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NUCLEAR REACTOR THEORY

Textbook

E.E. Lewis, Fundamentals of Nuclear Reactor Physics, Academic Press, 2008.
                                               CHAPTER I

                                         NUCLEAR REACTIONS

I.1 INTRODUCTION

A comparison of fossil fuels (coal, oil, natural gas) with nuclear fuel:

* Combustion of coal:

C + O2 ( CO2    releases 4 eV (electron volts)
* Fission of uranium-235:

Neutron + Uranium-235 ( Fission     releases 200 MeV (million eV)

200x106/4= 5x107=50 000 000
Fission of an atom of  uranium-235 releases as much energy as the combustion of 50 million atoms of carbon would.

A comparison of fuel requirements of coal power plant with nuclear power plant:

* Consider two 1000 MW(e) power plants, one burning coal ,other  fissioning  uranium.
* Coal plant requires 10 000 tons of coal per day.
* Nuclear plant requires 20 tons of uranium per year.

* 10 000 tons of coal means a train of 100 or more railroad cars arriving each day.

* The nuclear power plant does not require continual supply of fuel.

After the initial loading, the nuclear plant is shut down for refueling once every 12 or 24 months and then only one-fifth to one-fourth of its fuel is replaced.

A comparison of waste products of coal power plant with nuclear power plant:

* If reprocessing is used to separate the unused uranium from the spent nuclear fuel, then the amount of highly radioactive waste remaining from the 1000 MW(e) nuclear power plant is less than 10 tons a year.

* i) 5% or more of the coal burned becomes ash that must be removed and stored at the rate of more than five 100- ton capacity railroad cars per day. 
ii) Also it is necessary to prevent nearly 100 tons of SO2 and lesser amounts of Hg, Pb and other impurities from being released to the environment.

iii) The largest environmental impact from burning fossil fuels is the global warming caused by the thousands of tons of CO2 released to the atmosphere each day by a 1000MW(e) coal-fired power plant.
I.2 NUCLEAR REACTION FUNDAMENTALS
Standard model of the atom (a very dense positively charged nucleus, surrounded by negatively charged orbiting electrons)
* Diameter of the atom roughly 10-8 cm

* Diameter of the nucleus roughly 10-12 cm
* Nucleus made up of N neutrons and Z protons. Both are referred to as nucleons, thus nucleus has N+Z(=A) nucleons.

* Z, the atomic number, determines the atom’s chemical properties, while N+Z (=A) determines its atomic weight.

* Atoms with the same Z but with different A are isotopes of the same element.

* We designate an atom by 
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 where X is the chemical symbol of the element.

Reaction Equations:
** Nuclear reactions are written as:                                  A+B(C+D                      (1.1)
* An example:


[image: image2.wmf]H

Be

Li

He

1

1

9

4

6

3

4

2

+

®

+

                       (1.2)
Two conservation laws valid in nuclear reactions:

Conservation of charge (Z): 2+3=4+1=5
Conservation of nucleons (N+Z=A): 4+6=9+1=10

** Mechanism of nuclear reactions:

* Nuclear reactions proceed in 2 steps:

i) First a compound nucleus is formed from the 2 reactants.
ii) The compound nucleus is unstable and so divides, most often into two components:

* Thus we may write (1.2) in two stages:
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where 
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is the compound nucleus.

* In most reactions, the compound nucleus disintegrates instantaneously and we usually eliminate the compound nucleus from the reaction equation.

* The exception is when the compound nucleus is unstable but disintegrates over a longer period of time
In this case we write two separate equations, one for the formation of the intermediate (compound) nucleus and another one for its disintegration.
i) When indium-116 captures a neutron, the intermediate nucleus indium-117 is formed with accompanying gamma emission:
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(1.4)
The gamma ray has neither mass nor charge. Thus we give it both super- and subscripts of zero: 
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ii) The intermediate nucleus, indium-117 is unstable and undergoes radioactive decay. It decays to tin emitting an electron and an accompanying gamma ray:  
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(1.5)

The electron is denoted by 
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 with a subscript of -1 since it has he opposite charge of a proton and a superscript of 0 since its mass is about 1/2500 of the mass of the proton. 

