermi was awarded with the Nobel Prize for Chemistry in 1938 for his identification of new radioactive elements produced by neutron bombardment and his discovery, made in connection with this work, of nuclear reaction affected by slow neutron.  After receiving this prize on Dec. 12, he went to the United States directly from Stockholm, fulfilling his wish since the day Italy joined Hitler.

Skill Building Questions

1. Give an example each of the (n, (), (n, (), and (n, () reactions?

2. Why did Fermi's group bombarded samples of pure element rather than samples of any material by neutrons?

3. The Nobel Prize for Chemistry in 1938 was awarded to E. Fermi in recognition of what achievements?

Nuclear Reactions Induced by Cosmic Rays

[image: image8.wmf]The primary cosmic rays arriving at the top of the earth's atmosphere consist mostly of positively charged particles, mainly protons (83 %). Most cosmic protons have energy in the range between 1 and 2 GeV (2 giga eV or 109 eV), and a few reach high energies of ~1018 eV. Other components of the cosmic rays include nuclei of He (0.6 %), C, N, O and most elements of the periodic Table. 

· Do cosmic rays induce any nuclear reaction?
What are the products and what are the reactions?

Cosmic rays interact with atomic nuclei in the atmosphere as well as those of liquids and solids. The impact of primary cosmic rays near the top of the atmosphere produces violent nuclear reactions in which many neutrons, protons, alpha particles and other fragments are produced. Some light nuclides such as 3H, 4He, 7Be, 10B are also produced.  Lithium, beryllium and boron are practically absent in stellar objects, but are abundant in cosmic rays.  They are probably produced in interstellar space through collisions of protons and alpha particles with interstellar gases.

One interesting nuclear reaction due to cosmic rays is the formation of 14C,


14N (n, p) 14C

The half-life of the (-emitting 14C is 5730 y.  Carbon atoms circulate around the planet Earth forming a carbon cycle. Thus, carbon in systems actively exchange carbon in this cycle contains a certain amount of the radioactive 14C. This type of carbon has a specific radioactivity (radioactivity per unit weight of say gram) of 14.9 disintegration per minute per gram. This radioactivity is readily measurable. When a carbon-containing sample is isolated from the carbon cycle, no isotope exchange takes place. Its 14C isotope decay according to a half-life of 5730 y. Thus, the specific radioactivity decreases. Thus, by measuring the specific radioactivity of a sample enables us to determine the age (of isolation) for the sample. This method is called 14C-dating or carbon dating.

Meteorites are exposed to a high level of cosmic rays. Nuclear reactions generate many radioactive nuclides, and as a result, the radioactivity of meteorites is usually high. Analysis of isotope distribution reveals interesting results of cosmic rays and history of meteorites, but this subject is a spin-off from a general discussion of nuclear reactions.

Skill Building Questions

1. How is carbon-14 produced?
Why do living organisms contain an equal percentage of radioactive carbon?

2. The chemistry and physics of carbon cause the element to undergo a complicated transformation on the planet Earth. This process is called a carbon cycle. This cycle is an important consideration of the carbon dating. This cycle is often covered in schools, but describe the carbon cycle if you can. Otherwise, check out a source and read about it, and then describe it.

3. Assume that 10% of body weights is carbon, and that the specific radioactivity of carbon is 14.9 dis min–1 g–1, what is the radioactivity of a human body? You need to assume a weight here, but if everyone uses the average mass of 70 kg, then everyone's answer is the same.

Simple Theories on Nuclear Reactions

There are many theories on nuclear reactions and we shall consider some simple ideas such as cross section for the probability of reaction and the types of nuclear reactions. 

Reaction Cross Sections




In mixtures of alpha emitters and beryllium or boron as neutron sources using ((, n) reactions, only fractions of ( particles were effective for the production of neutrons. In the three mixtures listed earlier, the fractions range from 60 to 500 per million ( particles.

· Why not all alpha particles captured by atoms?
What are the conditions for nuclear reactions?
Why different fractions of  particles cause reactions? Why is there a difference and how to tell the difference quantitatively?

The alpha particles have to almost collide with the atomic nuclei to be captured. The chances of an  particle hitting the nuclei is proportional to the area seeing by the  as its cross section, (, from a distance. 

