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FOREWORD

It is suggested that this programmed text be used as an aild in the
study of reactor technelogy. It is not the intent of the author and
editors that the text be considered a finished product. While field
testing of both the subject matter and the continuity of thought has
been limited, the need for study material in programmed form was a basic
‘consideration in the decisieon to publish the text. Revisions may be
made at any time to correct errors, to expand the subject matter coverage,
or to update the reactor techumoclogy. If the text is used with these
reservations, and in conjunction with other study helps, it can be the

basis for very rewarding individual study on the part of the student.
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REACTOR OPERATOR STUDY HANDBOOK

(Programmed Instructicn Version)
Volume TII ~ Reactor Physics
As a part of the Reacter Operator Training Program of Operations

Division, Oak Ridge National Laboratory, five areas of instruction have

been programmed for individual study. They are:

Volume I ~ Elementary Mathematics Review
Volume IT ~ Radiation Safety and Control
Volume IITI =~ Reactor Physics

Volume IV ~ Heat Theery and Fluid Flow
Volume V -~ Instrumentation and Controls

These programmed studies ave a part of a course in reactor operation
that includes classwork, lectures, and on-the~job training. At the end
of the course, the operator trainee is tested for competence in all areas
of reactor operations before being certified to operate a particular
reactor.

It 1is suggested that the programs be studied in the sequence given
above; however, sequential dependence has been minimized so that they may
be studied either individually or as an integrated group.

The authors and editers would like to especially acknowledge the
patience and assistance of the members of the Operations Division clerical
staff who worked on this report; namely, Gladys Carpenter, Linda Comstock,

Milinda Compton, Joanne Nelson, and Barbara Burns.



INSTRUCTIONS

The waterial contaived in this manuval has been prepared using a tech-
nique called "programmed instruction". This technigue cof instruction

consists of:

1. Presenting ideas or information in small, easily digestible
steps called "frames".

2. Allowing you to set your own pace.

3, Encouraging vesponse in an active way sc that you have a
stronger impression of the idea presented,

4. Letting you know immediately if your answer is xight, thus
reinforcing your impression.

5. Presenting many clues at first to help you arxrive at the
correct answer, (As you progress, the number of clues is

reduced. )

A few sample frames are found con the next page. These will be used
to illustrate the proper use of ''programmed instrucition'. Most frames
will require you to respond by filling in a blank, or blanks, to complete
a sentence., Other frames will give you a choice of several responses. A
few frames are for informational purposes only and require ne response.
The corvect rvesponse to a given frame is always found on the right side
of the page adjacent te the following frame. When reading a frame, a
sheet (or strip) of paper should be used to cover rthe area below the
dotted line which follows the frame. After completely reading a frame,
you zhould write your response on a plece of paper. Next, wove the paper
down the page until you reach the nest dotted line or turn the page.

This will uncover the next frame and the correct response for the frame
you have just completed. Compare your response with the correct response,
If they do net match, vead thar frame again before woving on to the next

one; de not proceed until you understand the infermation in the frame you

arve reading. If the responses do match, proceed to the frame you have

just uncovered
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At the end of each section, there are self-test questions for review.
If you miss one of the self-test gquestions, repeat the pertinent frames.
It is not eunocugh to respond correctly as you proceed through the material;
you must remember correctly at the end of the program and even later. You

should attempt to complete each section once you have staried.

SAMPLE ¥RAMES

i. Programwed instruction is a method of presenting
informatrion in short paragraphs called "frames®.

These usually ceontain only one or two

concepts for the student to grasp.

ii. By requiring you to think of the appropriate response frames

and to write that on a piece of paper,

you take an active part in the program, and thereby

reinforce your learning.

iii. This methed of instruction, called response

» allows you to proczed with

the material at a rate which you determine for
yourself.

iv. FProgrammed instruction provides the appropriate programmed
response immediately and thus sheould reinforce

the student's .

learning



SECTZCON ITI-1

NEUTRON REACTIONS

1.1 Types of Reactions

The purpose of this section is to describe the resctions of neutrons,
which are of particular interest in the operation of nuclear reactors, and

to introduce some of the terms which will be used throughout the study of

reactor physics.

1. What is a neutren?

If you said that s neutron is s small uncharged
particie which normally exists only in the

nuclei of atoms, then you have given a very good
answer. 1If you alsc said that a neutron has a

mage of asboul cone atomic mesg unit which is

about the same as fthe mass of a proton and is

about 1836 times heavier than an electron, you

are right, 1f you added that neutrons occasionally
are emitted from radicactive atoms as radiaticn
when these atoms decay, yvou are right again.

A neutron is a swmall (charged, uncharged) particle

usually found in the of atoms.

2. Although neutrons occur in the nuclel of atoms, some uncharged,
types of vadicactive atoms may decay and release some poclel
neutrone so that they are free to either exist by
themselves for a short time or to react with other
atoms. Therefore, we may say that free neutrcns are

sometimes produced when some types of vadicactive

¢




Obviously, neutrcns which are in the nuclel of
atoms are not free to react with cother atoms; so,
our discussion of neutron reactions is primarily

concerned with 0

Two neviron reactions which are of interest in
regctor operaticus ave scattering reactions and

abscrption reactions.

A_gcattgriqg reaction is ome in which 2 neutron
collides with the nucleus of an atom and then
continues tyraveling, but usually in a different

direction.

An gbsorption reaciion is omne in which a nevtron is
absorbed into a nucleus forming a different isctope
which may be stable, may ewmit radiaticn (alpha, beta,

or gamma), or may undergo fission.

A fissicn reaction is one in which a nucleus
sbsorbs a neutren then splits into two
smaller nuclei and releases two or three
neutrons and scme energy.

To get a better idea of the scattering reaction, let
us think of the neutron as 2 ping-pong ball; and, since
the nucleus of a hydrogen atom (a proton) is about

the same size and weight as a neutron, we can think

of it as another ping-pong ball.

atoms decay

free
neutrons
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11.

Both the neutron and the hydregen nucleus have
a mass of about one atomic masg unit (amu). A
238 pucleus has a wass of 238 amu's which makes
it 238 times as heavy as a neutron. So,
compared toc a neutron, we can think of the 278U

nucleus as a big heavy bowling ball.

e e e aas we s s e

Now, if you throw the ping-peng bsll (neutron) at
the bowling ball (23°%0 pucleus), you will notice
that the neutron ball bounces off in a different

direction {(a scattering collision) with almost

no less of speed. You alsc may have noticed that

the 238y bowling ball did not move,

In this particular rveactlon, the bouncing of the

neutron off the heavier nucleus was called a

__collision.

- amn e am e o e mm e

in this type of reaction, where the particle that
is hit is very wmuch larger than the bombarding
particle, the bombarding particle loses

(most, very little) of iis energy.

Where there is almost no loss cf energy, there

is (a great, almest no) loss of speed.

- e e e e e aee e

Now, if you tbrow the meutron ball at the other
ping-pong ball (hydrogen nucleuvs), you will notice

that after the scatiering reacticon both balls move

off in different direciicns and neither ball has as

much speed as the neutron ball had before it
collided with the hydrogen ball.

scattering

very little

almost no



12, Another analogy would be a cue ball striking a
billiard ball. The speeds of both the cue ball
and the billiard ball are _ ___after the
collision than the speed of the cue ball was

before.