* Radioactive decay reactions such as (1.5) take place over time and are characterized by a half-life, referred to as t1/2. Given a large number of such nuclei half of them will decay in a time span of t1/2.
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, three-fourths of them will decay in a time span of 2t1/2.
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, seven-eights of them will decay in a time span of 3t1/2 and so on.

* The half-life of indium-117 is 54 minutes. Half-lives vary over many orders of magnitude. Some radioactive materials with very long half-lives appear naturally on the surface of the earth. For example: 
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(1.6)

has a half-life of 245,000 years. 

* Gamma rays are sometimes omitted from the reaction equations since they do not affect the nucleon and charge balances we have discussed. Gamma rays however, are important in the energy conservation law will discussed later. 
* Following a nuclear reaction or radioactive decay, the nucleus generally is left in an excited state. It then releases its excitation by a transition from the excited state to the ground state by emitting one or more photons. Gamma rays (or photons) are emitted at distinct energies, corresponding to the quantum energy levels of nucleus. This nuclear phenomenon is analogous to the situation in atomic physics where an orbital electron in an excited state emits a photon as it drops to the ground state. In the atomic situation the photons correspond to less energetic electromagnetic radiation like x-rays, ultraviolet, visible light, infrared. While the photons emitted in atomic physics have energies in the electonvolt range, the photons emitted in nuclear physics have energies in the megaelectonvolt range. 

*We have not mentioned a peculiar particle of nuclear physics. When an electron is emitted, a particle called the neutrino is created and carries part of the reaction energy. Since neutrinos barely interact with matter the energy they carry away is lost. 
Notation:
* Some nuclear species appear so frequently in reaction equations. Thus certain shorthand notations have been adopted in referring to them. 
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(1.7)
There is also shorthand notation for the two important isotopes of hydrogen, namely deuterium and tritium:
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* Instead of using the form of Eq. (1.1), we may write reaction equations in the compact form A(B,C)D, where the nuclei of smaller atomic number are placed inside the parentheses. For example 
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(1.8)

may be compacted to 
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* Likewise, radioactive decay such as in Eq. (1.5) is often expressed as 
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Energetics

* Einstein’s equation for the equivalence between mass and energy:
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(1.9)

where Etotal: total energy of the nucleus 
m: mass of the nucleus

c: speed of light

The mass has a relativistic interpretation in (1.9), thus:
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(1.10)

where m0 is the rest mass and v is the speed. 

When v<<c, we may expand the square root term in powers of (v/c)2:
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(1.11)

where O represents fourth and higher order terms. Retaining only the first two terms:
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(1.12)

The first term on the right is the rest energy, and the second is the familiar form of the kinetic energy. Since neutrons as well as the nuclei found in reactors are always nonrelativistic with v<<c, the use of (1.12) is warranted. We thereafter use E to designate kinetic energy. Thus for a nonrelativistic particle with rest mass MX, we have:
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(1.13)

Some high energy electrons, however may travel at speeds that are at substantial fraction of the speed of light. For these relativistic particles, we must determine Etotal from (1.9) and (1.10) and take 
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. Finally gamma rays have no mass and travel at the speed of light. Their energy is given by:
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Where h is the Planck’s constant and ( is their frequency.

* In nuclear reactions like (1.1) the most important conservation law is the conservation of total energy, which when applied to (1.1) is:
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(1.15)

where EA and MA are the kinetic energy and rest mass of A, and likewise for B, C, D. If one of the reactants is a gamma ray, then for it E+Mc2 is replaced by h( since it carries no mass. 
* The Q of a reaction, defined as:
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(1.16)

determines whether a reaction is exothermic or endothermic. With a positive Q, kinetic energy is created and with negative Q, it is lost. (1.5) allows us to write Q in terms of the masses as:
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(1.17)

Positive Q ( exothermic reaction ( loss of rest mass ( Kinetic energy created

 Negative Q ( endothermic reaction ( increase in rest mass ( Kinetic energy lost
* In chemical reactions, the energy change is of the order of a few eV 

* In nuclear reactions, the energy change is of the order of  MeV,  but the changes in mass are much too small to measure.