When the bombarding particle strikes an area slightly larger than the disk-like area of a nucleus seen from a distance, the two particles make a contact leading to a reaction. The larger the cross section, the higher is the probability of the projectile hitting the (target) nucleus. Since the radius of a nucleus is in the order of 10‑14 meters, and the area of the cross section of a nucleus will be in the order of 10‑28 m2 (or 10‑24 cm2). For convenience, an area of 10‑28 m2 is defined a barn (b).

On the other hand, many kinds of interaction take place when a particle collides with a nucleus, and there are specific areas in the nucleus for certain interactions. Thus, pure collision theory suggests the cross section for nuclear reactions to be smaller than 1 b, but measured values of cross sections suggest a much more complicated model.

Cross sections for nuclear reactions are not calculated values from the radii of the nuclei, but they are experimental values representing the probability of reaction. The rate of reaction (number per unit time) in an experiment equals the product of the cross section, (, the number of target atoms per unit area N, and the intensity of the flux (number of particles per unit area per unit time s–1 cm–2) I. That is,


rate = ( N I.

Thus, the cross section is really a measure of the probability of a given reaction, and the total cross section of absorption of a particular accelerated particle is the sum of all partial cross sections.

A sample irradiated in the core of a nuclear reactor differs from irradiated by a unidirectional beam. Neutrons in reactor bombard the sample from all directions. For neutron irradiation in reactor core, the cross section is calculated by dividing the rate of reaction by the total number of nuclei, and the intensity of the flux,



( = 


Note that the unit of the cross section so calculated is cm–2 or m–2, depending on the unit used for I. The unit barn (=10‑28 m2 or 10‑24 cm2) has been used for the tabulation of cross sections of nuclides. Cross sections have a very large range, 106 to 10–6.

[image: image9.wmf]The cross-section concept is based on the particle properties of the reactants. On the other hand, particles also have wave properties, such as wavelength. Furthermore, particle interactions are mediated by force carriers. These considerations suggest complicated interactions between particles and the nuclei leading to nuclear reactions. For example, the explanation for very large cross sections has been attributed to the long de Broglie wavelength ( = h/p, p being the momentum). This allows the interaction between neutrons and target nuclei to extend beyond the boundary of these particles.

The values of cross section depend on the nucleus, particle, and particle energy. The cross section for boron, for example, is 120 b for neutrons travelling at 10 km/s. It is 1,200 b for neutrons travelling at 1 km/s. These large cross sections indicate that boron is an excellent absorber for slow neutrons and an effective absorber for moderate fast neutrons. The metal zirconium is rather transparent to neutrons; it has an absorption cross section of 0.18 barn for the low-energy neutrons that cause fission in nuclear reactors. Zirconium experiences little damage by neutrons and it is used to clad reactor fuel rods. Boron is used to absorb neutrons.

Review Questions

1. What is the meaning of cross section in nuclear reactions?

2. In an experiment, 1.0 g of 59Co is placed in a neutron flux with an intensity of 1015 neutrons s–1 cm–2. A handbook gives the cross section for 59Co as 17 b for the reaction 59Co (n, () 60Co. What is the rate of producing 60Co. (Ans. 1.7e14 60Co/s) 

3. The cross section for 59Co is 17 b. What is the radius of the nucleus?

Energy Dependence of Cross Sections

Cross sections of reactions depend on both the bombarding particle and the nuclide. They not only have a very large range, they also depend on the (kinetic) energies of the incident particles.

· How does the cross section of a reaction vary with the energy of the incident particles?
How does the cross section of neutron absorption vary with neutron energy in general?

· Do the types of nuclear reaction depend on the kinetic energies of the incident particles? 

Energy is the driving force of all reactions, including nuclear reactions. The kinetic energy of the bombarding particles must be included and considered in nuclear reactions.
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Let us focus on the neutron capture reactions. In general, the cross section decreases as the energy of the neutron increases. However, the cross section increases suddenly at some specific energies of the neutron, but the cross section rapidly decreases from the high points. A typical variation curve is depicted here.

The sudden increase has been attributed to the energy states of nuclei. Neutrons moving with these particular energies can be accommodated easily by the target nuclide. The rise in their capture cross section is known as resonance absorption. The resulting nuclei correspond to some excited states of the newly formed nuclei, and the excited energy may be emitted as gamma rays. Gamma ray spectroscopy often confirms the existence of these excited energy states.
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There are cases in which many types of nuclear reactions take place. The cross section of each mode depends on the energies of the particles. For example, bombardment of 209Bi nuclei by ( particles produces various isotopes of astatine. These reactions result in the release of neutrons. The number of neutrons released depends on the kinetic energy of the incident ( particles. Low energy (15 ‑ 30 MeV) ( particle bombardment favours the reaction 209Bi ((, n) 212At, but some 209Bi ((, 2 n) 211At also take place. The latter is dominant if the  particles have energy between 25 to 35 Mev.  Alpha particles with yet higher energy (greater than 35 MeV) tends to eject 3 or more neutrons 209Bi ((, 3n) 210At. Still higher energy results in the fragmentation of the Bi into nuclei of light elements. The variations of these cross sections are sketched in the diagram shown here.