— e e wa mx mm eh e e

13. The neutron ball has slowed dewn as a result of

its reaction with the hydrogen ball.

Figure III-1 illustrates these scattering reactions.

Incoming Scattered
Neutron Neutron
) -
T T N \.’/
e S -

238y
Nucleus

Incoming Scattered
Neutron Neutron
-~
[
CD\ /\n/
S~
-, '
. v
H
Hydrogen
Nucleus .
~ TN
{ H
~ ~ Scartered
Hydrogen
Nucleus

Fig. III~-1. BScattering Reactions

- e e om owe s e e

less

scattering
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15.

16.

17.

18.

19.

20.

The reaction of the neutron with the 238U nucleus

is called a reaction.

The reaction of the neutron with the hydrogen

nucleus is called a reaction.

-~
L0

The scattering reaction with the 8U nucleus
resulted in (an increase, a decrease, nco change)

in the speed of the neutron.

The scattering reaction with the hydrogen nucleus
resulted in a (decrease, increase) of the

neutron speed.

From the above frames, it is rather easy to infer
that a neutron is slowed deown meore if it collides

with a (large, small) nucleus.

The speed of a very fast-moving neutron can be

reduced drastically by several

reactions with light nuclei.

Scattering is a fairly common every-day~type
reaction. Some additional examples of scattering
reactions are: cars bouncing off telephone poles
or bouncing off other cars, people walking into

each other and bouncing back, etc.

scattering

gcattering

no change

decrease

small

scattering
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22.

24,

25.

26.

A scattering collision familiar to many small
boys is the "skipping" of stones acrcss a lake
or other body of water. The greater the speed
of the stone, the greater the probability that
it will vebound from the water surface two or

three times.

As the stone loses speed, it is less likely to
from the surface of the water.

As the stone loses speed, there is a greater
probability that it will plunge into the water
(will be absorbed by the lake}.

A neutron absorption reaction is one in which a

neutron is into the nucleus of an
atom.

Since neutrons are (charged, uncharged), they

are not repelled from or attracted to the nucleus.

Scmewhat like the stone "skipping' across the

lake, if the neutron slows down encugh and comes

close enough to the nucleus, it will probably
be .

- e e e mm wen A ws e

The ability of atoms to absorb neutrons is

different for different types of atoms.

scatter or
rebound

absorbed

uncharged ,

absorbed
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28.

3C.

Atoms or materials which have a strong tendsncy
to absorb neutrons ave generally called neutron
"poisens'" in reactor ferminology. A neutron

poison is, therefore, a styong neutron .

Materials such as boron, cadmium, xenon, and
samarium have a strong tendency tc 'devour" neutrons
by absorption reactions and are usually veferred

to as neutron o

When a neutron is absorbed into the pucleus of
an atom, the atom is transformed to a heavier
isotope. The newly formed isotope will usually
be highly excited and will emit one or more types
of radiation in order to veach a move nearly
stable state or condition.

A typical example of a neutron absorption reaction
is the abscrption of a neutren by an atom of
aluminum. The reaction is represented by the

equation
In 4+ 27A1 ——ms 2821 4 Uy,

This equation says that a neutyon with a mass of

1 amu (atomic mass units) is absorbed by an atom

of aluminum which has a mass of 27 amu and

becomes transformed (indicated by ———) to an atom
of a2luminum with a mass of 28 amu. The symbol Oy
was added to indicate that generally the newly-
formed isotope 28p1 is excited and emits a

gamma ray immediately.

absorber

absorbers
or poisons
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32.

34,

Another example of an absorption reaction is the
reaction of a neutron with a uranium atom which

has a mass of 235 swmu. The equatiocn is

N

This equation says .

Yes, that is right; the equation says
that the absoyption of a weutron by an
etom of 2°°U forms the isotope 75U,
This, however, is only the beginning
of another type of veaction called

the "figsion” reaction.

The word "fission,"

according to the dictionary,
means ''to break into parts,’” and this is just
exactly what happens to the newly-formed isctope,
236U; it .

About 85 percent of the time a newly-formed 236y fissions
atom will break up to form two smaller atoms, and
at the game time there will be from two te three
neutyons emitted when the ~takes place.

While %3%U is a strong peutron :;jabsorber:W fission
it is not a poison because the <%0y
formed usually fissicons and emits two or
three neutrons. A poison is a strong
neutron absorber which does not emit
neuvtrons.

The fission reaction may be represented by the equation

o+ 2350w [27P0] s VKp + 1%1Ba 4+ 3 In,

This says that a neutron is abscrbed by ?7°U and forms
2367 which breaks up to form 92k¢ and 1%'Ba and three
neutrons are r=leased.



35. Krypton and barium were used only as illustra-~
tions. When the 2°°U atom fissions, it usually
breaks intec roughly equal parts and the products
formed may be almost any of the isctopes as long
as the combined mass is 233 or 234--depending

on whether three or two

are emitted,

36. The main steps to remember about the fission neutrons
reaction are that a neutyon is abscrbed by a

235y atom, the takes place, and

neutrons are released. A simple

illustration of the fission reaction is shown
in Fig. III-2.

neutron
(l) Uranium Nucleus (4) Variations in oscilla-
Jn normal spherical N tions result in
shape capiLures & l(“ ) unequal distribution
neutrot. N~ f mass; electrical
repulsion acts to
push ends farther
apart.
(2) The energy imparted Fracture occurs
f"tgf/M\ te the nucleus resulting in two
{ appears as motion of ission fragments.

the entire droplet.

lk\ BB 2

(3) Violent oscillation )i The fragments attempt
— may draw the droplet to acquire stability
\\ into a dumbell shape. ) by emission of
R
,f/"\

particles, and gamma
3 radiation.

v) 51\ neutrons, beta

Fig, I11-2. Ligquid-Drop Amnalogy of FlSSlon

37. Neutreons are invelved in the fission reaction fission,

. two or three
in twe ways. MNeutrons are first

and  when fission cccurs, they are
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39.

40.

41.

42,

10

Since neutrons are released when fission occurs and
these neutrons can cause other fission reactions,

a chain reaction is possible.

Chain reactions are continuocus—type reactions
in which a preceding reaciion causes a second
reaction of the same kind to happen. The second
causes a third, etec. For example, a long row of
dominces, where domino A falls against B, which
falls against C, etc., is a continuocus reaction

which may be called a .

e

A/IB o D E ¥ G H

-

Figure III-3 is an illustration of a fission chain
reaction, Note that, of the twc or three neutrons
released when fission occurs, at least one neutron
is absorbed in another 2°°U atom to continue the

chain of reactions.

If at least one neutron is absorbed, from each
fission, to cause ancther fission, a

__can continue.

1f an average of more than one neutron becomes
available to cause fission fcr each neutron
cauging fission, we would expect the number of
fissions per second to (remain the same, decrease,
increase) as time passes.

absocrbed,
released or
emitted

chain
reaction

chain
reaction
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11
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S

Fig. TiI-3.