I.3 THE CURVE OF BINDING ENERGY

* If we add the masses of the Z protons and N neutrons that make up a nucleus, say of element X, we find that the masses of these constituents exceed the mass MX of the nucleus. The difference is defined as the mass defect:
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(1.18)

which is positive for all nuclei. 

Multiplying the mass defect by c2 then yields units of energy: (c2. This is the binding energy of the nucleus. 

* We may interpret it as follows: If the nucleus could be pulled apart and separated into its nucleons, there would be increase in mass by an amount equal to the mass defect. Thus an equivalent amount of energy- the binding energy- would need to be expended to carry out this disassembly. If we normalize the binding energy to the number of nucleons, we have


[image: image34.wmf]Z

N

c

2

+

D

 







(1.19)
This quantity –the binding energy per nucleon- provides a measure of nuclear stability; the larger it is the more stable the nucleus will be. 

[image: image35.emf]
Figure 1.1 Curve of binding energy per nucleon

* An inspection of Figure 1.1 reveals at low atomic mass the curve rises rapidly. For larger atomic weights, above 40 or so, the curve becomes quite smooth reaching a maximum of slightly less than 9 MeV and gradually decreases.

* Exothermic reactions are those which result in reaction products with increased binding energy, going from less to more stable nuclei. 
* Two classes of such reactions are candidates for energy production: 

i) Fusion reactions in which two light weight nuclei combine to form a heavier nuclei, higher on the binding energy curve.

ii) Fission reactions in which a heavy nucleus splits to form two lighter nuclei, each with a higher binding energy per nucleon.

I.4 FUSION REACTIONS
* Let’s recall the reaction of (1.2):
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This reaction is called a charged particle reaction since both nuclei on the left have atomic numbers greater than zero. Such reactions are difficult to bring about, for after the orbiting electrons are stripped from the nuclei, the positive charges of the nuclei strongly repel one another. 

* Thus to bring about such a reaction, the nuclei must collide at high speed in order to overcome the Coulomb repulsion and make contact. The most common method to achieve such reaction on earth consists of using particle accelerators to impart a great deal of kinetic energy to one of the particles and than slam it into a target made of the second material. 

* An alternative is to mix the two species and bring them to a very high temperature, where they become a  plasma. Since the average kinetic energy of a nucleus is proportional to its absolute temperature, if high enough temperatures are reached, the electrical repulsion of the nuclei is overcome by the kinetic energy and a thermonuclear reaction results.
* Two reactions based on fusing isotopes of hydrogen have been widely considered as a basis for energy production, Deuterium-deuterium and deuterium-tritium:
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(1.20)
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* Energy production by using a particle accelerator can not be accomplished since the accelerator uses much more energy than would be produced by the fusion reactions of (1.20).
* Rather, means must be found to achieve temperatures comparable to those found in the interior of the sun. In such plasma conditions the kinetic energy would overcome the Coulomb repulsion and thermonuclear reactions would follow. While thermonuclear reactions are common place in the interior of stars, on earth the necessary temperatures have been obtained to date only in thermonuclear explosions (the hydrogen bomb), and not in controlled manner that would be needed for sustained power production. 

* Efforts continue to achieve control temperatures high enough to obtain power from fusion reactions. Researchers place most emphasis on the D-T reaction because it becomes feasible at lower temperatures than the D-D reaction. The D-T reaction has the disadvantage that most of the energy release appears as the kinetic energy of 14 MeV neutrons, which damage whatever material they impact and cause it to become radioactive.
* We will not consider fusion energy any further. Rather we will proceed to fission reactions in which energy is released by splitting a heavy nucleus into two lighter ones that have greater binding energies per nucleon. Neutrons may initiate fission. Since neutrons have no charge, there is no Coulomb repulsion and there is no need for high temperatures.
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Figure 1.2 A Fission Reaction
I.5 FISSION REACTIONS

* Consider now a fission reaction shown in Figure 1.2. Assume the target nucleus is U-235. From the reaction come approximately 200 MeV of energy, two or three neutrons, two lighter nuclei (called fission fragments), and a number of gamma rays and neutrinos. The fission fragments undergo radioactive decay producing additional fission products. 
* The energy produced from fission, the neutrons and the fission products all play critical roles in the physics of nuclear power reactors. We consider each of them in turn. 