There is no reliable prediction of the reaction path for a particle of certain energy. Each case must be studied individually. For a picture of total neutron cross sections of variety of nuclides U, Th, Pb, Hg, Au, to some very light nuclides 6Li, 7Li, and B, see a recent graph in the web site: http://www-phys.llnl.gov/N_Div/APT/TotalCrossSections/stotgraph.html.
Skill Building Questions

1. In general, how does cross section vary as the energy of neutron increases?

2. What is resonance absorption?

3. How does the mode of reaction change as the energy of the incident particle change? 

4. The cross section for the reaction 209Bi ((, n) 212At is 0.5 b for alpha particles of 20 MeV, and the cross section for the reaction 209Bi ((, 2n) 211At is 35 mb. What is the total cross section of Bi for 20 MeV alpha particles?

Types of Nuclear Reactions


[image: image5.wmf]Particles or nuclides


When the target nuclei are bombarded by particles, there are some general types of nuclear reactions. Net nuclear reactions occur when collisions result in combining or rearranging nucleons in the nuclide and particle. Exchange of energy between the incident particle and the target nuclei also takes place. 

· How do particles and nuclei interact? 
What are some of the typical nuclear reactions?

A particle colliding with a nucleus may be scattered (deflected) without leading to a net nuclear reaction. In this scattering process, a particle may or may not transfer any energy to the nucleus. When a particle losses no energy, it is called elastic scattering whereas inelastic scattering refers to one that a particle losses or gains energy. A subatomic particle may be captured (absorbed) by and become part of an atomic nucleus. A capture reaction increases the mass number of the nuclide and leads to a new nuclide. One or more atomic particles may be released in a particle-nucleus encounter, and such a process is called a rearrangement reaction. A particle may induce a fission reaction, in which case the nucleus splits into fragments. When light particles combine, the capture reaction is called fusion.

Elastic Scattering: This process can be represented by the equation,


208Pb (n, n) 208Pb.

It does not imply that neutrons scattered off the target nuclei are the same neutrons entering the target area.

Inelastic Scattering: If the particle transfers energy to a nucleus, the nucleus is left excited,


40Ca ((,(') 40mCa

where ( and (' have different kinetic energies. In cases when the incident particle is a complicated nuclide, it may also be left in excited state,


208Pb (12C, 12mC) 208mPb

This process is called mutual excitation.

Capture Reactions take place for charged and neutral incident particles. In capture reactions, excess energy is usually spent on the emission of a photon. Some examples are,


197Au (p, () 198Hg

238U (n, () 239U

As mentioned earlier, neutron capture reactions are responsible for the synthesis of 239Pu and 236U. These reactions are responsible for the production of many radioactive nuclides.
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Rearrangement Reactions: The absorption of a particle accompanied by the emission of one or more particles is called a rearrangement reaction. Some rearrangement reactions are exemplified below:


197Au (p, d) 196mAu


4He (4He, p) 7Li


27Al (4He, n) 30P


54Fe (4He, 2 n) 56Ni


54Fe (4He, d) 58Co


54Fe (32S, 28Si) 58Ni

Various rearrangement reactions are possible, and they lead to the formation of a nuclide, changing both the numbers of neutrons and protons. The transformations of nuclides in nuclear reactions are summarized in a diagram here. For example, an ( capture reaction ((, () increases both numbers of neutrons and protons by two. The original nuclide is transformed to one on the top right corner marked by ((, (). When more nucleons are released than captured, a nuclide is transformed to the left or lower portion of the diagram. Energetic photons (( rays) also induce nuclear reactions of various types.

Fission Reactions: Spontaneous fission is considered a mode of radioactive decay, and relatively few nuclides have high fission activity. Fission can be induced by neutrons, and well known fission reactions are given below,


239Pu (n, 3 n) fission products


235U (n, 3 n) fission products

These fission reactions release large quantities of energy. Atomic bombs and nuclear reactors make use of them. 