Figsion Chain Reaction

Mass of
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Lost
~7 Neutron
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With the proper condiiions (from the two or increase
three neutrons produced at fission, only

neutron causes another fission),

the fission chain reaction can be controlled

so that it is continuous and self-sustaining.

The reason we want to control the fission one
chain reaction is so that we can effectively use
the large amount of energy {ability to do work)

which is also released when fission occurs.

Fast and Thermal Neutrons

46.

47,

48.

The two or three neutrong which are released
when fission occurs are traveling at a very
high speed. For this reascn, they are usually

called "fast'" neutrons.

Neutrons which travel at a slow speed are usually

called neutrons.

The distinction between slow and fast neutrons slow
is made because, although fast neutvons are
emitted by fission, slow neutrons are needed
to cause fission most efficiently in nuclear

reactors.

Since slow neutrons are mosgt efficient in causing
235U to fission, a chain reaction will be sustained
with a smaller quantity of 27°U if the fast

neutrons emitted from fission are .




49,

5L.

52.

[
L

Fast neutrons can be slowed down by

reactions.

The best material for slowing down fast neutrons
is that which is made up of (big, small) atoms.

The process of slowing down a fast neutron by

scattering reactions is called moderation.
Materials which are used for slowing down fast

neutrons are called {(fuel, moderators).

In order fer a fast neutron to be slowed down,
it must collide with atome: and each time it

makes a collision there is a possibility of the

neutron becoming absorbed and thus lost. Therefore,

a good moderator is one which slows neutrons
quickly and at the same time does not readily

them.

— s ww cew e e e ewm e

Water (H,0) contains an abundant supply of
hydrogen atoms; aund since hydrogen does not
absorb neutrons excessively but does slow
neutrons quickly, water is a good .

To be a good mcderator, a material must

quickly and must not too

many neulrons.

slowed down

scattering

small

moderators

absorb

moderator
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56.

58.

59.

Carbon in the form of graphite is a godod moderator;
deuterium {(an isotope of hydrogen) is another.
Beryllium and ordinary water are alsoc good .

T T I

The moderation or slowing-down process s sometimes
referrved to as "thermalization.”" The term
"rhermalization” results from the fact that atoms
in any material arve meving or vibrating with a
speed which can be varied by increasing or
decreasing the temperature cf the material.

Figure II1-4 is an illustration of vibrating

atoms in a material.

The speed at which atoms of any material are
vibrating can be varied by heating cr cooling
the material. This phencmenon is noticed every
day when you boil water. By adding heat to the
water, the atoms {(and, therefors, the molecules)
start moving around so fast that they break

through the surface and appear as steam.

Heat is thermal energy. So, when a neutron
slows down so that it is in equilibrium (at the
same temperature} with the atoms of the material

it is traveling in, then the neutron is said

. to be in thermal equilibrium. This is as much

as the average neufron can be slowed down.

The term thermalize, therefore, means to
moderate {slow deown)} a neviron uolil it is in

equilibrium with the material.

slow neutrons,
absorb

moderators
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60. A group of neutrone which bave been thermalized thermal
in a material should have speeds which are

(very different, sbout equal).

- e e e e e e me e

61. Neutrons in thermal squilibrium with a material about equal
are called (fast, thermal) neutrons. These are
usually what are meant when one speaks of slow

neutrons.

62. To illustrate the effect of temperature on the thermal
speed of a neutron, let us assume that a neutron
is moving around in thermal equilibrium with
the air. If the temperature is 68°F, the
neutron has a speed or velocity of abeout 4600
miles per hour. If the temperature were raised
to 392°F, the neutron's velccity weculd be
doubled.

63. When neuvtrons are first emitted, they are moving

235

too fast to cause fissicn in U efficiently.

They must be _~~~~ to a speed that will

allow them to cause fission most effectively,

B T

64. TLet us go over the fission reaction once more. A thermalized,
slowed down,

thermal neutron is absorbed intc the nucleus of
or moderated

236U atom is formed. These

a 23%0 atom and a
new 236U atoms are so unstable (excited) that about
85% of them immediately split into two smaller
nuclei which are called fissicn fragments. The
remaining 157 manage to emit encugh energy as

gamma radiation to prevent fissien from occuring.

(continued)




64,

65,

66.

1.3.
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(continued)

The excess energy of the 2367 nucleus is released
in the form of kinetic energy of the fission
fragments, which fly apart at great speed and
generate heat as they collide with surrounding
matter, Gamma radiation and two or three neutrons
are also released. The free neutrons are very
fast and are thermalized by scattering reactions
with a moderator. When the fast neutrons

become thermalized, they react readily with other

2357 atoms causing more fission, and so on.

Now let us look, in more detail, at the release
of the two or three neutrons from the fission

reaction.

e e me e aw em mem

For a large number of fission reactions, an
average of about 2.5 neutrons are released.
From 400 fission reactions, the number of

neutrons released would be about .

Prompt and Delayed Neutrons

67.

68.

Of the neutrons released when fission occurs, 1000
about 99.25% are released within about 107 1%
seconds. Since they are released promptly,

they are called prompt neutrons.

Since 107!% seconds is a very short time, the

term neutrons is very apt.
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69. Prompt neutrcns make up (75%, 99%, 99.25%, 99.75%) prompt
of all the neutrons emitted in the fissioning of
235U.

70. The other 0.75% of the neutrons are released over 99.25%

a period of minutes as the fission fragments, or
products, decay. These are called delayed

neutrons.

e e e em mm e am ew e

71. When fission products decay, they sometimes emit
neutrons. Sidce these are emitted at a later
time than the prompt neutrons, they are called

neutrons.

- e et v e mm e e

72. Most fission preoducts emit negative beta delayed'
particles. Normally, this is the result of the
neutron~to~proton fatio being too high so that
a will change into a proton and emit
a particle. No delayed neutrons are

emitted by this reaction.

o ame wm mm e we we e e

73. However, once in a while fissicn fragments will neutron,
, beta
have so much energy that they can emit a whole

neutron and become stable in one energy jump.

74. Figure ITI-5 shows 87Br fission fragments
decaying by twc paths. Note that by both paths
they decay first to by emitting a
negative particle.
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87Br (55.6 sec)

" —

T~ B
\\\\\\;::“““--\“ig7Kr Excited

B -

8 7KI’

B~

Neutron
Emission

STsr
Stable

Y SeKr
‘Stable

Fig. I11-5. Mechanism of Delayed-Neutron Emission

P

75. By one decay path the 87kr atom has much more 87kr or
energy than by the other and can emit a Ezzzton~87,
to become stable 8° immediately.
The other decay path is by a series of beta
emissions and does not result in the emission
of a
76. Since all neutrons released from fission are very neutron,
Kr
. . d 3
energetic and fast moving, both prompt an neutron

delayed neutrons are (fast, slow, thermal)

neutrons.
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77. Neutrons released as the result of fission are fast
fast neutrons; the only difference between prompt

and delayed is after fission occurs.

78. Gamma and beta radiation which accompany the the time it
; , C e takes to be
fission reaction are also classified as prompt
released
and delayed. Both gamma and beta radiations,
given off over a period of time by the radio-
active decay of fission products, are called
radiation,
79. The term fission products applies to the various delayed

decay products of the fission fragments as well

as to the fission fragments themselves.