Energy Release and Dissipation
*The approximately 200 MeV of energy released from a fission reaction appears as the kinetic energy of the fission fragments, neutrons and energy of the gamma rays , as well as that from the beta particles, gamma rays and neutrinos emitted during the radioactive decay of fission products. This energy is dissipated to heat nearly instantaneously as the reaction products interact with the surrounding media. The nature of the interactions depends on whether the particles are electrically charged or neutral.
*The fission fragments are highly charged, for the high speeds at which they emerge from fission cause electrons to be ripped from their shells as they encounter surrounding atoms.

* Charged particles interact strongly with the surrounding atoms or molecules traveling at high speed, causing them ionize. Creation of ion pairs requires energy, which is lost from the kinetic energy of the charged particle causing it to decelerate and ultimately come to rest. The positive ions and free electrons created by the passage of the charged particle will subsequently reunite, liberating energy in the form of heat. The average distance required to bring the particle to rest is referred to as its range. The range of fission products in solids amounts to only a few microns, and thus most of the energy of fission is converted to heat very close to the point of fission. Other charged particles, such as the alpha and beta particles emitted in radioactive decay, behave analogously; rapidly decelerating and coming to rest; for the lighter charged particles the ranges are somewhat longer.
* Since neutrons and gamma rays are neutral, they behave quite differently. They are affected neither by the negative charge of electrons nor the electric field caused by positively charged nuclei. The travel in straight lines until making a collision at which they either scatter or get absorbed. If absorbed, they cease to exist and their energy is dissipated by the collision. If they scatter they change their direction and energy, and continue along another straight line. The flight paths between collisions are usually much greater then interatomic distances.  Expect that very low energies, a neutron will impart significant kinetic energy to the nucleus causing it to become striped of electrons and therefore charged. While neutron scatters only from nuclei gamma rays are scattered from electrons as well. These electrons gain kinetic energy from gamma rays collisions. 

* Both for neutrons and gamma rays, the mean free path (the average distance between collisions) is the on the order of centimeters. In either case (gamma or neutron)   the collision partner (nucleus or electron) will decelerate and come to rest in distances measured in microns, dissipating their energy as heat very close to the collision site. 
* Neutrinos do not interact with matter. Any energy they carry is lost forever. 

· More than 80% of the energy released in fission appears as the kinetic energy of the fission fragments.

· The neutrons, beta particles, gamma rays and neutrinos account for the remainder.
· Except for the energy the neutrinos carry as heat within the reactor the fission energy recovered as heat varies slightly between fissionable isotopes. For U-235, it is approximately 193 MeV per fission or in more conventional units:
(=3.1x10-11 J/fission. 

* The difference in energy dissipation mechanism between charged particles also causes them to create biological hazards by quite different mechanisms. 
· Since ( and ( particles are charged they deposit their energy within their short range and hence they are called nonpenetrating radiation. ( and ( radiation, thus, will not penetrate the skin and therefore is not a significant hazard if the source is external to the body. But if ( or ( sources are inhaled or ingested they may become a significant hazard since they can attack the lungs and the digestive tract and other organs depending on the biochemical properties of the radioisotope. For example strontium collects in the bone marrow while iodine is deposited in the thyroid gland.
·  Since neutrons and gammas can travel distances measured in centimeters, they are primarily a hazard from external sources. The damage these neutrals particles do is more uniformly distributed over the whole body, resulting from the ionization of water and other tissue molecules at the points where neutrons collide with nuclei or ( rays with electrons. 
Neutron Multiplication:

* Let’s say we introduce a number of neutrons in a medium. We call these neutrons the zeroth generation neutrons. These neutrons fly around scattering probably a few times and then get finally absorbed. Some of these absorptions result in fission and hence neutrons are released from these fissions and they constitute the first generation of neutrons. In this fashion, second, third …, i’th generation of neutrons is obtained. Such a series of fission reactions is called fission chain reactions. 