Fusion Reactions are of great interest, because future energy supply depends on them. Fusion reactions are treated in another chapter, but they are mentioned here in this summary of nuclear reactions. One of many well-known fusion reactions is


2 2D ( 3He + n

However, fusion is not necessarily the combination of two light nuclides. For example, the probability for the reaction 2 2D ( 4He is very low.

Skill Developing Questions

1. Discuss the scattering interactions between particles and atomic nuclei.

2. What is the similarity and difference between capture and rearrangement reactions?

3. What reactions will lead to the formation of 60Co from 59Co? 
The cobalt metal consists of 100% 59Co, the only stable isotope of cobalt. Suggest a method for the production of 60Co.

4. What reactions will change deuterium into helium, 4He?

Applications of Nuclear Reactions

Nuclear reactions are used for nuclide productions, syntheses of unknown nuclides, syntheses of non-existent elements, and syntheses of heavy elements heavier than the heaviest element, uranium, on Earth. These applications are based on new nuclides produced.

Applications based on the properties of nuclide lead to the analyses of materials. For example, minute amounts of metals present in hair capture neutrons and become radioactive. Analyses of this radioactivity enable us to determine the metal present for medical diagnoses. This type of application is called activation analysis. For example, by irradiating a rock and then measure the radioactivity produced enables us to determine the composition of the rock. Such applications have been used for space explorations as well as the analyses of terrestrial samples.

Applications based on Nuclide Productions

Nuclear reactions produce new nuclides. A major application of nuclear reaction is nuclide production.

· What were some of the radioactive nuclides produced and why were they produced?
What are the radioactive nuclides used for?

Nuclear reactions produce new nuclides for scientific research, for medicine applications, and for the extension of our boundary of nuclides. Many nuclides are tailor made using a combination of nuclear reactions.

Not too long ago, there were empty spaces to be filled in the periodic table of elements. The existence of these elements and the reasons for their absence are fundamental to science. 
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elements with atomic numbers greater than 83 have no stable isotopes, isotopes with atomic numbers between 84 and 92 have been identified, except the one with Z = 85. Making this group VII element below iodine was a challenge. Dale R. Corson, K.R. Mackenzie and Emilio Segré. bombarded bismuth with alpha particles in 1940 and they anticipated the formation of an element with Z = 85 by the reaction: 


209Bi83 ((, xn) (213-x)At85,

where x is an integer 1, 2, or 3. Various modes of reactions have been mentioned earlier and the element is called astatine (At) named after the Greek word astatos meaning unstable. After metallic bismuth sheets were irradiated by ( particles, the sheets were heated to a temperature between 300 and 8000C. Isotopes of astatine sublimated and condensed on cold surfaces. This method is used to separate astatine, because astatine should have properties similar to iodine, which sublimates when heated. Naturally occurring radioactive astatine isotopes have subsequently been found in minute amounts. About 20 isotopes are known. 

Astatine-211 has a half-life of 7.15 h, and decays by two pathways: 40% by alpha and 60% by electron capture (EC). The isotope 210At has the longest half-life (8.3 h) of all astatine isotopes. Thus, astatine must be synthesized shortly before it is used. Small quantities of astatine have been made, and its chemical properties established. Its properties are very similar to those of iodine. 
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Other missing elements of the old periodic table are technetium (Z = 43 named after Greek technetos artificial), promethium (Z = 61, named from Greek prometheus, god stole fire from heaven for man's benefit), and francium (Z = 87). The nuclide 97Tc was first synthesized by Carlo Perrier and E. Segré in 1937 from the reaction:


96Mo + 2D ( 97Tc + n,

using deuterium from a cyclotron. The isotope 97Tc has a half life of 2,6000,000 y. Two other long-lived isotopes of technetium are 98Tc (4.2(106 y) and 99Tc(2.1(105 y). Other isotopes of technetium have been produced by the reaction Mo42 (n, () Tc43. Technetium isotopes are also fission products of 235U, and some kilograms of 99Tc (( emitter) have been produced from processing used nuclear fuels.

Samarium has several stable isotopes with mass numbers 144, 147, 148, 149, and 150. One of these undergoes a neutron capture reaction 144Sm62 (n, () 145Sm producing an unstable isotope of the same element. It decays by electron capture (EC) with a half life of 340 days producing an isotope of the missing element promethium,


145Sm62 + EC ( 145Pm61.