1.4, Multiplication Factor

80. The fact that an average of 2.5 neutrons is
released per fission means that if 10 neutrons
are absorbed by 235U and cause fission, 25
neutrons will be released. 1If all of these
25 neutrons cause fission, there will be
25 x 2.5 which is 62 (or 63) neutrons. If
these 62 neutrons all cause fission, then we
will have 62 x 2,5 = 151 neutrons, etc. The

point is that the number of neutrons increases.




81.

82.

83.

84.

85.
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Let us look at three examples of multiplication.

Example 1 1 x 1 = 1
1 x1x1 = 1
Ix1x1x1 =1
1 x1x1x1x1=1
Example 2 1 x 2 = 2
1x2x2 = 4
1 x2x%x 2% 2 = 8
1x2x2x2x2=16
Example 3 1 x 0.9 = 0.9
1x0.9%0.9 = 0,81
1 x0.,9%x0.9=*0.9=0.729
1x20.9%0.9x%x0,9x0.9=0.651

e e e e am o e e e

Example 1 shows that when the multiplication

factor, k, is one, the result is always the same.

- o e s e wm e o

If the multiplication factor, k, is greater than
one, such as two, in Example 2, the result of
each succeeding multiplication is (an increase,
a decrease).

- wm e e mm wm e em e

If the multiplication factor, k, is less than one,
as in Example 3, the result of each succeeding

multiplication is .

— o we ae ma wme we ee we

This principle of multiplication can also be applied
to people, rabbits, neutrons, ete. Take a look at
the family trees of two diffevent families as shown
in Fig. I1I-6. 1TIa one family, the multiplication
facter, k, is greater than one and the family tree
has increased; but the other family has a k less

than one.

an increase

a decrease
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First
Second — <!
Third

Fourth
— e

N, /‘\; N
R / ./(j \\:'ﬁ /,’ \\"f/ﬂ

e

k greater than 1

Second

Fourth

k less than 1

Fig. I1I-6. Family Trees
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86, 1f a husband and wife have two children, the
multiplication factor is one-~-they just replace
themselves. If they have three children, the
multiplication factor is 1.5 (2 parents x 1.5
= 3 children).

87. The population of neutrons also increases or
decreases in a similar manner depending on the

value of the neutron , for

which we use the symbol k.

- am ee as e e e em

88, Neutrons are '"born" when 43°U fissions and they multiplica-
"die" when absorption reactions occur. Thus, if tion factor
the birth rate is greater than the death rate,

the neutron multiplication factor, k, must be

— e e A e e s =

89. If more neutrons are absorbed than are produced greater than

s P X one or >1
from fission, the neutron multiplication factor

must be .

- s am e ms e wn e

90. Any material which absorbs neutrons without less than
one or <1

producing fission removes these neutrons so that
they are unable to cause fission reactions.
Therefore, it is desirable to know how readily

various materials absorb neutrons.

— v e e e e e me e
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1.5, Cross Secticn

91. The neutron-absorbing ability of materials is
usually expressed in terms of a ''cross section."”
The expression "cross section" is used because
the absorbing atoms ave considered to be
presenting a target area for the neutrons as
shown in Fig. III-7,

One Cubic Centimeter

Atoms o @ o — ﬂﬂ//of Material
Bombarded ‘
Materiagl ,, @E; ® @QT ? 0" = @ = Cross Section or
Containiﬁg////”éb e 7 Target Area as Seen
N Atoms T @, B by Incoming Neutron
> ©s ® o @a—
s : B
— ®.
_..f"””?‘

Neutrons

Fig. TII~-7. Cross Sections

e en e e am v we W

92. The target area of one atom is called the

"microscopic ." Microscopic means

"so small that it is invisible to the naked eye."

- am mm am mmm am e Em e

93. The microscopic cross section of one atom is cross section

usually represented by the symbol ¢ (sigma).
The value of o is often given in the unit

"barns,'' which is 1072" square centimeters (cm?).
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The story is told that the term "barn"
was first used to illustrate the size of an
atom in relation tc the size of the neutron.
To the neutron, the atom was '"as big as a
barn.”

There has been some endeavor to replace
the term "barn" with "Fermi," in honor of
that famous physicist; however, the term
"barn" seems to be firmly established.

94. Thus, we could read the mathematical statement,
o =3 x 107%%cn? as "the microscopic cross

section is .

95. If there are N atoms in a cubic centimeter of three barns
material and each has a cross section o, then
the sum of the sections of all of
the atoms in that cubic centimeter is
6y + 0, + 03 + -~ or N = g, The total of the
cross sections in a cubic centimeter, that is

N x o, is called the macroscopic cross section.

96. If the amount of material that we are discussing microscopic
is large enough to be seen by the naked eye, and
we can see a cubic centimeter of material, we use
the word _to differentiate between this

size and microscopic.

97. The macroscopic cross section is usually represented macroscopic
by the symbol I (capital sigma). So, in equation
form,
=N x g
where N is the number of atoms pet ¢m* and o is the

cross section.
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98, Since ¢ is different for different kinds of microscopic
atoms and - since materials usually have more
than one kind of atom (water has beth hydrogen
and oxygen), each kind of atom and its
associated cross section has to be considered
in order to determine the overall effect, that
is I,

— o mm mm wm e e em e

99, For example, to determine the absorbing ability
of water, we would have to know the microscopic

for both hydrcgen atoms and oxygen

atoms since each water molecule is composed of

two hydrogen atoms and one oxygen atom.

[ e

100, Other reactions besides absorption are also CYOoSs
represented by a microscopic cross section. sections
9q represents the absorption cross section,

Of the fisslon cross section, and g the
scattering cross section. The same is true

for the macroscopic cross section,

— e e e e mw e w

101. We would read 2220 as "the macroscopic

cross sectjon of .

- - e e mm e e wo

102. We would read Zg as '""the macroscopic absorption,

R " water
cross section of oxygen.

- e e ws e e e e

103. The symbol for the micrescopic scattering scattering

cross section is o

- em e e e o e wm eem
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104. The cross section for scattering of neutrons o}

produced by a cubic centimeter of beryllium

would be written of beryllium.

105. According to Table ITI-1, there is no O¢ for ZS
boron. This is reasonable because boron does
not .
Table TI1I~1 is a list of some thermal neutron cross fission

sections for various materials.

Table III-1. Some Frequently Used Cross Sections

z o] X o] o
a a s s £
Element Eﬁéﬁﬂﬂf&ﬁq (barns) Fﬁﬁﬁﬂﬂfiﬁﬂ (barns) (barns)
cm cm
Al (aluminum) 0.015 0.210 0.084 1.490 —
%
H,0 (water) 0.022 3.450 ~80.0 ——
B (boron) 103.000 750.000 0,346 4.00 —_—
Cd (cadmium) 114.000 2400.000 0.325 7.00 —
235y (uranium) 32.100 7.420 0.397 7.42 577
Be (beryllium) 0.009 7.00 e

*
For hydrogen bound in a molecule.