* We characterize this process by defining the chain reaction’s multiplication as 
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* We also define an average neutron lifetime as beginning with neutron emission in fission, progressing- or we might call aging- through a succession of scattering collisions and ending with absorption. The average neutron lifetime is denoted by l. 
* Suppose at time t=0, the zeroth generation is introduced and the number of zeroth generation neutrons is n0. From our earlier argument, it follows:
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Let ti designate the time when an average i’th generation neutron is born in fission, then:

ti=i l
and 
i=ti/l
thus:
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If we pass from this discrete model, to a continuous model:
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(1.21)

If we recall the identity 
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(1.22)
If k is close to 1, that is, 
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Then (1.22) becomes
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(1.23)

Thus the progeny of neutrons introduced at time zero behaves exponentially as indicated in figure below. 

k > 1 ( Supercritical

k= 1 ( Critical

k < 1 ( Subcritical


[image: image51]
* The following chapters will deal with the determination of the multiplication, how it depends on the composition and size of a reactor and how the time-dependent behavior of a chain reaction is affected by the presence of the small fraction of neutrons whose emission following fission is delayed. Later we will also examine changes in multiplication caused by changes in temperature, fuel depletion and other factors.

Fission Products:
* Fission results in many different pairs of fission fragments. In most cases one has a substantially heavier mass than the other. A typical fission reaction:


[image: image52.wmf]MeV

200

n

2

Sr

Xe

U

n

94

38

140

54

235

92

+

+

+

®

+

 


(1.24)
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FIGURE 1.4 Fission fragment instability.




* Fission fragments are unstable because they have neutron to proton ratios that are large. As seen in Figure 1.4 the ratio of neutrons to protons increases above N=Z as the atomic number becomes larger. Although the prominent isotopes of carbon and oxygen 
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 are on the N=Z line the prominent lead and thorium isotopes 
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 have a much larger neutron to proton ratio. 

* When a nucleus fissions the ratio of neutrons to protons would stay the same in the fission fragments as indicated by the dashed line in Figure 1.4 –were it not for the 2 or 3 neutrons given off promptly at the time of fission-. 
* Even then, the fission fragments lie above the curve of stable nuclei. <1% of these fragments decay by the delayed emission of neutrons. The prominent decay mode is ( emission accompanied by 1 or more ( rays. Such decay moves the resulting nuclide toward the line of stable nuclei as the arrows in Figure 1.4 indicate. However, more than one decay is usually required to arrive at the range of stable nuclei. For the fission fragments in (1.24) we have:
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    (1.25)

and 
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(1.26
Each of these decays has a characteristic half–life. With some notable exceptions the half-lives earlier in the decay chain tend to be shorter than those occurring later. 

* The fission fragments taken together with their decay products are classified as fission products. 
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Figure 1.5 Fission Fragment yields for 
[image: image59.wmf]Pu

 

,

U

, 

U

239

94

235

92

233

92

for fast and thermal fissions.

* (1.24) shows only one example of the more than 40 different fragment pairs that result from fission. Fission fragments have atomic mass numbers (A) between 72 and 160. Nearly all of the fission fragments fall into two broad groups. The light group has mass numbers between 80 and 110 whereas the heavy group has mass numbers between 125 and 155. As Figure 1.5 shows, the probability of fission yielding fragments of equal mass increases when the fission is caused by fast neutrons instead of slow (thermal) ones. The 40 fission fragment pairs decay by ( emission producing more than 200 different radioactive fission products in a nuclear reactor.

* Roughly 8% of the 200 MeV of energy produced from fission is due to the ( decay of fission products and the ( rays associated with it. Thus even following shutdown of a chain reaction, the radioactive decay will continue to produce significant amount of heat.
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FIGURE 1.6 Heat produced by decay of fission products.




Figure 1.6 shows decay heat for a reactor that has operated at a power P0 for a long time. The decay heat production rate is approximated by the Wigner-Way formula as:
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(1.27)

where 

Pd(t)= power generation due to ( and ( rays

P0= power before shutdown

t0= time, in seconds, of power operation before shutdown

t= time, in seconds, elapsed since shutdown.

* As a result of decay heat cooling must be provided to prevent over-heating of reactor fuel for a substantial period of time following shutdown.

I.6 FISSILE AND FERTILE MATERIALS

* There are two types of fissionable materials: Fissile materials and fertile materials. 

