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PREFACE

The fundamental approach to nuclear physics was prepared

to introduce basic reactor principles to various groups of

non-nuclear technical personnel associated with NERVA

Test Operations. NERVA Test Operations functions as the

field test group for the Nuclear Rocket Engine Program.

Nuclear Engine for Rocket Vehicle Application (NERVA)

program is the combined efforts of Aerojet-General Corpo-

ration as prime contractor, and Westinghouse Astronuclear

Laboratory as the major subcontractor, for the assembly

and testing of nuclear rocket engines.

Development of the NERVA Program is under the direction

of the Space Nuclear Propulsion Office, a joint agency of the

U. S. Atomic Energy Commission and the National Aero-

nautics and Space Administration.

This report is being reprinted for use in the U. S. Atomic

Energy Commission and National Aeronautics and Space

Administration educational and technology utilization pro-

grams.
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NUCLEAR PHYSICS

MADE VERY, VERY EASY

SECTION I

ATOMIC PHYSICS

A. GENERAL

To the uninitiated, at first view the universe seems to be made up of

an enormous number of different kinds of matter; but further consideration

shows that it is possible to classify matter as being either of two general

classifications. These two classifications are heterogeneous and homo-

geneous.

Man's earliest attempts to classify matter led him to believe there

were four general divisions: Air, Water, Earth, and Fire. This classifica-

tion of matter dominated a good deal of the so-called scientific thinking

for most of man's early history. Some few deviants, such as Democritus, held

other views of the structure of matter. Democritus, a Greek Philosopher of

the period about 500 B.C., called the fundamental form of matter "atoms,"

meaning in Greek, indivisible. The genius and insight of Democritus has been

established by modern scientific findings. Let's review the structure of

matter from the visible or phenomenological point of view, then dissect it

and work to the microcosm which we call the atom.

Heterogeneous matter is simply a mixture of materials, differing one

from the other in physical properties, each having a definite surface

boundary. Such mixtures are made up of two or more constituents, each having

its own characteristic properties. Frequently, such mixtures can be sepa-

rated by simple mechanical means. One could for example, stir iron filings

and sulphur into a so-called heterogeneous mixture. This mixture could then

be resolved by use of a simple electromagnet to extract the iron filings.
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Homogeneous matter is uniform in structure; that is, every part has the

same properties, even under high magnification. Generally, homogeneous

matter is referred to as a pure substance and is conveniently divided into

compounds and elements.

Thus, from the general classification of homogeneous and heterogeneous

matter, we have now devolved to a classification much more simple in defini-

tive structure called compounds. Compounds show uniformity of structure and

composition. Nevertheless, it is true that they can be resolved into more

simple substances by chemical reactions. For example, water can be decom-

posed electrically into hydrogen and oxygen, each less complex than the

parent substance H20. Common table salt, sodium chloride (NaCl) can be de-

composed into sodium and chlorine.

In all chemical reactions there is a limit beyond which they cannot go.

Thus, when water is broken into hydrogen and oxygen as separate units, and

table salt is broken into its separate units of sodium and chlorine, respec-

tively, no further subdivision is possible by simple chemical means. When

we reach the state wherein chemical action will no longer reduce a substance

to a simpler form, we have arrived at what we call the elemental stage. Every

compound is composed of two or more elements always in a fixed and definite

proportion by weight. If these proportions are varied, then one has a dif-

ferent compound. For example- Iron (Fe), Carbon (C), and Oxygen (0) have

different combining ratios as: FeCO3 is Ferrous Carbonate, an inorganic

mineral;FeCO204 is Ferrous Oxalate, an organic compound. These proportions,

or definiteness of composition, are the principle characteristics which

distinguish compounds from mixtures.

Let us note two numbers and a ratio in our mind and keep them fixed

firmly and clearly. The two numbers are the approximate radius of an

atom, 10-8 cm, and the approximate radius of the nucleus of the atom,l0-12 cm.

By their simple volume ratio, it can be seen that the volume of an atom is

many, many times the volume of its nucleus:

4 -24
(_atom) or atom = 10 10

3 3-36
(nucleus)r nucleus lO

I-2



These numbers place us in the atomic dimension, a world of submicroscopy--

a world of predominantly empty space with occasional bits of matter and elec-

trical charge. In this world, we will work with building blocks such as the

proton and neutron which weigh about 10-24 grams each, and the electron which

weighs about 10-27 grams. For example, the dot of a pencil on a page weighs

about 10~ grams, which is perhaps 1020 times as much as the weight of a

proton.

These three fundamental building blocks in nature--the proton, the

neutron, and the electron--are reported by approximate weight to indicate how

very small they are. Numbers like 10-24 grams are hard to work with. Let's

call that mass one atomic mass unit (amu). One amu is rigorously defined to

be 1/12 the mass of the carbon-12 nucleus.

The neutron weighs approximately one atomic mass unit, or amu. As one

might deduce from its name, the neutron is electrostatically neutral. Another

basic building block of matter is called a proton. It too has atomic weight

of approximately one amu and a net electrostatic charge of plus one. These

two building blocks are found in the nucleus of the atom, and are often

referred to as nucleons.

Having learned that by chemical means we can break down a substance no

farther, we have established the boundary of an element. To turn the defini-

tion of compounds around a bit, we can say that elements are pure substances

which cannot be broken down into simpler substances by chemical change or

reaction. However, these elements will respond to other forms of attack and

can be decomposed into even more fundamental particles. Far from the four

elemental substances (Fire, Water, Earth, and Air), modern science has uncovered

approximately 90 elements in nature and has succeeded in synthesizing another

13 or 14 elements. By Democritus' designation, the atom is the smallest unit

of any of these elements which can exist alone and still exhibit the chemical

characteristics of the element. When two or more atoms unite chemically,

they form a molecule. If the molecule is made up of different elements, it

is the ultimate unit quantity of a compound; that is, the smallest part of

a compound which can exist by itself and retain all the properties of the

original substance.
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Examples:

H is an atom of Hydrogen

H2 is a molecule of Hydrogen

NaCl is a molecule of the compound, salt

B. ATOMIC STRUCTURE

The modern era of physics begins about the time Lord Rutherford in

England conducted a series of experiments which revealed the fundamental

nature of atomic structure. It was around 1900 that Lord Rutherford

suggested that the atom, be it of any element, consisted of a hard dense

core, called the nucleus, surrounded by a cloud of electrons. Niels Bohr

continued along this line of thought, refining the observations, and in

1913 described essentially the planetary system by which we describe the

atom today. See Figure I-1.

Later on we will compute some fission energy releases wherein we will

consider the more precise value of an atomic mass unit and the specific and

actual weight of neutrons and protons. For our present purposes, the mass

we have assigned to the proton and neutron, each with one atomic mass unit

is all we need to remember.

Lord Rutherford described a "cloud of electrons" around the nucleus of

an atom. Niels Bohr gave a pattern and meaning to the electron configuration

which we now call "orbitals." What is this electron that is in the cloud, or

orbital?

The electron is the third building block of matter. The electron

has little mass, given most frequently as approximately one-two thousandths

(1/2000) of that of a proton or neutron. An electron has a negative electro-

static charge of one. The basic building blocks of matter then are the

proton and the neutron, normally found in the nucleus of the atom, and the

electron which is normally found in a cloud or orbit around the nucleus.

Figure I-1 illustrates schematically the concepts which we have dis-

cussed to this point. The element hydrogen, Figure I-la, is illustrated as

a proton foi a nucleus with an electron in orbit about it. This is the one
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exception to the rule that all elements contain the three building blocks of

matter. This particular form of hydrogen does not have any neutrons. The

structure of oxygen, Figure I-lb, is indicated also. Here you will note that

the nucleus does contain neutrons as well as protons. Also note that the

number of electrons in orbit about oxygen is equal to the number of protons

in oxygen. This is also true of hydrogen--the single electron in orbit is

balanced by the single proton in the nucleus.

Among the several interesting facts that Niels Bohr established in

his research work in the early part of this century, is the phenomenon that

the number of electrons that can be in any shell around the nucleus is re-

stricted to a value of 2(n2 ), where n is the electron shell or quantum level.

It is readily seen that the first shell or quantum level can have only two

electrons in it:

1st Quantum Level (k Shell) 2nd Quantum Level (1 Shell)

2(n2) = 2(12) = 2 2(n ) = 2(22)=8

Note that the second shell or quantum level can contain 8 electrons. This

does not mean that each shell must have the maximum number, but rather than

this represents the maximum number of electrons it can have. Any fewer than

the maximum number is possible.

A peculiarity of nature is that an atom prefers to have its electrons
*

distributed in a symmetrical array, and within this limitation a shell or

quantum level likes to have either none, or the maximum number of electrons

it is permitted. The atom can go to devious and peculiar lengths to achieve

this. For example, the atom can borrow electrons (one, two or more) from

other elements to complete its shell, or it can give up electrons (one, two

or more) in order to expose an inner shell which has the maximum preferred

number of electrons.

* 2
In the formula 2(n2), n can be a number 1, 2, 3, or 4, depending on

which shell is described. If two shells (k & 1) are described, the first
shell may have two and the second shell (a maximum of) eight electrons.
If three shells are described, (k, 1 & m) the maximum electron distribu-
tion cannot be other than 2, 8, 8, and four, 2, 8, 18, 8. Five shells are
limited to the distribution 2, 8, 18, 18, 8. Thus, symmetry is the natural
order. Table I-1, page 1-13, includes and extends this material.
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If we now look at hydrogen, we can see that it can satisfy its perfect

condition if it either takes on an electron to give it two in its first shell

or quantum level, or it can give up an electron and have none in its first

quantum level. In reality, hydrogen is a peculiar atom which can behave in

many ways in different circumstances. It has a tendency perhaps to give up

rather than to accept any electrons. Thile on the other hand, oxygen prefers

to accept two electrons for a total of eight in its outer shell--the preferred

number of electrons in that second quantum level. Thus, if oxygen can find

two hydrogens which are willing to give up an electron, oxygen's outer shell

can be satisfied. As indicated in Figure I-lc, we show the nature of the

bond which is established between hydrogen and oxygen, and show also the

relationship of two hydrogen to one oxygen, or H20.

Starting with the basic building blocks of matter then, we have con-

structed the two elements, hydrogen and oxygen, and have taken the elements

to construct a compound, water, or H20. Now let's take a liter (about 1

quart) of this water and stir in a spoonful of clay. Do we have hetero-

geneous or homogeneous material? As we have learned, by filtering the water

we can separate it from the clay which we stirred in. Thus, it meets the

criterion--separable by simple mechanical means and is therefore heterogeneous.