However, 145Pm61 further decays with a half life of 17.7 years by EC to 145Nd, which is a stable nuclide. The other two long-lived promethium isotopes are 146Pm and 147Pm with half lives of 5.53 and 2.62 years respectively.

By nuclear reactions, three elements with atomic number less than 83 missing on earth have been synthesized and studied. Their study confirmed the prediction and existence of these missing elements on the periodic table.

A common and well known beta and gamma source is 60Co, which is a radioactive isotope emitting ( particles and gamma (() rays. The ( particles may be filtered off, and the gamma rays are used for medical examination, cancer treatment, and food treatment.  The isotope 60Co is made by placing cobalt metal in a nuclear reactor. The neutron bombardment leads to the formation of 60Co and 60mCo,



59Co27 + n (  60Co and 60mCo

This reaction produces two isomers of cobalt, the lower energy or ground-state 60Co, and the higher energy isomeric state, 60mCo. The latter will decay with a half‑life 10.5 min by gamma radiation leading to the ground state, 60Co, that emits ( particles and ( rays (half‑life 5.24 years) leading to 60Ni. The cross sections for thermal neutron capture reactions are 18 b for the formation of 60mCo and 19 b for the formation of 60Co. A little more of 60Co nuclides than 60mCo are produced at the end of irradiation, but 60mCo decays to give 60Co.

Many isotopes used in medical treatment are synthesized by irradiating the element with neutrons in a nuclear reactor.  Two examples are given here: 


23Na + n (  24Na

The cross sections for isomeric and ground states are 0.40 and 0.13 barns respectively.


127I + n (  128I  (6.2 barns)

Radioactive isotopes of iodine are used for thyroid examinations.

Skill Building Questions

1. What elements are missing on the planet Earth? Why? 
How are these synthesized, and what is the significance of their syntheses?

2. Suggest a method for the synthesis of an At isotope.  

3. What are the properties of 60mCo and 60Co? (An open ended question)
4. What is radioactive iodine used for in medicine? 
How is it produced? 
What are the decay mode and half life of 128I? 
How do these properties affect its application?

Syntheses of Transuranium Elements

Uranium has no stable isotopes, but both 235U and 238U isotopes remain on Earth because they have very long half-lives of 7.04(108 y and 4.5(109 y respectively. A third isotope 234U is present as a decay product of 238U (t1/2 2.45(105 y). Elements heavier than uranium are called transuranium elements*, and until they were synthesized, they were mysterious and unknown.

· Can transuranium elements be made?
How to make them?
How can they be identified?
What are their chemical and physical properties?
What are their nuclear properties?
How unstable are they?

Looking at the periodic table at the dawn of nuclear age, making the unknown transuranium elements were a frontier that has never been explored. Their syntheses were a challenge, but their success would have been great scientific achievements. Using the particle accelerator, the Berkeley group in the United States made a great stride in this endeavour.

From 1940 to 1962, about 11 radioactive transuranium elements (almost 100 nuclides) have been synthesized, about one every two years. Representative isotopes of the 11 elements are neptunium (Np93), plutonium (Pu94), americium (Am95), curium (Cm96), berklium (Bk97), californium (Cf98), einsteinium (Es99), fermium (Fm100), mendelevium (Md101), nobelium (No102) and lawrencium (Lw103).

At this point, the Berkeley group led by Seaborg( was particularly proud, because they have synthesized new elements to complete the actinide series, analogous to the 14 elements of the lanthanide series:


La57 , Ce58, Pr59, Nd60, Pm61, Sm62, Eu63 , Gd64 , Tb65 , Dy66, Ho67, Er68,   Tm69,   Yb70,  Lu71
 
Ac89, Th90, Pa91,  U92 , Np93 , Pu94 , Am95, Cm96, Bk97, Cf98 ,  Es99, Fm100, Md101, No102, Lw103
Among these, large quantities (tons) of 239Np93 and its decay fissionable product 239Pu94 have been made in nuclear reactors by the reaction 238U (n, () 239Np (see G.T. Seaborg and A.R. Fritsch, Scientific American, April 1963).

Beginning in the 1950s, substantial quantities of 239Pu were irradiated in nuclear reactors with high neutron fluxes leading to the successive capture of neutrons interspersed with negative ( decays. This led to heavier and heavier isotopes of all the elements, in decreasing quantities. Newly synthesized nuclides were used as target material for neutron irradiation in order to make even heavier nuclides. They have synthesized most of the heavy elements including fermium 257Fm (half-life 100 d) this way.