* A fissionable material that will undergo fission when bombarded by neutrons of any kinetic energy is called a fissile material. The naturally occurring isotope 
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 is the only fissile material in nature. 

* A fertile material is one that will capture a neutron and transmute by radioactive decay into a fissile material. The naturally occurring isotopes 
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and 
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are fertile materials. Fertile isotopes may also undergo fission directly, if bombarded by high energy neutrons typically in the MeV range. 
* While fissile materials are capable of sustaining a fission chain reaction by themselves, fertile materials do not have this capability. 
* 99.3% of natural uranium consists of the fertile isotope 
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 and the remaining 0.7% is 
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* By capturing a neutron U-238 becomes radioactive and decays to Pu-239 as:
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(1.28)

Pu-239 is a fissile isotope and is itself radioactive with a half-life of 24,400 years. Due to its long half-life it can be stored and used as a reactor fuel. There is a smaller probability that Pu-239 will capture a neutron resulting in the reaction:
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(1.29)

Pu-240 is a fertile material. If it captures a neutron it will become Pu-241, a fissile material.  

* The fertile Th-232 can be transmuted to the fissile U-233 as:
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(1.30)
* Fissile materials can be produced by including the parent fertile material in a reactor core. More than 2 neutrons, on the average, are produced per fission. For thermal neutron induced fission of U-235, 2.4 neutrons are produced on the average per fission. Thus it seems that there is the possibility of utilizing 1 neutron for sustaining the chain reaction and more than one to convert fertile to fissile material. If this process creates more fissile materials than it destroys, the reactor is said to be breeder; it breeds more fissile material than it consumes.
* Since most power reactors are fueled by natural or partially enriched uranium there is a great supply of U-238 in the reactor to conversion to plutonium. However to sustain breeding the fission neutrons must be prevented from being absorbed in nonfissionable materials or from leaking out of the reactor. Since this can not be prevented sufficiently in most of the reactors, they burn more fissile material than they create. 

* Since fissile and fertile isotopes are mentioned so frequently in nuclear reactor theory, a shorthand notation has been developed for quick reference. If a fissile or fertile isotope is 
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, “ec” is used  for referring to that isotope. For example:
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* One question remains: Where do the neutrons come from to initiate a chain reaction? Some neutrons occur naturally as the results of very high energy cosmic rays colliding with nuclei and causing neutrons to be ejected. If no other source were present these would trigger a chain reaction. But a stronger source is desirable. Although there are a number of possibilities, the most widely used source is the radium beryllium source. It combines the ( decay of a naturally occurring radium isotope 
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which has a half-life of 1,600 years with the reaction 


[image: image76.wmf](

)

C

Be

12

6

n

,

9

4

¾

¾

®

¾

a









(1.32)

to provide the needed neutrons. 

I.7 RADIOACTIVE DECAY

* The law governing the decay of a nucleus states that the decay rate is proportional to the number of nuclei present. Each radioisotope –that is an radioisotope that undergoes radioactive decay- has a characteristic decay constant (. Thus if the number of nuclei present at time t is N(t), the rate at which they decay is
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Dividing by N(t), we may integrate this equation from time zero to t, to obtain:


[image: image78.wmf](

)

(

)

ò

ò

l

-

=

t

0

t

N

0

N

dt

N

dN









(1.34)

giving :
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(1.35)

If we take both sides to the e’th power 
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(1.36)
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FIGURE 1.7 Exponential decay of a radionuclide.




* As defined earlier t1/2 is the length of time required for one half of nuclei to decay. If we substitute N(t1/2)=N(0)/2 into (1.35) to yield ln(1/2)=-0.693=-(t1/2 or simply


[image: image82.wmf]l

=

/

693

.

0

t

2

/

1








(1.37)

* A second measure of decay time is the mean time to decay, defined by:
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(1.38)

*We specify the strength of a radioactive source in terms of curies (Ci) where 1 Ci is defined as 3.7x1010 disintegrations per second, which is the decay rate of 1 gram of Ra-226. The unit becquerel (Bq) is defined as 1 disintegration per second can also be used to define source strength. 
* To calculate the number of nuclei present we first note that Avogadro’s number N0 = 0.6023x1024 is the number of nuclei in one mole. Then the number of nuclei equals mN0/A where m is the mass in grams and A is the atomic mass of the isotope. The concentration in atoms/cm3 is then (N0/A, where ( is the density in gr/cm3. 