Having used the word isotope a few paragraphs earlier, let's find out

what an isotope is, or more specifically, what isotopes are. If we add a

neutron to the nucleus of our hydrogen atom of Figure I-2, we find that we

have not changed the charge on the nucleus since the neutron is a neutral

particle, nor have we changed the charge in the electron orbit. Thus, we

have changed nothing in the chemical nature of the atom and it remains hydro-

gen. However, it is of a different mass (twice as heavy) than the hydrogen

we had before. It is called heavy hydrogen. Another name for this heavy

hydrogen is deuterium. Now let us add a second neutron to the nucleus of our

hydrogen atom so that we now have an atom which has three particles, or

nucleons in the nucleus, but still only one positive charge in the nucleus

and one negative charge in the orbital about the nucleus. The chemical pro-

perties still remain unchanged and we do have something which we can call

hydrogen, but which is now very -heavy hydrogen. This has been given the name

tritium. Hydrogen, deuterium, and tritium are all isotopes of hydrogen, as
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illustrated in Figure I-2a, b, and c, respectively.

Hydrogen has one proton in the nucleus and is element No. 1. Oxygen

has eight protons in its nucleus and is element No. 8. This relationship

between the number of protons and the element number is true throughout the

structure of the elements. The atomic number and the number of protons are

the same. Consider element No. 8 to a more detailed extent. Oxygen has

eight protons in the nucleus, eight electrons in orbital about it, and can

have eight, nine, or ten neutrons in the nucleus. Thus, the mass of oxygen

in amu can be 16, 17, or 18. In passing, it should be noted that there are

three additional isotopes of oxygen possible through synthetic means, but

we will not discuss them at this time.

We have noted that the nucleus and the orbitals about the nucleus con-

tain an equal and opposite number of charges. In the case of the compound

hydrogen oxide, or water, the existing compound is essentially electrically

neutral because the electron was shared approximately equally between the

hydrogen and the oxygen. Lithium fluoride, shown in Figure 1-3 presents a

different picture. When lithium metal and fluorine gas combine, lithium

immediately gives up its outer orbital electron. On the other hand, fluorine

equally happily gobbles up the electron. In essence then, the lithium atom

goes on its way and the fluorine goes on its way each happy in its charged

state--the lithium having a net positive charge and the fluorine having a net

negative charge. These then are ionized, a concept which will be discussed

in consideration of Mendeleev and the Periodic Chart of the Atoms in the

next section.

Before passing to the next subject, note that in Figure I-lc, the

hydrogen and the oxygen seem to share the electrons involved in their jointure,

whereas in Figure 1-3, lithium has given up and fluorine has taken the elec-

tron in question.
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C. PERIODICITY OF ELEMENTS

Early explorations in the field of chemistry revealed that there were

many substances which could be broken down to a certain point, and beyond

that point remain unchanged through physical and chemical attack. As was

said before, these were classified as elements. Early chemists, when work-

ing with these elements discovered that certain of them had similar charac-

teristics. For example, it was noted that chlorine, bromine, and iodine

each combined with hydrogen in a definite (atomic) ratio of 1 to 1. Later

it was discovered that still other elements combined with hydrogen in a

ratio 1 to 1. Observations on such elements as oxygen indicated that there

were definite combining ratios in this case too. For example, magnesium,

calcium, zinc, and cadmium all combined in a ratio 1 to 1 with oxygen. But

when these same materials (magnesium, calcium, zinc, and cadmium) were ex-

posed to chlorine, it was discovered that the ratio then became two (atomic)

parts of chlorine for each part of the other element. Carefully tabulating all

of this information and assembling it, a Russian by the name of Mendeleev

prepared a table of all known elements. In this table he grouped those ele-

ments which had similar chemical characteristics in columns and was able to

show a definite grouping and "periodic" repetition of the changing order of

combining powers.

With the discovery of this systematic grouping of the elements, it was

possible to predict that there should be elements to fill blank places in the

"periodic" table. Intensive study then was undertaken and many elements

heretofore unsuspected were discovered. Thus, Mendeleev opened a whole

new world of chemical research. Figure I-4 reproduces the periodic chart of

the elements as it appears today.

Thus, out of the chaos of the chemists' and alchemists' search for a

method of making gold has come an orderly science, which presents the chemical

elements in a fashion that allows a predictability in their chemical behavior,

their physical nature, and even their usefulness.

Let's examine the reason behind this periodicity of the elements. If

we extract group 0 from Table I-1, the group known as the Noble Gases, we find

that it has certain definite characteristics which are repeated through each
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element in succession. Helium, element number 2, has two electrons in orbit,

both in the first quantum state. Each of the other of the Noble Gases has eight

electrons in its outermost orbit.

TABLE I-1
Electron Distribution for the Noble Gases - Group 0

Note: There are seven electron shells maximum, which

are identified as k, 1, m, n, o, p, q.

This may seem to contradict what was said earlier with respect to the

attempt of atoms to achieve a 2(n2) electron structure in their outer orbit.

As was said at that time, however, the 2(n2) represents the maximum number.

Note in Figure I-5 the symmetry of disposition of electrons in radon for

example. The first shell has a maximum of 2, the second shell has its maximum

8, and the third shell also has its maximum, in this case 2(n2) = 18. The

fourth shell has its maximum of 32, but notice that the fifth shell then drops

back to 18, the sixth to 8. The technical reasons for this drop off are too

complex to study at this point. However, as was pointed out in the footnote

to page 5, it can be seen that nature continually attempts to achieve a

symmetrical world.

There are ways of producing chemical reactions in the Noble Gases, but

they are drastic means and do not lend themselves to normal chemical procedure.

They are chemically inert, the reason for which can be deduced from the fact

that the outer electron grouping represents a symmetrical and stable
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Element ElectronShell

k 1 m n o p q

2-He 2 0

10-Ne 2 8 0

18-Ar 2 8 8 0

36-Kr 2 8 18 8 0

54-Xe 2 8 18 18 8 0

86-Rn 2 8 18 32 18 8 0



configuration. The Noble Gases simply are contented in their existing con-

figuration and do not want to take on or give up any electrons.

FIGURE 1-5

" k I m n o D

Electron Distribution in Radon

We have shown in Table I-1 that the elements of Group 0, the Noble

Gases, have certain stable electron configurations. Let's examine all of the

elements which are between helium, element No. 2, and neon, element No. 10.

Table 1-2 indicates the distribution of electrons in the first and second

shells of the intervening atoms. As can be seen, helium with its two electrons

satisfies the first quantum level, and lithium which is element No. 3 (requir-

ing three electrons to satisfy the positive nuclear charges), must reach to

the second quantum level in order to find a place to put the electrons. Thus,

lithium has two electrons in the first quantum level and one in the second

quantum level. Each of the other intervening elements adds the necessary

electrons in the second quantum level as indicated.
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TABLE I-2

Group I Element Electron Distribution

Since the Noble Gases represent (essentially) complete chemical

stability, one might guess that rith nature's tendency to achieve neutrality,

all elements would try to imitate in some fashion the Noble Gases. This is

just about the situation that we find in chemistry. The elements in their

combinations with other elements to make compounds and to give up or add

electrons as indicated above, attempt to achieve a stable configuration which

makes them similar to a "happy" Noble Gas. If you had, to guess which way

they would go, it would be fairly clear that they would take the shortest

route to chemical stability. Thus, as indicated in Table I-2, lithium needs

only to give up one electron in order to have the appearance of helium. If

lithium could add seven electrons to make eight in the outer shell, then

lithium would look like neon, but this is an unlikely occurrence. This would

make lithium very highly negatively charged, whereas giving up its one electron,

it becomes slightly positively charged.

Similarly, beryllium need give up only 2 electrons which is easier than

taking on 6 electrons, and boron need give up 3 which is still easier than

adding five. But it should be noted that sometimes boron will add five rather

than give up three, under some circumstances. When we get to carbon, we find

that carbon is indeed in the middle. Since it will give or take with equal

ease, carbon stands in a unique position.
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Element Shell
Number Element k 1

2 Helium 2 0

3 Lithium 2 1

4 Beryllium 2 2

5 Boron 2 3

6 Carbon 2 4
7 Nitrogen 2 5

8 Oxygen .2 6

9 Fluorine 2 7

10 Neon 2 8



D. IONIZATION

Let's pause here long enough to consider the concept of electro-

positive elements versus electro-negative elements. The elements of group 1,

alkaline metals, on the left side of the periodic chart are lithium, sodium,

potassium, rubidium, cesium, and francium. These will give up (negatively

charged) electrons with considerable ease in combining chemically. This makes

these elements electro-positive, in the sense that they have a net positive

charge in chemical combination. At the right side of the periodic chart in

group 7 are the so-called halogens; fluorine, chlorine, bromine, iodine, and

astatine. The halogens have seven electrons in their normal shell and tend

to take on 'another electron in their outer shell. Thus, they usually end up

with a net negative charge and are called electro-negative elements. One can

establish a general grouping of electro-positive elements which are the so-

called metals, and electro-negative elements which are quite logically called

nonmetals. As one might expect, the ionic bonds are formed by the highly

positive or negative elements, and the shared or covalent bonds are formed by

the electrically neutral elements.

The concepts of ionic bonds and ionization have a definite relationship.

By definition, an ion is a charged particle which has a direct positive or

negative net electrical charge on it. A chemistry professor once asked the

author, when he moved a comb through his hair and the comb became charged with

static electricity, whether the comb was an ion. He also asked if he walked

across a wool rug and scuffed his leather shoes on the rug, thereby picking

up a charge, would he be an ion. We don't have to answer these questions in

this course, but it illustrates the nature of what we mean by a charged par-

ticle.

We have seen that sodium gives up an electron and chlorine takes on an

electron when they combine as sodium chloride. Each of these are then highly

ionized and they form an ion pair. There is another form of ion pair which

we will discuss later under the subject of radiation. The characteristic of

an ion pair is that it is a pair of ion charges, one positive and one negative.

Whether the two charges are respectively on two large fragments of a complex

ion pair, or simply an electron on the one hand and a proton on the other,

they are still an ion pair.
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From this we can develop the concept of an ionic bond. As you might

expect, it is when the electron is strongly positioned with respect to the

nuclei of the ion pair, as in the case of fluorine and lithium in Figure

1-3. In general, compounds which form ionic bonds are highly water soluble.

The degree of conductivity of a water solution of substances such as sodium

chloride or acetic acid and others is directly dependent on the degree of

ionization in the system, or the extent of formation of highly ionic bonds.