Elements 93, 94, 96, 97, 98, and 101 were first created using neutrons from nuclear reactions that were made possible by a 60‑inch cyclotron at the University of California at Berkeley from 1939 to 1961. Another heavy‑ion linear accelerator (HILAC) and an 88‑inch cyclotron there enabled them to accelerate heavier particles. They used the nuclei of carbon and boron for the creation of heavy elements such as nobelium and lawrencium,



246Cm + 12C ( 254No102 + 4 n,



252Cf + 10B  (  247Lw103 + 5 n,



252Cf + 11B ( 247Lw103 + 6 n.

Multiple neutron captures occur virtually instantaneously in a thermonuclear explosion, increasing the mass number of the original uranium‑238 atoms by various amounts. As a result, many transuranium nuclides are formed.

Skill Developing Questions

1. What are transuranium elements? 
Why are their syntheses important?

2. What isotope of transuranium elements has the longest half life?
What are the nuclear reactions used to make isotopes of transuranium elements? 
(Check a table of nuclides, and you will be surprised by the number of long-lived nuclides in this group. Check other properties of some of the nuclides too.)
3. How were elements 102 and 103 made? 
What was the significance of making these elements?

Syntheses of Transactinide Elements

Elements with atomic number greater than those of actinides are called transactinide elements. These are super heavy elements, and their syntheses are even more of a challenge because their half-lives are very short, making their isolation and detection very difficult. However, the difficulties have not discouraged humans from trying, and trying they did. 

· How can transactinide elements be synthesized?
What are their nuclear properties?
Which element might have long enough half-life for a successful detection?
How to isolate the newly synthesized nuclides?

[image: image12.wmf]A trivial question is often an important one. The chemical properties of transactinide elements should be similar to those of transition metal, because they are not actinides. For example, element 104 is in the group 4B (or 4 according to the International Union of Pure and Applied Chemistry) which consists of Ti, Zr, and Hf and element 104. The synthesis of element 104 was attempted in the former U.S.S.R. and the U.S.A.

In 1964, workers at Dubna (U.S.S.R.) bombarded plutonium with neon ions, and they suggested the reaction 242Pu (22Ne, 4n) 260E104. They expected 260E104 to form a relatively volatile compound with chlorine (a tetrachloride), and they performed experiments aimed at chemical identification. They named it kurchatovium (Ku) in honor of Igor V. Kurchatov (1903-1960), late head of Soviet nuclear program.

In 1969 the Berkeley group reported that they had identified two, and possibly three isotopes of Element 104. Their attempts that far have not been able to produce 260E104 reported by the Soviet groups in 1964. The Berkeley group used the reaction 249Cf98 (12C6, 4n) 257Rf104, which decays by emitting ( particles with a half life of 4 to 5 s. The International Union of Pure and Applied Physics has proposed using the neutral temporary name, "unnilquadium", but the U.S. group named it rutherfordium (Rf).

In 1967 G.N. Flerov reported that a Soviet team at Dubna might have produced a few atoms of element 105 with masses 260 and 261 by bombarding 243Am with 22Ne. Their evidence was based on time-coincidence measurements of alpha energies. The Soviet group had not proposed a name for 105. In late April 1970, Ghiorso, Nurmia, Haris, K.A.Y. Eskola, and P.L. Eskola, working at the University of California at Berkeley, announced their identification of Element 105. The synthesis was made by bombarding 249Cf with a beam of 84-MeV 15N ions from the Heavy Ion Linear Accelerator (HILAC). The reaction was 249Cf (15N, 4n) 260Ha105. Its half-life was 1.6 s. They proposed the name hahnium (symbol Ha), after Otto Hahn (1879-1968). Other isotopes of Ha have been synthesized since then. 

In June 1974, members of the Dubna team reported their synthesis of Element 106. In September 1974, workers of the Lawrence Berkeley and Livermore Laboratories also reported the creation of Element 106 . These groups used the Super HILAC to accelerate 18O ions for the reaction 249Cf(18O, 4n)263Sg106, which decayed by alpha emission to rutherfordium. At Dubna, 280-MeV ions of 54Cr from the 310-cm cyclotron were used to strike targets of 206Pb, 207Pb, and 208Pb, in separate runs. Foils exposed to a rotating target disc were used to detect spontaneous fission activities, the foils being etched and examined microscopically to detect the number of fission tracks and the half-life of the fission activity. 