Saturation Activity

* Radionuclides are produced at a constant rate in a number of situations. For example, a reactor operating at a constant power produces radioactive fission fragments at a constant rate. In such situations we determine the time dependence of the inventory of an isotope produced at a rate of A0 nuclei per unit time by adding a source term to (1.33):
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Multiplying both sides by the integration factor e(t and using the fact that 
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(1.40)

We have 
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Assuming N0=0, we may integrate this equation between 0 and t to obtain:
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(1.42)

where (N(t) is the activity measured in disintegration per unit time.
* We note that for (t << 1, e-(t(1-(t thus initially the activity increases linearly with time. After several half-lives, the exponential term becomes very small and the rate of decay is equal to the rate of production: 
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. This is referred to as thee saturation activity. Figure 1.8 below illustrates the buildup the saturation activity as given by (1.42). 
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FIGURE 1.8 Activity versus time for a radionuclide produced at a constant
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* To illustrate the importance of saturation activity, consider I-131 and Sr-90 which are two of the more important fission products. Assume a power reactor produces them at rates of 0.85x1018 nuclei/sec and 1.63x1018 nuclei/sec, respectively. The half-lives of the two isotopes are 8.05 days and 10,628 days (approximately 29.1 years) respectively. Now we ask the question “how many curies of activity each produces after 1week, 1 month, 1 year of operation?”
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To express the activity in curies we divide:
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where t is in days. If we substitute for t: 
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* The shorter half-lived I-131 has nearly reached saturation at the end of one month and remains almost constant thereafter. 

* In contrast the longer half-lived Sr-90 has an activity which increases initially linearly with time and will continue to do so for a number of years. 

* The plot of normalized activity versus (t shown in Figure 1.8 illustrates the effects more clearly. For Sr initially (1.42) simplifies to 
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At t=1 year (Srt=6.52x10-5x365.25=0.0238

But 0.0238<<1. That is we need a lot more time to reach saturation activity for Sr. Thus over the first year –and for substantially longer- the inventory of Sr will grow in proportion to total energy that the reactor is produced since startup. In contrast at 1 month (It=0.0861x30=2.58 and thus as Figure 1.8 indicates I-131 is very close to saturation.

Decay Chains

· Consider the decay chain: 
A(B(                                                                      (1.43)  
where we assume A and B have the decay constants (A and (B respectively. The number of A and B nuclei are a function of  time as NA(t) and NB(t) respectively
We also assume NA(0) is  known.
 The governing differential equation for A is again:
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with the solution:
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On the other hand, the differential equation governing NB(t) is:


[image: image104.wmf](

)

(

)

(

)

t

N

t

N

dt

t

dN

B

B

A

A

B

l

-

l

=

                                          (1.45)
Using (1.44) in (1.45) and rearranging:


[image: image105.wmf](

)

(

)

t

A

A

B

B

B

A

e

)

0

(

N

t

N

dt

t

dN

l

-

l

=

l

+


Multiplying both sides by the integration factor 
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Integrating from t=0 to t=t:

[image: image108.wmf](

)

(

)

(

)

[

]

1

e

)

0

(

N

0

N

e

t

N

t

A

A

B

A

B

t

B

A

B

B

-

l

-

l

l

=

-

l

-

l

l

            (1.47)                       
If we assume NB(0)=0,we have:
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                             (1.48)
Figure 1.9 shows the time- dependent behavior of the activities 
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for cases (A<<(B, (A>>(B and (A=(B.
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FIGURE 1.9 Decay of a sequence of two radionuclides.
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 If  (A<<(B, that is the half-life of A is much longer than that of B, then 
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Comparing this with (1.44),

we see:
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as time proceeds. That is the decay rates of A and B become equal and this is referred as secular equilibrium.

On the other hand, if (A>>(B, that is, if the half-life of A is much shorter than that of B, then 
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will decay much faster than 
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and (1.48) condenses to:
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If (A=(B, neither of these approximations are valid.
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