We digressed to this subject of ionization, electropositivity and

electronegativity when we were considering carbon, the electrically neutral

and fairly unique material in the middle of the so-called second period be-

tween helium and neon. Carbon does not normally form an ionic bond. It is

interesting to note that many carbon compounds are not soluble in water.

This is related to the nature of the bond wherein highly ionized materials

are usually soluble in water and un-ionized materials are usually not par-

ticularly soluble in water. It is also interesting to note that water it-

self is only very weakly ionized.

E. MATTER IN MOTION

While we are discussing chemical reactions, it is pertinent to consider

the physical state of these ions, atoms, and molecules. As you might expect,

they do not just sit in one place and wait for something to happen. They all

have a certain amount of motion, and this motion is directly dependent on the

temperature of the surroundings in which they find themselves. For example,

if the air is. heated, the molecules, ions, and atoms of air are excited

and move around much more rapidly than in cold air. The higher the temp-

erature the faster the movement. At normal "thermal" conditions, we find

that the microcosm about us is moving with random directions and speeds on

the order of 2000 meters per second. Thus, the chemical system in which we

live is often called a thermal system. This concept will be useful later.

F. COULOMB FORCES

The subject of nuclear reactions, or those reactions which occur in the

nucleus, will be of interest later. As groundwork for the study of nuclear

reactions, a brief review of some elementary atomic physics is in order.
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Let's start out by accepting Coulomb's Law. It is given as:

F = force (in dynes)

F =Q1Q2 where Q = charge (in statcoulombs)

r2  r = separation of charges (in cm)

Now, if we remember that like charges repel one another and unlike charges

attract one another, in conjunction with Coulomb's Law given above, we can

see what to expect in some of the nuclear reactions. For example, we can

see that a negatively charged particle coming close to an atom will have a

barrier to overcome if it is going to penetrate into the atom. The electron

shell composed of highly negative electrons will tend to repel any negatively

charged particle. Similarly, any positively charged particle will have

difficulty once it gets past the electron shell in penetrating to the nucleus

since the nucleus is positively charged. Thus, we can see that because the

electron has virtually little mass to give it significant momentum, and has

a negative charge, it is very unlikely that it can ever penetrate the electron

shell to bombard or hit the nucleus of an atom.

Discussion of nuclear forces and Coulomb's Law inevitably brings up the

subject of what keeps the nucleus together. Since this is a matter of con-

tinuing study in the field of nuclear physics today, we are going to satisfy

ourselves with the concept that there is a binding energy which overcomes

these Coulomb forces of the positively charged protons in the nucleus and

holds the entire nucleus together. This explanation, while not satisfying,

must suffice.

G. AVOGADRO NUMBER

This section would not be complete without introducing the atomic and

molecular constant called Avogadro Number, N. The mass of any isotope is

given as a superscript which is discussed in detail in Section II-A. This

mass, in grams, contains 6.023 x 1023 atoms, regardless of the isotope. Thus,

in hydrogen-1, there are 6.023 x 1023 atoms in one gram of the isotope. In

235U there are 6.023 x 1023 atoms in 235 grams of this isotope. This number

is repeatedly used and the student should become familiar with its use.
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Example One: How many atoms are there in 10 grams of deuterium 2H?

N = Avogadro Number = 6 x 1023

N atoms = 2 grams of deuterium (deuterium mass = 2)

Now, 10 grams of deuterium are five times 2 grams (N atoms).

5N = (6 x 1023) (5)

= 30 x 1023 atoms (approximately) Ans.

How many atoms are there in a gold foil one centimeter

square weighing 0.197 grams?

N = 6 x 1023 atoms

Au = 197 grams per N atoms ( 7Au)

We have

or

0.197 grams Divide this by 197 gms/N atoms

0.001 N atoms

= 1 x 10-3 N atoms

= (6 x 1023) (1 x 10-3)
= 6 x 1020 atoms Ans.

With what you have learned about

of atom layers in the foil?

atomic radius, can you calculate the number
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NUCLEAR PHYSICS

MADE VERY, VERY EASY

SECTION II

NUCLEAR PHYSICS

A. ISOTOPES

As previously stated, the chemical properties of an element are deter-

mined by the number of electrons in the outer orbits. Let's consider the

factors that determine the nuclear characteristics of an atom. This section

essentially reviews and extends information introduced in earlier sections.

It is possible for atoms of the same element to have different numbers

of neutrons in the nucleus and therefore different atomic masses. Atoms

which have the same atomic number but different masses are called isotopes.

For example, the element hydrogen has three known isotopes, the simplest and

most common form of which contains one proton and one orbital electron.

Remember, the number of protons or positive charges on the nucleus determines

the atomic number. Another form of hydrogen called deuterium consists of one

proton and one neutron forming the nucleus and again one orbital electron. A

third form of hydrogen called tritium consists of one proton and two neutrons

in the nucleus and one orbital electron. The atomic number (number of protons)

remains the same. These were illustrated in Figure 1-2. Similarly, the

element helium has five known isotopes. All helium nuclei contain two protons

(thus making its atomic number 2) and varying numbers of neutrons ranging from

one to five.

A shorthand system has been devised to facilitate reference to the many

isotopes of the elements. Instead of the full name of an element a brief

symbol is used. Sometimes a subscript precedes the symbol to show the atomic
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number of the element. A superscript is used to show which isotope of

the element is being considered. This superscript is the atomic mass

number of the isotope. The general symbol for an atom is:

AXZ

where X =

Z =

A =

the symbol of the element,

the atomic number (number of protons), and

the atomic mass number (the sum of the number of

protons and the number of neutrons).

Thus, the three isotopes of hydrogen may be written, using the

shorthand notation:

H H& 3 H
1n, 1, 1

and the five isotopes of helium may be written as

3He 4He
2 ,2 ,

5He 6He & He
2 ,2, 2,

This shorthand method of notation can be simplified further by dropping

the Z subscript and writing the element symbol only, since the symbol

and the atomic number both identify the element. For example, the

three isotopes of hydrogen and five isotopes of helium given above in

shorthand notation can better be written as:

1 2 3
H, H, H,

3He, He, 5He, 6He, He

or,

H-l, H-2, H-3,

He-3, He-4, He-5, He-6, He-7

as is frequently found in the literature.

11-2



B. NUCLEAR FORCES

Since only positive charges exist in the nucleus, one would wonder

about the repelling forces which one might expect to act between the

protons. This force is described mathematically as:

F = e1 e2

d2

where e1 = the electrostatic charge on the first proton

e2  = the electrostatic charge on the second proton

d = the distance that separates them.

Note the similarity of this equation to the one on page 1-18 describing

Coulomb's law. Compare the units and consider the relationship of the

two equations.

In the case of two protons or two electrons, this force is repelling,

while in the case of a proton and an electron the force is attractive.

It would seem that the orbiting electrons would be attracted to the

nucleus due to this attractive force between the protons and electrons.

However, due to forces which can be related to the angular momentum

developed by the electron as it travels around the nucleus, a centrifugal

effect is developed which offsets the attractive force and holds the electron

in a fixed and definite orbit.

It would appear that a nucleus would be very unstable due to the

repulsive forces between the protons which are in the nucleus. However,

this Coulomb force (as it is sometimes called) is overcome by very strong

and very short range nuclear forces which not only exist between the

protons but also between the protons and neutrons as well as between the

neutrons. It is these strong but undefined forces that hold the nucleus

together in one unit. Since these forces are ot very short range, acting

only between nucleons close to each other, it is possible for the elec-

trostatic forces between protons to overcome the strong nuclear forces

in isotopes of heavier elements. If this is the case, part of the nucleus

may actually split off and escape, or in other cases rearrangements may

take place which lead to more stable configurations of the nucleus.

Nuclei on which this happens are said to be unstable, or radioactive.
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C. RADIOACTIVITY

It has been stated that isotopes of the heavier elements show nuclear

instability, or that they are radioactive. Their nuclei tend to rearrange

themselves in such a fashion that they are more stable -- a condition of

lower potential energy. Atoms with atomic numbers (z) greater than 83

are naturally radioactive.

There are three principal ways that an element can rearrange its

nucleus to become more stable.

(a) By alpha particle emission denoted GC

(b) By beta particle emission denoted 0
(c) By gamma photon emission denoted O

A unit package the equivalent of two protons and two neutrons can be

expelled from the nucleus. This combination or unit equivalent of two

protons and two neutrons is called an alpha particle. Essentially, it

is identical with the nucleus of a helium-4 atom. When a nucleus emits

an alpha particle, a large physical change has occurred in the description

of the atom. The mass has been reduced by four and the charge has been

reduced by two. This is illustrated for U-238 as follows:

(Alpha Emission) 22U minus 2He = 234Th

A proper notation for this reaction is:

(Alpha Enission) U-238 T-2 or U-238(d) Th-234

A second form of nuclear emission is a particle of essentially no

mass, and a charge of plus or minus one. This particle is called

beta particle and is similar to an electron. Indeed, it may be
o 0

characterized as 1e or +1e in the mode of nuclear notation presented
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earlier. More commonly, however, the beta particle is referred to as

8 or 6+. When the nucleus of an atom gives up an electrostatic

charge, it becomes a different element (Z number) but with no change

in mass (A number). The parent and daughter in such a case are called

isobars. This nuclear reaction can be shown for the gold-198 to mercury-

198 reaction via beta minus emission as follows:

198  098minus e = Hg(Beta Emission) +79A -il e = H

The proper notation for this reaction is:

(Beta Em ission) Au-198 H 1

Hg-198

The reaction of antimony-120 emitting a beta plus to become tin-120

can be shown as follows:

120 0 _ 120
(Beta TIission) +51 Sb minus 0 e = Sn

The proper notation for this reaction is:

Sn-120

(Beta FEission) Sb-120

Consider now a nucleus in which the nucleons are again not bound in

the most stable configuration, or in other words, the forces holding the

protons and neutrons are not at their maximum. The nucleus may become

more stable by readjusting itself, not by particulate emissions as

illustrated above, but by the emission of kinetic energy in the form of

electromagnetic waves, called gamma photons. These are like light waves

except that their frequencies are much higher and they are invisible to

the human eye. It is important to note that no change in atomic structure

accompanies gamma emission (A and Z numbers remain the same). The only

effect on the nucleus involved is to leave it with less energy and usually
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with less tendency for further decay. A partial decay scheme of Cobalt-60

illustrates this concept of losing energy only:

27Co minus gamma Energy = 20

The proper notation for this reaction is

Co-60 P'
co-60

We have all heard of the equivalence of matter and energy. This will

be discussed in detail a little later, but for now consider another type of

equivalent, that of all energy in the so-called "continuous spectrum."