The syntheses of tranactinides have been summarized in the CRC Handbooks of Physics and Chemistry and some reactions are given in the Table. The stories and politics about the work on these elements are fascinating. More new elements are still being made, and there is an optimism for venturing even further into the region of super-heavy nuclides. 

Skill Developing Questions

1. What are transactinide elements? 
Why are their syntheses considered important?

2. What are the reactions used to make isotopes of element 104 to 106?

Activation Analysis

Activation analysis (AA) is a method used to determine amounts of elements in samples. The method consists of irradiating the sample with subatomic particles and then measuring certain types of the induced radioactivity. The measured radioactivity is directly proportional to the amount of certain nuclide. A neutron, proton, alpha, or photon (gamma) source is usually used to irradiate the sample. Particles are used to induced X-ray emission or gamma-ray emission. Energy of neutrons varies from slow to fast depending on the element or nuclide to be determined. In sophisticated establishment neutrons of any desirable energy is available in order to get the best results. Neutron activation analyses (NAA) are particularly common.

· What is activation analysis?
How is activation analysis done? 
What are the applications of activation analysis?

Activation analysis determines elemental content regardless of the chemical states, chemical composition or physical location. Art work or other samples can be analyzed by NAA without destruction of the sample, and NAA is often called a non-destructive method.

The sample is first made radioactive by bombardment with suitable subatomic particles, then the radioactive isotopes created are identified and the element concentrations are determined by the gamma rays they emit. NAA is capable of detecting many elements at extremely low concentrations.

For an NAA quantitative determination, the sample is first weighted into a plastic or quartz container, sealed to prevent contamination, and then irradiated for a suitable period of time. Some isotopes of an element to be determined usually capture neutrons and become a radioactive isotope. The activated isotope is radioactive and by measuring the decays emitted, its quantity can be determined by comparison with known standard samples. In the core of nuclear reactors, trillions of neutrons pass through every square centimeter of the sample every second during the irradiation. Neutrons have no charge and will pass through most materials without difficulty. Therefore the center of the sample becomes just as radioactive as the surface with a few matrix problems. 

Today, detectors used for AA and NAA are able to measure the energies and number of various particles (including photons) emitted from the sample. The measured spectra give reliable results after correcting for decay, sample size, counting time and irradiation time.

Improvements in detectors and radiation techniques have reduced, if not eliminated the requirement of chemical separations. Detection limits depend on the element as well as on other factors. Elements become very radioactive and can be determined at  low levels of parts per trillion. Using thermal neutrons, about 70 elements can be determined. For arsenic, a 5 nanogram in a sample can be determined. 

Experiments used to explore chemical compositions of lunar and Martian surfaces are elegant applications of AA. Alpha particles from 242Cm and portable neutron sources have been used. In these applications, the source and detector can be mounted on the same wagon, and the radioactivity is measured immediately after the radiation.

For further information on AA, visit the following sites: http://www.chem.tamu.edu/services/naa/index.html 
http://web.missouri.edu/~murrwww/archlab.htm.
http://www.research.cornell.edu/VPR/Ward/NAA.html
Skill Building Questions

1. Describe the neutron activation analysis (NAA). 

2. What are some of the applications of NAA? (Trace element "fingerprinting" of archaeological specimens to determine their provenance (source) by neutron activation analysis; http://web.missouri.edu/~murrwww/archlab.htm.
Hundreds of different types of material have been analyzed by the neutron activation analysis facilities at Ward Center. The following list includes some of the scientific, engineering, and industrial disciplines that have used neutron activation analysis at Ward Center: http://www.research.cornell.edu/VPR/Ward/NAA.html
3. Chlorine has two stable isotopes, 75.77% 35Cl and 24.23% 37Cl. The thermal neutron cross sections are 44 and 0.4 b respectively. The half-lives for products 36Cl and 38Cl are 3x105 y and 37.2 m respectively. Neglect the decay during irradiation, estimate the radioactivity when 10 nanograms of Cl is irradiated by neutrons whose intensity is 1x1015 neutrons cm–2 s–1 for 10 seconds. (Hint: rate = ( N I if decay during irradiation is negligible, else, the reactivity = m/M N I (1 - e–(t); m is the weight of the sample, and M is the atomic mass.)
Problems

1. What are nuclear reactions and how are they different from chemical and physical reactions? Give two examples of nuclear reactions and explain how the products can be identified.