106. While o is usually considered the target area
of one atom, we should think of I as being 'the
number of reactions which a neutvren will
experience as it travels a distance of one

centimeter."
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110.
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From Table ITI-1, we see that a neutron traveling
in boron will have chances to be
absorbed, while traveling one cm, and cnly 0.346

of a chance to be in the same distance.

= e v mm e e e e

From this information it seems reasonable that 103,

boron should be used as an in a scattered

control rod and {not, also) as a moderating

material,

By thinking of £ as the number of reactioms per absorber,
not

centimeter of travel by a neutron, we can multiply
by the velocity--which is the number of centi-
meters traveled per second--and obtain the number

of reactions per second per neutron. That is,

reactions o &m_ _ _reactions
cm*neutron sec seceneutron

— e e wm A s e e e

1f a neutron is traveling in a material with a
speed of 300 cm/sec (actually a very slow speed
for a neutron) in a material which has a
scattering cross section ZS = 10 reactions/cm,

the scattering reactions per sec will be:

reactions ]
I x v = 10 ——=—=222 y 3pp &2 feactions
s cm sec ————— sec+n
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111. § x v is the number of possible reactions per 3,000
second for only one neutron., If we now multiply
this by the number of free neutrons (n) we have
per cubic centimeter (cm3), we will obtain the
total number of reactions per second in each

cubic centimeter. That is,

i reactions neutrons reactions
I X v xn= x T = 7
sec neutron cm sec*cm

112, The quantity n ¥ v, which is the neutron density
times the velocity, is usually called the neutron

flux and is represented by the symbol ¢

(pronounced fee). Thus, nv = .
113. Then ¢, which is equal to n x v and is the symbol P
for , may be thought of

as the distance traveled in one second by all
the neutrons in one cubic centimeter. Although

the neutron flux is often expressed as

neutrons
¢ = ——————_ it can also be expressed as
cm? x sec

neutron centimeters/sec

¢ = 3 .

cm™

114, 1If we had 300 neutrons in one cubic centimeter neutron flux
which were traveling with a velocity of 20
centimeters per seccond, then the neutron flux

would be:

neutrons
om? sec

F N I e

¢ =n x v = 300
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. ‘ e . n cm/sec
If L. represents the macroscoplc fission cross 6000-—~75§g—~
section, that is, the number of fission reactions or
; : , n
per centimeter of neutron travel, and ¢ is the 6000 T aee

number of centimeters traveled in ome second by
the free neutrons in a cubic centimeter, then
Zf x ¢ ie the number of fissicn reactions per
second in one cubic centimeter of material.
(Remember that neutrons can move rather freely
through the spaces between atoms and

can penetrate deeply into some sclids before
being abscorbed in the nuclei of some of the
atoms. )

Let us assume that Zf is 5 reactions/cm and the
. neutron centimeters/sec
¢, is 10 3 >
cm”
then in one second, the number of fission

x ¢ which

neutron flux,

reactions per cubic centimeter ig ¥

is

f

5 reactions < 10 neutron cenktimeters/sec 50 reactions
. b Pt 'y =
cm cm” sec*cm

Now we have found that in one cubic centimeter
fissions
second
gallon bucket full cof this material (a gallon

there are 50 ccecurying, If we had a

is equal to 3785 cm?), then in the bucket there

would be, to three significant figures,

fissiong _ fissions
secrcm: sec

3785 em3 x 50




31

118. This says that in a gallen bucket of material 1.89 x 10°

where L. is 5 reactions/cm and ¢ is 10
neutron centimeters/sec
T 4 , there are 189,000
om
fissdions occurring each second. To carry this

one step further--if we knew the energy release
per fission, then we could determine the power
produced by that bucket of material., If the
energy produced in that bucket ceould be
converted to electrical energy, then we would
know how many light bulbs we could light or
how many cooling fans and air conditioners we
could operate.

1,6. Neutron Spectyum

119. Before we leave the study of neutrons, we should
mention the range of energies that we find
among free neutrons., The ensrgy of a free
neutron is rvelated to its velocity:; and while
we speak of a neutrcen as having a specific
energy such as 0.5 ev or 4 Mev, we often do not
assign an energy but speak of them as being

slow or fast neutrons,

In the above frame, we used the energy
unit Mev., The unit is million electron
volts. It 3is a small amount of energy
when comparsd with the calorie and the
footpound which are units of heat and
mechanical energy. One elsctron velt
(ev) is the amount of energy gained by
cne electron when it moves through an
Jelectric circuit powered by a one~volr
battery. Even though one Mev is a
million timeg one ev, it is a small
amount of energy since it takes 2.6 x 10t3
Mev 0o equal l calovie. However, 200 Mev
(continued)
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(the energy release when one atom fissions)

is a tremendous amount of energy to be
produced by one atom. In the ORR, 9,55 x 1017
atoms fission each second, and the total
energy release is about seven million

calories each second.

120. The term used to include all neutron energies,
from the slowest to the fastest, is the neutron

"spectrum."

121. The whole range of neutron energies, from very
slow neutrons to very fast meutrons, is called

the neutron .

122, Very generally speaking, the neutron spectrum spectrum
can be divided into three very broad energy
groups. The lowest neutron energy group found
in reactors, that of the slow or thermal
neutrons, has average energies from about
0.026 ev (at room temperature) to abcut 0.075 ev
at 1100°F (a probable fuel temperature). These
energies vepresent meutron velocities of from

V2200 to vAQQOQ meters/sec,

- mm e mm e men e mm e

123. A broader definition of slow neutrons includes

thogse with energies below 1 ev.

- o w e e e e e

124, Blow or thermal neutrons are often referred to
as being at the low end or slow portion of the
neutron ___ . These neutrons have the

____enexgies of all the neutrons in the

reactor.
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125, At the other end of the neutron spectrum is spectrum,
that group called the fast neutrons. This lowest
group includes those neutrons with the greatest
velocities.

126, Fast neutrons have energies from about 0.1 Mev highest or
to about 10 Mev and speeds of about cne-tenth greatest
the speed of light,

127. A 2-Mev neutron would be considerved a
neutron.

128. ©Neutrons produced by the fission of fuel atoms fast
in a reactor will have energies betwesn about
0.1 and 10 Mev and will move with speeds of
about ~the speed of light.

129. The third group of neutrons have energies in one~tenth

a range between the slow and fast neutrons.

This intevmediate neutron range includes neutrons

with energies higher than 1.0 ev and lower than
0.1 Mev. For this reason they are often called

—-energy neutrons.
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In a reactor core, these are the neutrons that intermediate
are losing energy in scattering collisions with

the nuclei of atoms of moderator, coolant,

etructural materials, etc. When the energy of

those neutrons becomes less than s

they are no longer considered intermediate-energy
neutrons, having become or thermal

neutrons due to energy losses.

Briefly, then, the neutron energy range from 1 ev,
the slowest neutrons up threough the group slow
called intermediate~energy neutroms to the

highest energy of the fast neutrons, is called

the neutron energy .

- s ew  mm e e e e

Generally, a graphic plot of the neutron spectrum
spectrum indicates the relative number of

neutrons in each energy range.
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1.7. Self Test

133, What is a neutron? (If you made an incorrect

response, repeat frame 1.)