Essentially, all radiant energy can be called different in degree but not

different in kind. Whether we speak of the very long waves of radio, of

short-wave radio, or the so-called ultra-high frequency transmissions, or

even dropping into the lower portion of the continuous spectrum where

frequencies get much, much higher--the visible spectrum, and down into the

X-ray and gamma ray-- all are packets of energies of the same general kind

but just different in wave length, or frequency whichever you care to use as

the differentiating medium.

The essential point to be gained from discussion of the continuous

spectrum, is to illustrate the concept that X-rays and gamma rays are the

same type of thing, not different in kind at all. Indeed, it is to show

that ultraviolet light, infrared light and the visible spectrum are made of

the same stuff as X-rays and gamma rays. The difference is in the contained

energy of each of these light photons. As will be seen in later considerations

of the interactions of energy with matter, the portions of the spectrum are

clearly related. You will see, where starting with high energy gamma rays

one can end up in the visible spectrum in an illustration of the mode of

attenuation of gamma radiation.

A contributing factor to nuclear stability is the neutron to proton

ratio

A - Z
Z
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The n/p ratio is important to stability because of the slight tendency of

protons to repel each other even though bound into a nucleus by nuclear

forces. When there are too many protons in a nucleus, the nuclear mass

generally will not remain bound, but it may be that a lower energy state

will exist in another form, an isotope of some other element. In such a

case a nuclear proton or neutron may change identity, giving off a positive

or negative charge, respectively. A beta plus, or positron emission, re-

sults from too small a n/p ratio. A beta minus, or electron emission, re-

sults from too many neutrons in the nucleus, or a high n/p ratio. When the

n/p ratios for all the various elements which exist in nature are examined,

it is found that the ratio varies from 1.0 for light elements to 1.6 for

heavy nuclei.

While we have discussed these modes of radioactive decay separately,

it is important to note that they frequently occur coincidentally. It is

usual to find gamma and beta decay occurring together. Alpha decay fre-

quently occurs by itself, but also occurs in conjunction with gamma radia-

tion. We have used several illustrations in previous paragraphs which in

actuality represented only part of the nuclear reaction involved. The com-

plete reactions are noted as follows:

U-238 cx

Th-23h

Au-198 -
Hg-198

Sb-1201+

>\ Sn-120

Co-60

>- Ni -60

On a chart of the nuclides note the tendency of these reactions to go in the

direction of the stability line.
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D. RADIOACTIVE DECAY

Radioactive isotopes decay at a given rate that cannot be changed by

chemical or physical means. The number of atoms undergoing decay per unit

time is directly proportional to the number of atoms present of that isotope.

From this, the decay constant can be defined as the ratio of the number of

atoms decaying in a unit time to the total number of atoms present. This

decay constant is usually identified by the Greek letter lambda (A), and has
-l

units of time . Another way of describing this is as follows: If there

are N atoms in a sample at some moment, and if lambda expresses the fraction

decaying in a unit time, the product of N and lambda is the number per unit

time actually decaying at that moment.

238 -10 -l
Example: Lambda for U is 1.51 x 10 yr.

238 grams of 238U contain 6.02 x 1023 atoms.
= 602x123 -10 -l

N x = (6.02 x 10 atoms) x (1.51 x 10 yr )

= 9 x 1013 disintegrations per year in 238 grams of 238U

It is often cumbersome to talk about radioactive material in terms of decays

or disintegrations per unit time, hence a unit of activity, the curie, has

been established as the unit measure of radioactive disintegration.

A curie (symbol Ci) is defined as that amount of radioactive isotope

which undergoes 3.71 x 1010 disintegrations per second (d/s). This defini-

tion was originally based on the activity of one gram of radium-226.

Example 1: How many curies are contained in 238 grams of U-238?

A = 1.51 x 1610 yr-1 (atoms per gram atomic weight)

Curies = A N

(3.71 x 1010)
23 -10 -l

= (6.02 x 10 atoms) (1.51 x 10 yr )

(3.1 x 10 sec/yr) (3.7 x 1010dis/sec/curie)

= 8 x 10-5 curies ANS.

NOTE: ALWAYS BE CAREFUL THAT THE PROBLEM IS WORKED IN COMPATIBLE UNITS.
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Example 2: How many grams of radium are contained in one curie of

Ra-226? ( , for Ra-266 = 1.39 x 10-12/second)

.d . a Number of atoms decaying per second Then:2is defined as: Number of atoms in the sample

1.39 x 10-12 3.7 x 10 o disintegrations/second transposing:
Number of atoms in the sample

10
Number of atoms in the sample = 3.7 x 10 /second _ 23

-12- 0.266 x 10 atoms
1.39 x 10 /second

Referring to page I-18 we can deduce that in 226 grams of Ra-226 we 23
would have a number of atoms equal to Avogadro Number ( 6.023 x 10 ).

23
But we have only 0.266 x 1023 atoms. This means that our sample

contains somewhat less than 226 grams of radium, as given by the fraction:

0.266 x 1023atoms
23

6.023 x 10 atoms

Then, 226 grams multiplied by this fraction gives us the number of
grams in our sample:

23
0.266 x 10 -3 x 226 grams = 1 gram

Number of grams = 2
6.023 x 1023

As seen in the two examples, if lambda is small then N must be large, and

vice versa for a given activity (curies). To illustrate this, the student

is referred to the two problems above, solving example 1 for grams/curie to

compare with example 2.

The decay rate of a radioactive isotope remains constant. However, the

number of atoms undergoing decay at any instant varies because the total

number of atoms of the isotope is changing also. If a sample originally con-

tained N radioactive atoms, the number of atoms left after a time, t, is

given by the formula:

N = N e 2t(Decay Equation)

Consider now a sample in which the number of radioactive atoms has

decayed to one half the original value. Using the above relationship and

substituting, it becomes

N - At N
N= o = N e or o - At

2 0 2N -
0
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When the logarithm of each side is taken, the equation becomes:

In - = - t or -0.693 = - At
2 1/2

Because the number of atoms in this example has been reduced to one-half

in this time span, this can be called the half-time, or more formally, the

half-life of the material. This formula is universally applicable. From

this relationship, either the decay constant or the half-life of any radio-

active isotope can be obtained if the other is unknown.

Example: The initial strength of a sample of Po-210 is

0.50 curies. Calculate the residual strength

after 20 days using the Po-210 half-life as

138.5 days.

From the above equation:

0.693 _ 0.693 0.005 or 0.005 days 1

t12 138.5 days days

Then substituting Ci for N in the decay equation (page 11-9):
Ci = Ci e kt = 0.50 e-(0. 0 0 5 days-1) x (20 days)

0

= (0.50) x (0.90) or = 0.45 curies ANS.

E. INTERACTION OF RADIATION WITH MATTER

Electrons in the outer orbits of most atoms are bound relatively loosely

and can be ejected by interactions with outside energy sources such as radia-

tion. This process or reaction is called ionization. The charged particles

which result, an electron and a positively charged particle in this case,

are called ions. In Section I, Atomic Physics, it was pointed out that

molecules could be separated into two oppositely charged particles. Ions can,
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therefore, be defined as molecular or atomic particles characterized by

having a net electrical charge.

When an atom is ionized, the two particles that are produced are the

ejected orbital electron and the positively charged atom. An ion pair has

been formed. When passing through air or other matter these charged particles

give up energy to orbital electrons of other atoms, causing secondary ioni-

zation to occur and the formation of more ion pairs.

Consider now a charged particle passing through matter. With each ion
*

pair that it forms, the charged particle loses approximately 35 ev of its

kinetic energy. This is tantamount to a reduction in speed and the longer a

charged particle remains in the vicinity of an atom the higher the probability

that it will ionize the atom.

The result is that the slower the charged particle travels, the more

ion pairs it will form per unit length. The ionization events per unit

length of travel of a charged particle is defined as specific ionization.

Specific ionization varies with material for a given charged particle,

although the energy necessary for ionization generally decreases with increas-

ing atomic number, Z. Specific ionization also decreases with increasing

charged particle energy as can be inferred from the previous paragraph.

Alpha particles, due to their heavy mass (hence low velocity per unit

of kinetic energy) spend a relatively long time in the vicinity of an atom

and thereby lose their energy through a smaller distance of travel. The

specific ionization of alpha particles is found to be appropriately high--on

the order of 200,000 ion pairs formed in air per centimeter of travel. How

far would you expect a 4 -MIev alpha particle to travel in air before losing

all its kinetic energy? The probability that an alpha particle will cause an

ionization event is very large when compared to a beta particle.

Beta particles, because of their light mass, travel at relatively high

velocities per unit of kinetic energy and pass quickly by potential customers

* ev = electron volt: The energy possessed by an electron which has been

"pushed" by one volt. A term most frequently encountered is million
electron volt, or Mev.
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for ionization, thereby reducing the probability of causing an ionization

event. When compared to that of an alpha particle, it is clear that the

specific ionization of beta particles passing through a given material is

small. Correspondingly, the beta particle range is large compared to an

alpha particle in the same material. On an average, perhaps 200 ion pairs

per cm of travel are formed by a beta particle's flight through air. How

far might a 4-Mev beta particle travel?

Figures 11-5 and 11-6 at the end of Section II illustrate respectively

alpha and beta particle specific ionization.

Since gamma photons, sometimes called gamma rays, carry no charge, it

would be expected that there would be no interaction of photons with matter.

Indeed, gamma rays do not directly cause ionization, but they do cause three

distinct types of reactions which lead to an ionization event. These re-

actions of gamma photons with matter are the photoelectric effect, Compton

scattering, and pair production.

The photoelectric effect occurs when an incident photon interacts with

and is absorbed by an orbital electron as illustrated in Figure II-la where

the hydrogen atom is used as target. This electron becomes highly excited

in Figure II-lb, and escapes from the atom in Figure II-lc. Note that the

nucleus also is moved by the "kick" of the departing electron. Thus, an ion

pair is formed, where each particle acquires some kinetic energy, and the

photon energy is completely dissipated. The photoelectric effect is usually

observed as the mode of attenuation of photons with low energies (below 1/2

Mev).

Compton scattering, illustrated in Figure 11-2, is similar to the

photoelectric effect except that only a part of the energy of the incident

photon is absorbed through ejection of an orbital electron. The rest of the

energy is carried off as a lower energy photon, Figure II-2b. The sum of

the kinetic energies of the free electron, the remanant nucleus, and the

emitted gamma ray is equal to the energy of the incident gamma ray. Compton

scattering is encountered in attenuation of medium to high energy gamma rays.