2. Is the reaction 14N + 4He ( 17O + 1H endothermic or exothermic? How much energy is absorbed or released in the reaction? Masses: H, 1.007825; n, 1.008665; He, 4.00260; 14N, 14.00307; and 17O, 16.99914. Conversion factor and constant: 1 amu = 1.66 x 10‑27 kg, c = 3.0 x 108. m s‑1 (velocity of light).

3. Calculate the binding energy in J of 14N7 and 17O.  How much energy is released in the formation of 14.0 g of N2? Discuss your results. (1.678 x 10-11 J for each atom of 14N)

4. What methods have been used to produce neutrons? Give an example for each of the methods you have given.

5. How can the nuclides 14C, 24Na, 32S, and 60Co be produced?

6. Describe the components of cosmic rays, and some nuclear reactions induced by cosmic rays. 

7. What is the mass of 14C if the ( decay energy is 0.156 MeV? Calculate the energy of the 14N (n, p) 14C reaction. Masses: H, 1.007825; n, 1.008665; He, 4.00260; 14N, 14.00307; (Mass of 14C = 14.00307 + 0.156/931.4; and energy of reaction,  0.626 MeV)

8. What are the products of these reactions, 14B ( ,(), 18N ( , (), 9Be (6Li, p), 9Be (7Li, d), 11B ((, p), 12C ((, d), 12C (t, p), 13C (t, d) and 13C (t, )?

9. The total cross section for the reaction 59Co (n, () 60Co reaction is 37 b (data from CRC Handbook of Chemistry and Physics). Calculate the mass of 60Co produced when 1 kg of 59Co metal is irradiated for 24 hours in a nuclear reactor where the neutron flux is 1015 neutron per square centimeter per second. Neglect the decay of 60Co in your calculation.

10. What elements with atomic number less than 83 do not have stable isotopes? How can these elements be produced?

11. Describe how one of the elements with atomic number (Z) between 95 and 109 is made.  You may have to search the literature in this case.

Further reading and work cited

Gibson, W.M., (1980), The physics of nuclear reactions. ?? (QC794.G48, 1980)

Satchler, G.R., (1990), Introduction to nuclear reactions. Macmillan 2nd Ed.

Hodgson, P.E., (1971), Nuclear reactions and nuclear structure. (QC794.H69, 1971)

McCarthy, I.E., (1980), Nuclear reactions. Pergamen Press (QC794.M17.1970)

R.B. Shirley and V.S.Hirley (1996), Table of Isotopes John Wiley & Sons, Inc. 

Web Sites: 

Useful Nuclear Reaction Data

National Nuclear Data Center, Brookhaven National Laboratory, Upton, NY 11973-5000 provides excellent data on nuclear reaction in great details.

http://www.nndc.bnl.gov/nndc/nndcnrd.html


Web sites about Activation Analysis:
http://www.chem.tamu.edu/services/naa/index.html 
http://web.missouri.edu/~murrwww/archlab.htm.
http://www.research.cornell.edu/VPR/Ward/NAA.html
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( John Douglas Cockcroft (1897-1967) and Ernest T.S. Walton (1903�1995) received the 1951 Nobel Prize for Physics for the development of the first nuclear particle accelerator, known as the Cockcroft-Walton generator.


* Particle collision researches led to the discovery of mesons and hyperons in the sub-disciplines nuclear physics and particle physics (or high-energy physics). The former studies the reactions induced by subatomic particles and properties of multi-nucleon systems whereas the latter studies the interaction among subatomic particles.


* Chadwick James (1891-1974) was awarded the Nobel Prize for Physics in 1935 for the discovery of neutrons.


( Enrico Fermi (1901-1954) developed the mathematical statistics, discovered neutron-induced radioactivity, directed the first controlled chain of nuclear fission, and received the 1938 Nobel Prize for Physics.


( Emilio Gino Segrè (1905-1989) cowinner with Owen Chamberlain (1920-) of the Nobel Prize for Physics in 1959 for the discovery of the antiproton.


* For more on transuranium elements visit the URL: www.tricity.wsu.edu/~ustur/


( Element 106 created at LBL in 1974 and confirmed in 1993 has been named seaborgium in honor of Nobel Laureate (1955, chemistry with Edwin Mattison McMillan) Glenn Theodore. Seaborg (1912-1999), with its chemical symbol of Sg in 1994. See �http://www.lbl.gov/Science-Articles/Research-Review/Magazine/1994/seaborgium-mag.html
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