P e e

S
A small uncharged particle about the size

of a proton, about 2000 times heavier than
an electron. It usually exists in the nuclei
of atoms but may be obtained in the free
state when released from some types of
radicactive atoms.

134, Two neutron reactions of interest in reactor

operation are and .

(If you made an incorrect response, repeat

frame 4.)

135. A scattering reaction is one in which a neutron scattering,
collides with an atom and then continues traveling absorption
usually in a . The neutron
will slow down quicker if the reaction is with
a (large, small) atom. (If you made an
incorrect response, repeat frames 5 through 19.)

136. An absorption reaction is one in which a neutron different

. directio
is . (If you made an incorrect B
JE— small
respense, repeat frame 24.)
137. Strong neutron absorbers are called . absorbed into
, the nucleus of
(If you made an incorrect response, repeat
an atom

frames 27 and 28.)
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The equation ln + 27A1 —— 2841 + 8y says

— am e e mm e e e e

A neutron is abosrbed by 27Al which is
transformed into 2-gAl, an excited atom
which loses energy immediately by emitting
a gamma ray.

e e mm mm wm e am =

The term fission, according to the dictionary,
means . (If you made an incorrect

response, repeat frame 32.)

The main events which occur in a fission

reaction are . (If you. made

an incorrect response, repeat frame 36.)

A e a e o e am em ae

Neutrons are absorbed by 235y atoms, fission
takes place, and 2 cor 3 neutrons are released.

- o mm an e e s e mee

Neutrons are involved in fission reactions in

two ways; they are and .

(If you made an incorrect response, repeat

frame 37.)

Chain reactions are (fission, continuous)
reactions. Since neutrons are released when
fission occurs, a (fission, chain) reaction
is possible., (If you made an incorrect

response, repeat frame 39.)

. e e mm e e e e e

poisons

break into
parts

absorbed,
released
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Neutrons released from fission are (slow, fast,
thermal) peutrons. (If you made an incorrect

response, repeat frame 45.)

— e e bae e e e e e

Fission of 23°U is more readily produced by
(slow, fast) neutrons. (If you made an

incorrect response, repeat frame 48.)

The process of slowing down fast neutrons is

called . The materials used for this

purpose are called . (1f you made an

incorrect response, repeat frame 51.)

A good moderator is one which slows neutrons

quickly and does not readily s them.

(1f

you made an incorrect response, repeat frame 52.)

Thermalization is the preccess of

neutrens until they are in

with the material they ave in. (If you made an

incorrect response, repeat frames 55 through 61.)

s e A e e mw we e

Prompt neutrons are . (If you made

incorrect response, repeat frame 67.)

L I T

They are fast neutrens.

Released instantaneously when fission occurs,
and comprise 99.25% of the fission neutrons.

continuous,
chain

fast

slow

moderating or
moderation,
moderators

absorb

slowing down,
thermal
equilibrium
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Delayed neutrons are . (If you

made an incorrect response, repeat frame 70.)

the fission neutrons. They are fast
neutroens.

The term fissicn products includes the decay
products as well as the fission .
(If you made an incorrect vesponse, repeat

frame 79.)

If the neutron multiplication factor, k, is
greater than one, the population of neutrons
will . If k is less than one, it
will . (If you made an incorrect

response, repeat frames 80 through 90.)

- e wm e s e ew wm e

The neutron-absorbing ability of an atom is

usually referred to as the microscopic absorp-

tion » which is represented

by the symbol .+ (If you made an

incorrect response, repeat frames 91 through 93.)

The whele absorption cross section of a cubic

centimeter of a material is called the

creoss section and is represented by

the symbol _+« (If you made an incorrect

response, repeat frames 95 through 97.)

Emitted over a period of minutes from the
fission products and comprise 0.75% of

fragments

increase,
decrease

cross
section,

a
a
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Zf is the cross section.

ZS is the cross section.

(If you made an incorrect respcnse, repeat

frames 97 through 102.)

— e o wm o mm wm e we

The number of scattering reactions which a
neucron will experience as it travels a distance
of one centimeter is the scattering
cross section. (If you made an incorrect

response, vepeat frames 104 through 106.)

The number of reactions per second caused by
the neutrons in a cubic centimeter is (av, I¢).
(If you made an incorrect response, repeat

frames 109 through 111.)

D R N R

The neutron flux is (Zn, nv) and is represented
by the symbol . (If you made an incorrect

response, repeat frame 112.)

. x ¢ is » (If you made an incorrect

f
response, repeat frames 115 through 118.)

The anumber of fission reactions per second

in one cubic centimeter of material.

macroscopic
absorption,

z
a

macroscopic
fission,
macroscopic
scattering

macroscopilc

¢

v,
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SECTION III-2

NUCLEAR REACTORS

The purpose of this section is to discuss the factors which affect

a continuous, self-sustaining fission chain reaction in a nuclear reactor.

2.1,

Degcription of Reactor Componentsg

1.

What is a nuclear reactor? A nuclear reactor is an
apparatus in which fission reactions can be started
and then controlled as a continuous self-sustaining

chain reaction.

The principal parts of a reactor are the fuel, modera-

tor, reflector, cooling system, and control system.

Figure I11-8 is a sketch of a vertical section
through a very simplified reactor showing a possible

grouping of the components,

- e e = e oma em e e

The fuel (fissionable material) and moderator (to
slow down neutrons) were discussed in Section III-1,

The reflector is a neutron-saving device.

The reflector causes many neutrons that might be
lost from the reactor core (the core is the region
containing the fuel) to be returned to the core
where they can cause figssion. This is the reason
for the above statement that the reflector is a

- device.
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Fig. I11-8. Simplified Sketch of Reactor Components in a Tank

6. Neutrons produced near the outer edge of the core neutron-saving
could travel away from the core and have no oppor-
tunity to produce fission. The reflector is placed
around the core to scatter many of these neutrons

back into the core where they can produce fission.
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The actual "reflecting" process is more complex than
Frame 6 would infer; however, the purpose of the
reflector is to (increase, decrease) the number of

neutrons lost from the core,

B T T e S

Neutrons which are most likely to be lost from the decrease
core are those produced near the edge of the core.
These fast neutrons need nct only to be returned to

the core but alsc to be ___or slowed down.

- e o e wa e A e

A good reflector, then, is one which can act as a thermalized
moderator as well as a reflector. Many of the

elements with small nuclei, such as hydrogen,

deuterium, helium, beryllium, and carbon, are good

moderators as well as .

Also, water (H;0) and heavy water (D,0) are good reflectors
reflectors and moderators because of the hydrogen

and deuterium in their molecules.

Since water is a good heat absorber as well as
moderator, it is often used as both cocolant and

mederator.