Pair production does not result in ionization directly. It is a

reaction of nuclear forces with a high energy (greater than 1.02 Mev) gamma

ray. When the high energy photon passes close to the nucleus of an atom
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it disappears, and in its place there is produced a positron and an electron,

hence pair production. It should be noted at this point that the

creation of mass (positron and electron) from energy (gamma photon) is con-

sistent with Einstein's findings of the equivalence of mass and energy. The

theoretical minimum energy for this reaction to occur is 1.02 Mev because

this amount of energy corresponds to the rest mass* of the positron-electron

pair (0.511 Mev each). Now, if a 1.02 Mev photon undergoes pair production,

the resulting electron and positron would have no kinetic energy. The pro-

bability of this occurring is very small. If the gamma ray has a higher

energy, however, the excess energy above 1.02 Mev will be shared between the

two particles as kinetic energy.

The prompt interaction of the positron with an electron, referred to

as annihilation of matter, results in the emission of two gamma photons of

1.02 Mev total energy (0.511 Mev each).

Figure 11-3 illustrates the pair production phenomena. At (a) the

high energy gamma photon passes the nuclei; at (b) the electron-positron pair

have appeared; at (c) the positron approaches an electron; and at (d) the

electron and positron are annihilated with the two photons resulting.

Individual gamma photons interact with matter in a quantized fashion.

Collectively, however, a beam of gamma radiation passing through matter

constantly loses intensity in a predictable fashion. Consider a beam of gamma

rays with an intensity I0 impinging upon a piece of material X units thick.

A measurement of the intensity on the far side of the material would indicate

that some of the gamma radiation had been absorbed. If the material thickness

were increased and additional measurements were made of the intensity, it

would be found that the intensity drops off exponentially, and that the in-

tensity of the gamma radiation at any point in the material would follow the

relationship:

I = I eFLX

* If one could weigh a resting or non-moving electron or positron, a weight

of about 10-27 grams would be observed. If this is pursued thru the
equivalence equation of mass and energy and properly converted to appro-
priate units, that weight will be equivalent to 0.511 Mev.
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where/ ris the linear absorption coefficient and represents the fraction

absorbed per unit length of travel, I is the the intensity of the gamma

radiation at a position x in the material, and I the intensity at the point

of reference. By performing simple calculations, a term called half-thickness

can be derived. This refers to the amount of thickness of a material

necessary to decrease the intensity of gamma radiation by a factor of two.

Half-thickness =

Note the mathematical similarity to radiation half-life discussed earlier.

The half-thickness will vary inversely with the interposed material density

and directly with the photon energy.

Another coefficient has been defined to take into consideration these

variances. This is called the mass absorption coefficient and is defined

as the fraction of the gamma intensity which is absorbed in one gram of any

material through a surface area of one square centimeter.

where r is the mass absorption coefficient,A the linear absorption coefficient,

and 9 the density of the material. Essentially then, attenuation of gamma

radiation is a function of mass of interposed material alone. The variation

of half-thickness with gamma energy and with material density is given in

Figure II-4.

F. NUCLEAR REACTIONS

Nuclear reactions are defined as the reaction between any type of

radiation and the nucleus of an atom. Consider the nuclear reaction:

14 + He-4 1F 7 0 +*(2 9 8 1

14 4
N is called the target nucleus, He (an alpha particle) is called the incident

18 17
particle, F is called the compound nucleus, 0 is called the recoil nucleus,

and 1H (a proton) is called the ejected particle. A shorthand notation for

this reaction would be:

14 (2He, 118 OR N-14(o., 9P)0-17
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Nuclear reactions are not instantaneous but are reactions involving

absorption and re-emission of another particle. The half-life of the com-

pound nucleus is often in the order of milliseconds or less, which could

mislead one to believe that the reaction is instantaneous. The mode of

formation of the compound nucleus is completely independent of the mode of

decay. The energy gained by the nucleus after the incident particle has

been absorbed is shared by all of the nucleons within the nucleus, until by

chance the proper forces and arrangement of particles are such that nuclear

decay occurs. It is important to note that charge is conserved or that the

sum of the Z numbers of the target nucleus and the incident particle are

equal to the sum of the Z numbers of the recoil nucleus and the ejected

particle. This conservation rule holds for A numbers also, which says that

the sum of the neutrons and protons is always constant in the reaction.

Typical incident particles are protons, neutrons, alpha particles,

deuterons (the nucleus of 2H, deuterium), and gamma rays. These particles

are also typical ejected particles. Nuclear reactions are very highly energy

dependent; that is, the type of ejected particle is usually determined by the

energy of the incident particle since the kinetic energy of the incident

particle is also absorbed into the target nucleus. If the energy of the in-

cident particle is relatively high, then the probability that the compound

nucleus will eject a high energy particle or a particle of heavy mass (alpha

particle or deuteron, for example) is increased.

In the field of nuclear reactor technology there are five types of

nuclear reactions which are of importance.

1. Elastic Scattering. This reaction occurs when a particle collides

with a light weight nucleus and causes no mass change. The only reaction that

occurs is kinetic energy transfer from the energetic incident particle to the

target nucleus. An example of this is the collision of a neutron with the

nucleus of a hydrogen atom. The neutron loses some of its energy to the hydro-

gen nucleus and is accordingly slowed down to a lower energy level.

2. Inelastic Scattering. Inelastic scattering is similar to

elastic scattering except that the transfer of kinetic energy results in the

gain of internal energy within a compound nucleus instead of a gain of kinetic
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energy that occurs with elastic scattering. The compound nucleus then returns

to the ground state (or minimum internal energy) by gamma decay.

3. Capture Reactions. Capture reactions are of the form

A A
1X (n Y') x

Z1 Z1

where the target nucleus absorbs a particle raising the internal energy of

the compound nucleus to such a point that a gamma ray is emitted. The form

shown above is for a neutron-gamma reaction. However, proton-gamma and alpha-

gamma reactions are not unknom.

4. Capture with Particle Ejection. This reaction is similar to

the capture reaction with the exception that the compound nucleus is raised

to such a high internal energy that a particle is ejected. As mentioned

previously, the type and the kinetic energy of the particle are strongly

dependent upon the kinetic energy of the incident particle when it is ab-

sorbed by the target nucleus.

5. Nuclear Fission. Nuclear fission occurs when a compound nuclei

is raised to such a high energy level that the nucleus must split to release

this energy. The most common form of this reaction is the absorption of a

neutron by a heavy nucleus, with a resultant fissioning or splitting of the

compound nucleus. This reaction is also accompanied by the release of

highly energetic neutrons. More will be said about fissioning in a later

section.

Some common nuclear reactions which are of importance in the field of

reactor operation and radiation detection are:

9 (12 This reaction is utilized to provide9Be ((, n) 6C
a simple source of neutrons.

9Be (n,2n) 8Be This reaction is important in some

types of nuclear reactors to enhance

the neutron balance and to increase

the fission rate within a reactor.
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4Be (y, n) Be

292U (n., e ) 93N

5 3

2Hi (r', n) 1

This reaction is advantageous

for using beryllium as a

reflector.

This reaction is the first step of

the breeding reaction which results

in 2P39 u a fissionable material.
239 94

Pu results from the beta decay

of 239kp.

Since neutrons carry no charge,

they cannot be detected by direct

means. This reaction serves in the

fabrication of neutron detectors to

provide a reasonably direct means of

measuring neutron activity.

This reaction produces photo-neutrons

which play a large part in the opera-

tion of a hea , water moderated

reactor. Because of this reaction,

sufficient additional (non-fission)

neutrons are produced to make it

feasible to consider natural

uranium as reactor fuel.

G.. CROSS SECTIONS

The probability that an incident particle will react with a target

nucleus is called the microscopic cross section. The microscopic cross

section is that cross sectional area surrounding the individual nucleus upon

which the incident particle must impinge to cause the interaction. This

probability is not the physical area of the target nucleus, but is a measure

of probability that the interaction will occur. This probability of inter-

action varies with energy of the impinging particle and usually decreases

with increasing energy. The units for microscopic cross section are called

barns, where one barn equals 1 x 10 square centimeters.
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There are several types of microscopic cross sections, including

principally scattering cross section (s), capture cross section (o-),
s c

and fission cross section (o). The over-all sum of these cross sections

is the total microscopic cross section - the probability for some nuclear

event to occur irrespective of the nature of the event.

T ~s +% f

If the number of target atoms per unit volume were increased, it is

evident that the reaction rate would increase, since it would be more

difficult for an incident particle to pass through the material without a

reaction occurring. The. product of the microscopic cross section and the

atom density of a given material is called the macroscopic cross section and

has the dimensions of cm-l. This number is related to a given material and

not so much to the occurrence of a single isolated event as the microscopic

cross section. The mathematical relationship of macroscopic cross section

to microscopic cross section is:

= (N3 ) (r)

where

N = Number Density (Number of nuclei per cubic
centimeter)

and

N = p -
o p

where

p = material density (gms/cm3 )
= Avogaro- (ub 6r 2 1x

Na = Avogadro Number (.602 x atoms/gm-atom)

A = Atomic Weight

Table II-1 indicates some nuclear reactions of interest.
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TABLE II-1

TYPICAL MODERATOR -BORNE ACTIVITIES

This reaction, called the N-16 reaction, causes high radiation downstream.

Fast (n,p) cross sections averaged over fission spectrum.

Thermal neutron cross sections.

11-23

Target Type Product Activation Gamma
Nuclide Reaction Nucleus Cross Section Half-life Energy

16* (n,p) 16N 2 x 10 7.4 sec 6 & 7 Mev

180 (n, capture) 190 2 x 10 29.4 sec 1.6 Mev

/ -l ***
23Na (n, capture) 24Na 5 x 10 15 hours 2.7 and

1.4 Mev

4lK (n, capture) 42K 1 12.4 hours 1.5 Mev

**

**



Figure II- 5a, SPECIFIC IONIZATION vs ENERGY
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Figure II 6a SPECIFIC IONIZATION vs ENERGY

for BETA PARTICLE.

z
0

IJ

z
0
U

ILJ)

1 Mev

ENERGY, (Mev)

Figure II 6b BETA INTENSITY vs RANGE

3.0 Mev
z
w
F-
z

2.0 Mev

1.0 Mev

0 2 4 6 8 10 12

Distance From Source (Meters)

FIGURE 11-6a & 11-6b

11 -25





NUCLEAR PHYSICS

MADE VERY, VERY EASY

SECTION III

REACTOR PHYSICS

A. FISSION AND THE CHAIN REACTION

When a neutron encounters the nucleus of a fissile material, it can

be either absorbed and followed by internal energy and configurational

adjustments, or it can so upset the nucleus that the nucleus simply breaks

up into two large fragments. Which shall occur depends primarily upon the

energy of the neutron and the nature of the material.