- am hw mp e em e wm e

Water as a coolant must flow over the fuel surface.
Fast neutrons from fissions in the fuel pass from the

fuel into the water and are by collisions

with hydrogen atoms in the water. A mneutron may have
to pass through several of the thin layers of water
and fuel before being slowed down enough to be classed

as a thermal neutron.
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13. The design of a reactor depends con many factors, one slowed down
of which is the purpose of the reactor. Figure III-9
is a schematic representation of the core of the High
Flux Isotope Reactor (HFIR). The fuel is 235U; the
- moderater-coolant is light water (H,0) which flows
- downward through the core; and the reflector is beryl-

1ium,

14, 1In some reactors the fuel and moderator are homogene-~
ous mixtures. In others, the fuel and moderator are
separate. Some reactors ave large; others are small.
In some, the operating power level is high; in others,

the power level is so low as to be insignificant,

The reactors operated at ORNL by the Reactor
Operations Department are classified as
research reactors. The purpose of these
reactors is te produce neutrons (rather than
power) for use in experimental research. In
addition, some radioisotopes are produced
for use in medicine, agriculture, etc.

.

15. The fuel used in reactors may be in liquid or solid
form, but wsually it is in the solid form. The shape
of the solid fuel may be plates, pellets, rods, etc.,
which are usually assembled into units called "fuel
elements",




bty

ORNL-OWG 63-8100R

SECTION
a-A

o ¢ oF
4 SYMMETRY
' SGHIM-SAFETY
REGULATING-SHIM < e
AT NS ~ QUADRANTS (4)

.- |
F_ 1/ —CONTROL REGION SHROUD
l : g
. I !
t . . i
U - - ||~ Eup05-Al
R f A BLACK REGION
‘__JJ O L. ! i .
i
A ! N A
I . 1
. NN N
AN =) | N ‘\A:\ /
e IIE bﬁ = & N / /
-y i IREINCRINTA R O S /r,/”*-Ta—Al
a4 / wakay 2 NN s GRAY REGION
B RERE S NN B
Ve F N @ 5 “L| B
HAE A A RS G- SR ] 5 | nomzgnra
% e 5 .‘ N Sl // MIDFLANE
H.O BERYLLIUM NN SRS p -
7 REFLECTOR NI NINKE [T
~o z \\ Y ) . //
/ RN 3 A
. \k NS S \-—v - L/v P
. J . {
' - i
' : FUEL ;
- | PEDESTAL) B e |
5 REGION '
3 !
(U 1 ST |~ REFLECTOR
' N " PEDESTAL
I '
1 . .
_.4 \\\\\ ! Rt

I
i |
! SHIM-SAFETY DRIVE ROD (4)

REGULATING-SHIM DRIVE ROD

Fig. ITI-9 Schematic Representation of HFIR Core



16.

17.

18.

19.

20.

45

Figure II1-10 shows an ORR fuel element; Fig. II1I-11
shows an HFIR element. The ORR element contains‘l9
fuel plates placed as shown in Fig. 11I-12, The
channels between the plates allow water to flow
through to remove heat and, at the same time, to act

as the neutron moderator.

Only the fuel region in a reactor is called the core.
The core may alsc contain moderater material, but it

doeg not include the reflector.

In Fig. ITI-8, the region inside the reflector which

contains both fuel rods and moderator is called the

— e e o e e v wm e

The core of a reactor may contain 2, 10, 100, or any
number of fuel elements. The core of the ORR, for
example, usually contains 25 to 30 fuel elements
surrounded by several beryllium reflector elements.
Figure I1I-13 illustrates a loading of fuel and
beryllium reflector elements which has been used in

the ORR.

As noted in Frame 16, Fig. I1I-~11 is an illustration
of the HFIR core which censists of fuel plates of a
different design from those of the ORR. This is
actually two elements--an inner and outer element.
These two elements and the moderator between the

plates compromise the of the HFIR reactor.

core
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ORR Fuel Element - End View
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The moderator in a reactor is that material which
causes fast neutrons produced by fission te be

by scattering reactions.

Water, which contains hydrogen nuclei (about the
same size as neutrons), is a very common (fuel,

moderator).

In the system shown in Fig. ITI-8, water is used as
both moderator and coolant., It is a good moderator

because it contains .

Hydrogen nuclei in the water absorb energy from

neutrons which with them and thereby

cause the neutrons to speed.

When the core of a reactor 1s not large, it is
possible for many neutrons to be lost from the core
by "leaking out" and not be available to be

absorbed by fuel atoms and cause .

If the core is surrounded by a material which will
cause neutrons to bounce back into the core, they

will again be available to cause fission.

core

slowed down

moderator

hydrogen

collide,
lose

fission
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A good moderating material surrounding the core
will cause the "leakage' neutrons to have scattering
ccllisions which will cause many of them to bounce
back into the core. Such a surrounding blanket of

moderating or scattering material is called a neutron

Although water can be used as a neutron reflector, reflector
beryllium is used wherever possible because it is

almost as good as water for slowing down neutrons and

does not absorb as many neutrons as water does. The

thermal neutron microscopic absorption cross section

of hydrogen is 33 times larger than that of beryllium.

When either fast or slow meutrcns escape from the core,

they can have reactions with the reflec-

tor atoms and return to the fuel region. Thus, a

reflector scatters neutrons back into the .

When fission occurs, the fission fragments fly apart scattering,
and collide with the surrounding matter im the core. ;Z;iogr fuel
The collisions of the fragments with the core

material generates heat. This heat is removed by the

Water is probably the most common coolant material. coolant or
Therefore, water may sexrve three purposes in a g;gti;g

nuclear reactor: . »
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The higher the power level of a reactor, the more
heat a cooling system will have to remove. If heat

is not removed fast enough, the fuel elements in a

reactor can melt, resulting in a prolonged shutdown

of the reactor.

So, the power level at which a reactor can operate is

limited by the rate at which can be removed

by the .

Control of the operating power level of a reactor is
achieved by regulating the neutron population (or

flux), Generally, a large neutron flux indicates a

high power level and a small flux, a low power level,

Control of the neutron flux (or power level) may be
achieved by using neutron absorbing materials,

materials which have a high a, for neutrons. The

gsymbol o, means .

If a poiscn material (a strong, nonfissioning absorber

of neutrons) is inserted into the reactor, neutrons
will be absorbed and thus the neutron population will
decrease. There will be fewer neutrons for causing

fission, and the power level will .

If the poison material is removed from the reactor,
fewer neutvons will be absorbed, more will be
available to cause s and the power level

will »

e s e e e ae e e

coolant,
moderator,
reflector

heat,
cooling
system

absorption
Ccross
section

decrease
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Poison materials are usually inserted into or
removed from a reactor by means of movable rods

called control rods.

Adjustment of control rods in a reactor either
inserts or removes poison, thus changing the neutron
loss rate, which results in a change in the multi-

plication factor, k.

You should recall that the neutron multi~[
plication factor, k, is the ratio of the
neutron production rate to the neutron
loss rate.

When a control rod (poiscn) is inserted into the
reactor, neutrons are absorbed and k (decreases,
increases, remains the same).

- e W et e e e e

When a control rod is withdrawn, there is less poison

in the reactor; consequently, fewer neutrons are
absorbed and k .

When encugh poison is removed so that k is one, the
neuvtron flux will become steady at a constant level
and remain at that level even when the neutron

source used during startup is removed.

e e mm ae e mm e

fission,
increase

decreases

increases



54

43. When conditions in a reactor are established so that
k is equal to one and the neutron flux is steady,
then a continuous, steady-state fission chain reaction
occurs. When this condition exists, the reactor is

said to be just critical,

2.2, Reactivity and Criticality

44, Criticality exists when k is equal to .