We discussed thermal velocities of molecular and atomic matter in

Section I (page 17). Neutrons with this energy (or velocity) are the most

successful in causing fission in most fissile materials. However, some

fissions will occur at much higher than thermal velocities, not only in

fissile materials, but in some materials such as U-238 which are normally

only fertile. Fertile material is that which will undergo nuclear reaction

to become fissionable material. In any case, when fission occurs, fission

fragments are produced, neutrons are emitted, and energy is released. This

is the area of our interest.

In passing, note that the distribution of fission products varies

somewhat with incident neutron energy. The range of fission products is

from zinc to dysprosium. Figure III-1 illustrates fission product distribu-

tion from two fissile materials.

Figure 111-2 illustrates the fission process. This is the classic

fluid drop model. As an additional drop of fluid (a) is added to the stable

system (b), the resulting super-drop will oscillate (c), and if sufficiently

unstable will split to form two smaller drops.
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Figure II1-2

In the nuclear chain reaction, the fission process is sustained by the

continued action of some of the by-products of the process other than the

large fission fragments. These by-products include direct electromagnetic

radiation (such as gamma rays) and, most important, several neutrons. For

example, if each fission produces one neutron which successfully goes on to

cause a fission, which in its turn produces a fission-producing neutron,

then a self-sustaining chain reaction has been achieved.

One might ask why nature has not produced the fission-reaction for us

if that is all that is needed to produce a self-sustaining chain reaction.

After all, many tons of uranium are removed from the same general area in the

earth. It was packed in pretty tight underground before mining. Why didn't

it blow up?

The principal reason for the lack of natural reaction is the competition

for the neutrons. When a spontaneous* fission occurs, two, three, or even

four neutrons might be produced along with the fission fragments and the

energy. But by the time the competing process of non-fission absorptions

* More than 1000 fissions per hour per kg U-235 and 25,000 fissions per hour

per kg U-238 occur as a natural disintegration activity.
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occurs in U-238, in minerals in the rock, and in all the other non-fissionable

material around, there just isn't much likelihood that any of the neutrons

will succeed in finding another fission target.

When uranium is mined, refined, concentrated, and enriched in the

fissionable isotopes, the principle thing that is happening is the removal

of undesirable neutron-absorbing materials. As the centrifugal, diffusion,

or spectrographic concentration and enrichment proceeds, fewer and fewer non-

fissionable (or poison) materials compete for neutrons.

In the uninterrupted process of concentration, sooner or later the

amount of fissile material would reach the point where a given spontaneous

fission would produce a fission-spawning neutron which would in turn produce

fission-spawning neutrons, and a self-sustaining chain reaction would be

reached in the process plant. Such events have occurred and are regarded as

highly undesirable.

However, when this concentration of material is (purposely or accidentally)

attained, it is called a critical mass and is defined as that amount of the

material necessary to sustain a chain reaction.

Figure 111-3 illustrates the active chain reaction. Note that some

neutrons escape from the area of concentrated fissile material, while other

neutrons are absorbed in nonfissile material, but at least one neutron from

each fission finds a fissile target.

It is interesting to consider the effects that the shape of a container

might have on the critical mass. For example, if the container was long and

thin, more neutrons would escape the system completely and leave the vicinity.

In order to assemble the same amount of material into a mass which could

sustain a chain reaction, one would have to shorten and increase the thickness

of the container in order to avoid the loss of neutrons from the "skinny" system.

The critical mass is very strongly affected by geometry. The best configura-

tion for the least quantity of critical mass would be a sphere. It has the

least surface-to-volume ratio, and this is the important parameter in pro-

ducing a critical mass from the smallest amount of material.
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It is clear from this discussion that once a chain reaction is going,

all that is necessary to slow it down or to stop it is to insert some

material into the critical mass which will compete for the available neutrons.

Thus, a neutron absorber, or poison material can control the chain reaction.

The chain reaction can also be controlled by varying the core geometry to

make it thinner or longer.

Many events occur during and after fission which play an important role

in the use and control of a nuclear reactor. The fission reaction for U-235

is:

235*xA A21 heat
2U+ N-_+ l X + ZY +,U ln +eha

energy

In this equation, X and Y are fission products, the two principle fragments

of the split U-235 nucleus. The minor fragments of the fission reaction,

') 0 n, are neutrons released at the point and time of fission, and are termed

fission, or prompt neutrons.

The fission products, X and Y are almost without exception very highly

radioactive. The characteri-stics of this radioactivity are much as we dis-

cussed in Section II, with one unique exception--a few fission products decay

by emission of a neutron. In these instances, there can be delays of from

just a fraction of one second to as long as several minutes. Logically, they

are called delayed neutrons because they are delayed, in comparison with

prompt neutrons. The delayed neutrons are important in reactor control.

B. REACTOR STATICS

A neutron with kinetic energy less than an electron volt is defined

as a thermal neutron. The term thermal, discussed in atomic physics,

refers to the concept that the particle has kinetic energy corresponding to

the temperature of the surrounding medium in which it exists. The fission

cross section for typical reactor fuels is highly and inversely dependent

upon the energy of incident neutrons which will cause fission. The average

kinetic energy of a fission or prompt neutron is 2.5 Mev, with a most prob-

able energy range of 1-10 Kev at birth. Since the probability is very small

that a neutron will cause a fission at 2.5 Mev energy, it is necessary to

reduce this kinetic energy to a value such that the chances for it to cause
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fission are enhanced. This is accomplished by interposing material with

relatively non-absorbing nuclei as collision medium to absorb the kinetic

energy of fission neutrons thru the process of elastic scattering. This

medium is called the moderator. It acts to slow down, or thermalize, the

fission neutrons.

Typical moderators are hydrogen, beryllium, and carbon. It should be

clear that fewer collisions are necessary in a hydrogen medium to cause

complete moderation than in carbon because the nuclear mass of hydrogen is

smaller and, therefore, more likely to absorb the kinetic energy of the

neutron by the elastic scattering process described under the heading of

Nuclear Reactions. For example, if a billiard ball strikes head-on with

another stationary billiard ball, the first ball will come to rest and the

second will move away. If the stationary ball is replaced by a bowling ball,

the first ball will bounce, barely moving the bowling ball. A neutron-

proton collision is like the two-billiard ball collision. A neutron-carbon

collision is like the billiard-bowling ball collision.

The amount of moderator in a multiplying system such as a reactor

greatly influences the degree of slowing down neutrons. If there is too

little moderator, the neutrons are not adequately thermalized, hence the pro-

bability of fission is small when compared to the optimum. If there is too

much moderator, then the probability is greatly increased that a thermal

neutron will be captured by the moderator, or some other non-fissionable

material. Figure 111-4 shows a plot of (water) moderator-to-uranium ratio

versus critical mass. Note that a minimum is reached which illustrates the

point that greater efficiency of fuel utilization is achieved when the core

is neither moderator starved nor moderator choked.

There are four principal items which influence the self-sustaining

quality, or chain reaction, of a reactor. These are thermal utilization,

resonance escape, fast fission, and neutrons produced per neutron absorbed.

1. Thermal Utilization Factor (f). Thermal utilization factor, f,

is a ratio of the macroscopic absorption cross sections of a reactor. It can

be said to be the ratio of the number of thermal neutrons absorbed in the fuel

to the total number of thermal neutrons absorbed (fuel, moderator, support
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materials, etc.). The mathematical relationship is:

(Z a fuel) (0 Thermal) (Unit Fuel Density)

( a reactor) (0 Thermal) (Unit Materials Density)

where

a * = macroscopic thermal absorption cross section

0th = thermal flux

Thermal utilization is simply an efficiency measure of how well thermal

neutrons are used. If all were utilized in fuel, efficiency would be 100% and

f would be 1.0, but never greater than 1.0.

2. Resonance Escape Probability (p). Resonance escape probability,

p, defines the probability of a neutron escaping capture by U-238, and other

in-core non-fissile materials. As neutrons slow down, they pass through the

optimun absorption energy regions of these materials which often present large

capture cross sections. The regions in which these materials have high capture

cross sections are called resonance regions. In fact, the term "resonance"

can be applied to any energy-dependent region of an isotope where the probability

for reaction is high. For example, U-235 has a resonance in the thermal region

in which the fission cross section is extremely large when compared to the average

cross section throughout the neutron energy spectrum. Cobalt-59 has a resonance

at 135 ev which is nearly 600 times the average Co-59 cross section. However,

the term resonance escape probability is simply the probability that non-thermal

neutrons will escape nonreproductive capture. It is a number never greater than

1.0.

3. Fast Fission Factor (E). Fast fission factor, E, describes the

contribution of fissioning by fast (or high energy) neutrons in systems

* The Greek upper case sigma (Z:) denotes macroscopic cross section, while

the lower case ( o-) denotes microscopic cross section.
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containing uranium. A fission neutron, due to its high kinetic energy, can

cause fission in U-238 which has a fission cross section only in the Mev

range. A fission neutron can also, though reluctantly, cause fissions in

U-235. The magnitude of the fast fission effect depends on factors such

as fuel enrichment, moderation ratio, and neutron energy spectrum. In

essence, the fast fission factor is the ratio of all fission events to

those caused by thermal neutrons. It has been calculated to range as

high as 1.1 in some thermal reactors. This number cannot be less than

1.0.

Total fission rate
C Thermal fission rate

4. Neutrons Produced per Neutron Absorbed (-n). There are on the

average 2.43 neutrons produced per fission in U-235. This number varies

for different fissionable materials. It is denoted by the symbol V/, and

is defined as the number of neutrons produced per fission. U-235 can also

capture neutrons and not undergo fission. To compensate for this non-

productive capture, the number of neutrons produced per absorption,- ,

is defined as:

a-

a +f 0a-f) x -V

where

~ is the fission cross section for U-235

a is the absorption cross section for U-235

A mathematical expression can be written from the above four

parameters which describes the neutron multiplying properties of a

reactor. This expression is called the four-factor formula:

koc= -ifp e

If the resultant koe is equal to 1.0, then the system is self-sustaining

and is said to be critical. If ko is greater than one, then the reaction

is diverging or supercritical. If koe is less than one, the reaction is

converging or subcritical. When the nuclear reactor is just exactly

critical (koc = 1), it can be said that there are as many neutrons being

produced by fission as there are neutrons used to cause fission and lost

to absorption.
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Up to this point, only the parameters which are characteristic of the

materials in a reactor or fissioning system have been discussed. Consider

again the events which could happen to a neutron from the time that it is

born at the point of fission until it is absorbed and causes fission:

1. The fission (or prompt) neutron is produced with a high kinetic

energy, and consequently it is in the energy range where it is least likely

to cause fission.

2. It loses this energy by elastic scattering with nuclei of atoms

until it is in the range where the fission cross section is at a maximum.

3. During this scattering process and associated slowing down, the

unlucky neutron may be absorbed by poison materials, or materials not directly

associated with fission, or at high energies it may be absorbed in fast fission

processes.

One other misfortune which can befall a neutron of any energy is simply

escape from the reactor. A term, nonleakage probability, may be applied to

the four-factor formula to account for the leakage of neutrons which occur

from a finite sized reactor core. The nonleakage probability factor times ko,

gives:

k ff ' 1fpC ?f Q
eff = k = p f h (See Figure 111-5)

where
k f = the effective multiplication constant for the

finite sized reactor

kco= the multiplication constant for the material

composition of the reactor

= the nonleakage probability factor for the reactor

when considering the physical size of the reactor

The mathematical expression for nonleakage probability is:

e B -B27T and1

=L where = e and th = 1 22
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where

B = the geometric buckling of the reactor or the

function which describes the neutron density

distribution in the reactor

L2 = the thermal neutron diffusion length or the

average length that a thermal neutron will

travel from the time it is thermal until the

time it causes fission

?" = the Fermi Age or the distance that a fast

neutron travels until it becomes thermalized

-B2
From these definitions, it can be seen that the term e can be called the

fast nonleakage probability and the term 1 + B2 L2 the thermal nonleakage

factor. The nonleakage probability is simply a measure of the chances of a

neutron not escaping from the reactor. ,It cannot be greater than 1.0.

The buckling of a reactor is a concept which should be carefully and

thoughtfully considered. The larger the reactor size the larger is the non-

leakage probability and the smaller the buckling becomes. The smaller the

reactor the larger the buckling becomes, because neutrons can more easily

find their way out of the reactor - until a point is reached where the reactor

can no longer sustain criticality. When the just-critical size is reached,

it is said that the geometric buckling is equal to the material buckling.

Material buckling is dependent upon the materials of the reactor, including

control materials, while geometric buckling is dependent upon the geometrical

shape of the reactor.

Although perhaps not in the best traditions of scientific accuracy,

another approach to the concept of geometric buckling may be clarifying.

Consider the chances of leakage of neutrons from a finite reactor. Neutrons

born near the center of the reactor have little chance of escaping because

they have so much material to go through to get to the edge of the reactor.

Neutrons born nearer the edge have a better chance of escaping. Those born

right on the edge have an excellent chance of escaping. But of course any

neutron escaping may also be reflected back in.
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The rate of escape of neutrons is greater for peripherally born neutrons.

Buckling is a measure of this changing rate as one approaches the edge.

The number of neutrons released at the point and time of fission (prompt

neutrons) varies from reaction to reaction. Statistically there will be

about 2.4 prompt neutrons released per fission in a typical thermal fission

reaction of U-235. For any fissionable material the general expression uses

the coefficient V to represent the average number of prompt neutrons per

fission. These neutrons characteristically have an average energy of about

2.5 iev.

The heat energy which is released during the fission process is the

'kinetic energy of the fission products, and to some extent the heating effect

of prompt radiation. The total energy release from the fission process is

given in Table III-1.

TABLE III-1

ENERGY RELEASE IN THE FISSION OF U-235

Total Kinetic Energy of Fission Fragments 165 Mev

Kinetic Energy of Fission Neutrons 5 Mev

Prompt Gamma-Ray Energy 5 Yev

Beta Decay Energy 5 14ev

Gamma Decay Energy 5 Mev

Other Forms of Energy 5 Mev

Total 190 1ev

It is useful to note equivalents in the context of their development.

Thus, the 190 Mev per fission may be converted to the more familiar units of

watt-hours per fission. However, watt-seconds is more conventionally used.
-13

The conversion factor is 1.7 x 10 watt-seconds per Mev, for an energy of

3.23 x 10-11 watt-seconds/fission.

Problem: If you could convert fissions directly to power with l001, efficiency,

how many fissions would be required to power a 100-watt light bulb

for one hour?
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C. REACTOR DYI'TANECS

Some fission

neutron emission.

within a reactor.

control.

products decay, after a delay of variable duration, by

These neutrons in turn enter into the fission process

These delayed neutrons are extremely important in reactor

A fission (or prompt) neutron exists by itself within a reactor for

about 10 seconds while going through the total process leading to fission

capture. The delayed neutrons, on the other hand, do not come into play in

the fission process until a short time after the fission which produced the

parent nuclide has occurred. The time varies from a fraction of a second up

to several minutes. The characteristics of these fission-produced, delayed

neutrons have been carefully measured and have been found to exist in six

definite groups according to energy, abundance, and half-life. Table 111-2
shows these characteristics.

TABLE 111-2

DELAYED NEUTRON DATA

Delayed
Neutron

Group

1

2

3

4

5

6

/se

.0125

.0306

.112

.302

1.14

3.02

U-235

.000211

.l00140

.00125

.00253

.000736

.000269

Birth
Energy
(Key)

250

560

430

620

420

430

T-; - sec

55.46

22.65

6.19

2.29

0.608

0.229

.00640
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Consider a reactor in which k is exactly 1.000. The neutrons

entering into the self-sustaining reaction are a mixture of prompt and de-

layed neutrons. In the case of U-235, the prompt neutrons resulting from

fission amount to about 99.3% of the neutrons causing fission. The other

0.7% are delayed neutrons.

Assume now that an adjustment has been made to the reactor so that kff

is increased to 1.001 or 0.1% supercritical. The system is now multiplying

at a given rate proportional to the number of neutrons present within the

system. At any instant, the neutrons in the core are a mixture of 0.7% de-

layed neutrons, and in this instance 99.4% prompt neutrons (99.3% + 0.1% -

neglecting the insignificant corollary delayed neutron increase). For the

reactor to be critical on prompt neutrons alone, an additional 0.6% reactivity

contribution must be available. Otherwise, the reactor must wait for the de-

layed balance and the reactor in this condition is still controllable. If

ke were increased to 1.007, then the reactor would be critical on prompt

neutrons alone; no waiting for delayed neutrons would be necessary, and it

would be uncontrollable by normal control means. To put it another way, the

power would be increasing at such a rapid rate that it would be impossible to

control the reactor short of spontaneous shutdown on its own inherent mechanisms.

The mathematical expression which describes the supercritical condition of a

reactor is:

i=6

P Tkeff 1 + .?
1

i=1

This is a form of the dynamics equation sometimes loosely referred to as the

inhour equation.

Consider the left hand side of the equation; the Greek symbol l is
called reactivity and is equal to:

k -l
eff

eff
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Now then, it will be remembered that kff of a just critical reactor, equals

exactly 1.0, hence from the above expression p would be equal to zero. If

k were greater than 1.0, then the reactor would be supercritical and P

would have a positive value. If k is less than 1.0, the reactor is de-

creasing in power and p would be negative.

In thejame equation, the first expression on the right side of the

equation, 7 Tk , describes the contribution of the prompt fission neutrons
eff

to reactivity. The mean prompt neutron lifetime,X., describes the average

time during which a prompt neutron exists from birth to fission absorption.

The reactor period, T, is the time that it takes the power to change by a

factor of e, --2.72.

The second term on the right hand side of this equation describes the

contribution to reactivity of the delayed neutrons. represents the abun-
dance of the delayed neutrons, and A is the decay constant of the fission

product which produces the delayed neutron. The letter i represents the

number of groups--six as shown in Table 111-2.

It is interesting to note that the a-fraction (the sum of the indivi-

dual P's expressed as a fraction of the total neutron contribution to

criticality) is different for various fuels. This is due to the relative

abundance of the fission products which are produced by the fissioning of

different fuels because of the energy dependence of the fission process itself.

From this it can be deduced that the contribution by delayed neutrons to the

criticality conditions in a Pu-239 system is different from that of a con-

ventional U-235 fueled system. This in turn means that the control. character-

istics for a Pu-239 system are different than those of a U-235 fueled reactor.

Table 111-3 compares the delayed neutrons from various fuels. Mixtures of

these fuels result in a corresponding blend of delayed neutrons. These effects,

it should be remembered, result from the abundance of specific fission products.

It is logical to expect the products of one fissionable material to differ from

another. This is illustrated in Figure III-3, the fission product curves for

U-235 and Pu-239.
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TABLE 111-3

COMPARATIVE DELAYED NEUTRON DATA

Delayed
Neutron

Group U-235 U-238 Pu-239 Pu-240 Pu-241

1 .000211 .000204 .000073 .000850 .000850

2 .00140 .00215 .000625 .000826 .000826

3 .00125 .00255 .000442 .000581 .000581

4. .00253 .00610 .000683 .oolo6 .oolo6
5 .000736 .00354 .000180 .000387 .000387

6 .000269 .00118 .000092 .000088 .000088

. .00640 .0157 .00210 .00303 .00303

Reactivity is frequently given in terms of a percent of the total beta

fraction. For example, from Table 111-3 we see that the beta fraction total

of U-235 is .0064. If we consider in a U-235 fueled reactor an extra amount

of reactivity equal to .00064, it represents 100 of the total beta fraction.

If we consider an extra .0064 quantity of reactivity, this represents 100%

of the total beta fraction. 100% of the beta fraction is termed a dollar; 10%

of the beta fraction is one-tenth of a dollar, or 10 cents.

k
Reactivity in Dollars = ex

P
where kexcess = keffective-1.00

Now, if one considers the 0.0021 beta fraction total of Pu-239, clearly

one dollar has less extra reactivity than it had in the case of U-235. A

dollar in plutonium-239 is only 0.21% 6k/k, whereas a dollar in uranium-235

is 0.64% 6ak/k. In each case the dollar represents, in a given reactor

system, the amount of extra reactivity necessary beyond k = 1.0, to make

the reactor prompt critical; that is, critical without any help from delayed

neutrons. This concept of reactivity in dollars is important in understanding

reactor technology.
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Whether in percent of beta or in percent ak/k, the amount of reactivity

of a system that is in excess of k = 1.0 is called excess reactivity, or

kex. In formal terms, kex = k eff-. For operational purposes these values

are also equivalent to Ak and to p, although not rigorously.

Consider two cases of reactivity insertion; one well above the condition

of prompt criticality, and one well below the condition of prompt criticality:

1. If the reactivity insertion is above the point of prompt criticality,

then the last term in the dynamics equation can be dropped out. The delayed

neutron contribution to the total reaction is so slow that it will not catch up

to the rapidly escalating power level. This leaves the equation in the form of:

=1' Drop
eff + 1 + ; This

Solving for the period '- - - - --- Term

T =

k eff

which would be the reactor period if the system were prompt critical or very

near prompt critical.

The justification for this cavalier treatment of the dynamics equation

will be made clear by inspection, if a very small number is substituted for

the period term, T, in the inhour formula on page 111-16. In the first expres-

sion of the equation, as T becomes smaller,e/T must become greater,

hence so must /P. In the second expression of the equation, as T becomes

smaller the expression approaches a limiting value equal to the beta frac-

tion. Thus, for very short periods, the first expression of the in-hour

formula dominates the solution, while for very long periods, the second

expression is the dominating factor.

2. If the reactivity insertion is small, then the delayed neutrons are

controlling, and the first term on the right hand of the dynamics equation can

be neglected. This would be in the form of:

i=6

/o I IL'

TkI i=1 1 +a. T
eff 1
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The average decay constant, summed over the six groups, is approximately

equal to 0.08 sec l. Remember that the summation of . is equal to the

S-fraction, and the above equation reduces to:

1 + )A T

By solving for the reactor period, the equation reduces to:

an approximate solution, adequate for long reactor periods (>10 sec).

A useful and simple form of the inhour formula is derived as:

T = -6k - 4Sk

where 1 is the mean life of the various delayed neutron emitters. This is

taken to be 12.2 seconds for a U-235 system. This provides an adequate

solution for practical problems in reactor operations.

When a positive value of reactivity is inserted into a reactor, the

period which first results is not the stable reactor period. There is a

small time delay in which the delayed neutron contribution to the system comes

into equilibrium. The resultant period is somewhat longer after this equili-

brium has occurred. The time that it takes for the reactor period to become

stable is quite dependent upon the material of the multiplying system.

In a U-235 light-water-moderated system, the waiting time for a stable

period to develop is much shorter than in a U-235 heavy-water-moderated

system. This is partly due to the additional ten neutron-producing groups

from the D(Y,n)H reaction of heavy water systems, for a total of sixteen

delayed neutron groups. The decay constants associated with the photo-

neutron groups are those associated with the fission products which gamma-

decay with the proper energy, >2.2 Mev.

The inhour equation has been solved to produce the curve shown in

Figure III-6. Note reactivity is plotted in percent as a function of

stable reactor period. The reactor period is accurately and easily de-

termined from reactor traces of escalating reactor power.

111-20



40

30

25

20

15

10
* 9
2 8

6

}45

.. 4
0

a)

3

2.5

2

1.5

C)
C

mn

2.7% Fuel; Pitch - 0.493"1 ( 28 0.053, 1 1.063)

-

10 20 30 40 50 60 70 80 90 100 200 300 400 500 1000
REACTOR PERIOD (SECONDS)

FIGURE 111-6
REACTIVITY vs. REACTOR PERIOD

I

I



D. REACTIVITY CONTROL AND REACTOR OPERATION

Many conditions exist within a nuclear reactor which greatly affect

the reactivity balance within the system. These can be classed into three

major groups:

1. Control materials positioning

2. Distributed poison concentration

3. Temperature of both the moderator and fuel

Control rods, or drums, are usually made of a material or materials with an

extremely high capture cross section in the neutron energy range that is

typical of the using reactor. For instance, in a low enrichment uranium

system which is slightly undermoderated, control rods can be made from an

alloy of silver and cadmium. The cadmium has a large cross section for

neutron capture in the thermal energy range while the silver has a relatively

large cross section in the intermediate neutron range. These materials are

effective in the range of neutron energies common to this type of reactor

system. Addition of a small amount of indium to the alloy of silver and

cadmium improves the absorption characteristics in the high thermal region.

Consider a just-critical reactor in which a control rod is partially

inserted. If the control rod is then withdrawn slightly, k will increase

to a value slightly greater than 1.000 and the system will be on a positive

period. By withdrawing the control rod, neutron absorbing material is re-

moved from the core. The effect is an increase in the thermal utilization

factor, and as seen in the four-factor formula discussed earlier, results in

an increase in kf. Inserting the control rod has the reverse effect, with

the result that the thermal utilization factor decreases and k is reduced.

Control rods are calibrated in units of reactivity change per unit change

in control rod position,Qp/4AH. The changes in reactivity and rod position

are usually small enough that the terms can be written in the differential

form, 8,p/6 h. Control rod positioning effects also vary with their specific

location in the core. If a control rod is inserted about half way into the

core, its differential worth is greater than if it were almost totally with-

drawn or inserted. A typical differential control rod worth curve is shown

in Figure 111-7. Note that the maximum differential worth is found when the
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rod is positioned at about forty percent withdrawn. This curve can be

integrated to provide a determination of total control rod worth, which is

defined as that amount of reactivity change associated with a given total

movement of the control rod. Figure II-8 shows a plot of a typical inte-

grated control rod curve.

In some types of reactor systems, reactivity control is maintained by

soluble poison in the moderator or coolant which passes through the reactor

core. This reduces the thermal utilization factor, and requires that the

control rods be further removed from the core to sustain the just-critical

system. In most large pressurized water reactors today, large amounts of

reactivity are held down by soluble poison such as boric acid, where B-10

is the principal absorber in this solution. When used as gross control, the

plant can operate with almost all control rods fully removed. This works to

optimize the power distribution and heat transfer through the core, and at

the same time enhances the shutdown safety margin.

Soluble poisons are usually injected through the charging and volume

control portion of the primary or main coolant system. As reactor fuel is

consumed and the installed excess reactivity drops, the soluble poison is re-

moved through the purification system thus compensating for the reactivity

loss due to fuel depletion. It should be pointed out that adjustments in

soluble poisons are not used as operational reactivity control methods.

Typically, one control rod could be inserted into the core to a position about

75% withdrawn for routine reactivity control, such as compensations in power

load and variations in temperature.

Reactivity worths of soluble poisons are expressed by either of two

reciprocal ways; reactivity units per ppm of soluble poison, or ppm per

reactivity unit. Typical plots of the differential and integrated poison

worth are shown in Figures 111-9 and III-10 respectively.

The previous discussion applies to the operating reactor. Now what

about the nonoperating reactor--the shutdown condition?

Shutdown reactivity is defined as that amount of negative reactivity by

which a reactor is subcritical. Consider the integrated control rod worth

curve given in Figure 111-8. Assume that the reactor is just critical at a
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position of fifty percent. The reactivity from zero percent to fifty percent

is the amount of reactivity by which the reactor was subcritical with control

rods fully inserted. This is the shutdown reactivity. The reactivity from

fifty percent to one hundred percent is then the excess reactivity in the core.

From this description it can be seen that the shutdown reactivity is the

difference between the total control rod worth, or total reactivity which can

be controlled, and the excess reactivity in the core. Shutdown reactivity can

he decreased or increased in a reactor system by various methods; for example,

the injection of soluble poison into the reactor main coolant system, or the

insertion of boron-bearing wires into the fuel matrix. This will increase the

shutdown reactivity since the excess reactivity of the core has been decreased by

the additon of the poison. Any change in the reactor system which affects the

excess reactivity of the core, or any of the reactivity coefficients, will also

affect the overall shutdown of the system.

E. REACTIVITY COEFFICIENTS OF REACTOR CONTROL AND OPERATION

A power reactor usually operates in a hot and pressurized condition. When

the reactivity characteristics of the reactor are compared to the cold condition,

it is found that a large change has taken place. In the conventional under-

moderated PWR, the heating of the main coolant (moderator) has a negative effect

in terms of reactivity. This is due to the expansion of the water (separation

of water molecules) which reduces the water-to-metal ratio and hence reduces the

moderating characteristics. This in turn results in a somewhat higher average

thermal neutron energy. Since the cross section for fission is a maximum at the

lower energies, the probability for fission is reduced. Further, the chances that

resonance absorption will occur is increased, since neutron slowing down

time is increased, which lowers the resonance escape probability in the four-

factor formula. These factors all combine to cause a large negative reactivity

effect which must be overcome by adding fuel. Figures III-11 and 111-12 show a

plot of the differential and integral temperature coefficient, respectively.

With a temperature increase, a corresponding increase in pressure is

necessary to insure that bulk boiling does not occur in the main loop of a

reactor in the PWR class. The effect of increasing the pressure around the

core tends to increase the moderator density by pushing water molecules closer

together, which in the undermoderated system have a positive reactivity effect.
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During the power operation, the fuel temperature increases. This has

a negative effect on core reactivity because of the so-called Doppler broaden-

ing of the U-238 resonances. This is sometimes called the power coefficient

or fuel temperature coefficient, or by the more common term Doppler Coefficient.

Doppler broadening means that the core microscopic cross section for absorption,

although not changed in magnitude of barn value, broadens with respect to the

neutron energies it will assimilate. The core macroscopic cross section for

absorption thus becomes greater. This has the effect of reducing the re-

sonance escape probability, with the obvious corollary effect on the four-

factor formula of reducing k. Figures 111-13 and III-14 indicate the nature

of a typical differential and an integral Doppler Coefficient.

Another reactivity coefficient which can sometimes enter into reactor

control and operation is the void effect. This coefficient takes into con-

sideration the reactivity loss or gain due to the effects of bulk boiling in

the reactor core. It usually serves as the primary control mode in boiling

water reactors during rapid power changes. The same arguments hold in this

case as in the case of temperature coefficient; namely, that the void coeffi-

cient is negative in undermoderated systems (low water-to-metal fuel ratio)

and positive in systems which are overmoderated. The void coefficient is

expressed in terms of reactivity per percent of the reactor core voided.

This coefficient is not considered in the typical PWR, since very poor heat

transfer results from a system which is operated in the bulk boiling con-

dition. The pressure and the void coefficients for PWR are not illustrated

because they are very small effects, and are difficult to separate from the

concomitant reactivity effects of temperature variation during measurement.

In a gas cooled system such as a NERVA reactor, these same considerations

apply. The negative temperature coefficient functions through the hydrogen gas

which can range from cryogenic temperatures to many thousands of degrees.

The rate of hydrogen flow can be increased to increase the hydrogen den-

sity (pressure), thus decreasing moderating ratio in a core that is highly

undermoderated. The effect of liquid hydrogen can be easily deduced, for this

is simply the end product of compression of the gas. The closer we force the

molecules of hydrogen, the greater is the probability of a collision between

the neutrons and the hydrogen nuclei. This is another way of saying that we
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are increasing the moderating ratio, or providing means for slowing down

neutrons to their optimum fission velocity.

It is interesting to consider the ratio of hydrogen atoms in water and

in liquid hydrogen. In a gallon of water there are one and a half times as

many hydrogen atoms as there are in a gallon of liquid hydrogen.
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