45. When conditions in a reactor are such that a steady one
self-supporting fission chain reaction occurs, the

reactor is said to be .

46. Criticality is the condition such that . critical

k = 1, or a continuous steady-state fission
chain reaction occurs.

47. 1In order for appreciable power to be produced in a
reactor, a neutron multiplication factor slightly
greater than one must be possible. By raising or
lowering the value of k or holding its value constant
at one, the power level in a reactor is raised,

lowered, or held constant.
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If k is less than one, the power level of a reactor
will decrease until the reactor is completely shut
down, If k is greater than one, the power level
will increase. By adjusting the control rods, k
can be made equal to so that a constant

power level 1s maintained.

- e e Ao em e e me e

Let us take a minute here and imagine that we can
build a rveactor so big that it is impossible to deter-
mine where it starts or ends. We would say that this
reactor is infinitely big. (Obviously, this is an
imaginary reactor.)

An infinitely large reactor core would not have any
sides because it would take up all of space. The
point is that neutrons could not escape from an
infinite reactor core because there are no sides

from which they can escape.

e am A e s e e= e

In a small reactor, neutrons are lost when they are
absorbed (by poiscn and other materials), and some

are lost when they from the core.

In an infinite reactor core, neutrons would be lost

cnly by reactioens,

Neutrons which are lost by escaping from the core are
called "leakage" neutrons because, in a manner of
speaking, they do out from the sides of the

core.

one

escape
or leak

absorption
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An infinite reactor (does, does not) have leakage leak
neutrons.
In a reactor, whether small or infinite, neutrons does not

are lost by absorption reactions. These neutrons
may be absorbed by the poison in the control rod,
by the coeclant, moderator, structural material, and
fuel. Some small, real reactors lose neutrons by

reactions and by ; in an

infinite reactor, neutrons can be lost only be

In both the infinite and real reactors, neutrons are absorption,
. leakage,
produced from reactions. In both types absorption

of reactors, neutrons are lost by

reactions. Loss of neutrons by leakage occurs only

in reactors.,

- e e e mw a e em

As you have learned already, the neutron multiplica- fission,
absorption,

tion factor, k, in any type of reactor may be defined real or small

as the ratio of the neutron producticon rate to the

neutron loss rate; that is, in equation form:

K = neutron production rate
neutron loss-rate

To identify k for an infinite reactor, k is usually

o2

written k_, where ™ is the symbol for infinity. k _1is
pronounced "k infinity". The k for an actual reactor

is written as k,pp, Where "eff" is an abbreviation for
effective. keffiis pronounced "k effective".
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Since there is no neutron leakage from an infinite

reactor, km may be written as:

_ neutron production rate
= ~ neutrcn absorption rate

k

where "neutron absorption rate'" has been substituted

for "neutron rate",

An infinite reactor will be ecritical when k_ = 1; loss
that is, when the neutron production rate is

to the neutron absorption rate.

In a real reactor, there is neutron leakage so equal
k may be written as:
eff 73
K neutron production rate

eff absorption rate + leakage rate

P T R e )

A real reactor will be critical when keff = 1; that

is, when .

The neutron production rate is equal to the
absorption rate plus the leakage rate.

v aw e wm e wm e wr e

The infinite multiplication factor, k _, is a property

of an imaginary reactor; whereas k is the property

of a reactor which can be built. iiiy are related
to each other as shown by the equation: keff = k_P.
P is called the '"menleskage probability" because it
is the probability that neutrons will not leak out

of a reactor.
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Probability should not be hard to understand. Any
time you make a bet such as on the weather or at
cards, there is a prcbability that you will lose your
bet. If nine chances cut of ten you win, then we
could say that the probability of your winning is
9/10 or 0.9. Ancther way of saying the same thing

is ''the preobability of not losing is 0.9"; that is,
the nonlcsing probability is .

Let us suppose that there are ten neutrons in a 0.9
reactor and two neutrons are lost by leakage. By

dividing the number which did nct leak out by the

total number of neutrong, we can cbtain the nonleakage

probability. In this case, it is:

Now, if the nonleakage probability (P) is 0.8 and we
have 50 neutrons in a reactor core, how many neutrons

will probably nct leak out? (4, 13, 40, 48)

- mm Aw e e R e e e

The value of P for a real reactor is always less than 40
cne; however, for an infinite reactor, the value of

P would be equal to .

The value of P for a real reactor can be calculated one
if both the size and shape of the reactor core are

known.
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The multiplication facter, k_, for an infinite
reactor can be calculated if we know the type of
fuel and moderator and the manner in which they

are put together.

The value of k_ does not depend upon the size of

the core, but P does; and, since ke = k_P, the

ff
value of keff (does not depend, depends) on the

size of the core.

If we have a very small container of fuel and
moderator, we can calculate the value of kOo by
imagining an infinite reactor compesed of this fuel
and moderator arranged as in the small container.
If the value of k_ is greater than one, it would
indicate that crditicality could be achieved in an

actual reactor made of this material.

The size of the container would then be used to
calculate P. P will be less than one because only

for an infinite reactor can P be . For

smaller reactors, the value of P decreases. Now if
it turns out that k _» P is less than one, then
criticality in this container (will, will not) be

possible even though k might be greater than one.

It should be apparent that criticality cannot be
achieved in a reactor merely by having fuel and
moderator arranged in a particular way. There must

alsc be enough of this material so that

is equal to ome.

depends

equal to one,
will not
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2.3, The Four-Factor Formula k or

eff
k_xP

74. Before we consider the calculation of k, let us
review the fission process. Neutrons (mostly slow
ones) are absorbed by %3°U atoms which are transformed
into 236U, About 85% of these 236U atoms fission
releasing an avevage of about 2.5 fast neutrons per
fission. These fast neutrons experience scattering
reactions and slow down until they are lost by
leakage or are absorbed by poison materials, fuel,
etc. When they are abscerbed by the fuel, more

fission reactions occur and the process is repeated.

75. Let us assume that a certain number of fast neutrouns,
which we shall represent by n, have just been released
by fissiomns caused by thermal neutrons. This n may
be any number you choose--1, 100, etc. But rather
than give you a specific example, just let n

represent any number.

— mm v e e s s mm e

76. These n fast flgsion neutrons need to be slowed down
to thermal energies so that the 235y can absorb them
more easily and cause additional fissions. However,
it is possible that while they are still fast, they
may cause scme Z3°U to fission and even some 238(,

This will (increase, decrease, not change) the number

of fast fissicn meutrons which are being slowed down.

77. The increase in the total number of fast neutrons, increase
as a result of fissions caused by fast neutrons, is
known as the "fast fission effect".
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The fast neutrons, n x £, are then slowed down by
scattering reactions with the moderator. However,
not all of them make it down to the thermal energy
level., During the slowing down process, some are

also absorbed in unonfission reactions.

Of the n x ¢ fast neutrons that are slowing down,
some are absorbed in the mederator, coolant, reflec-
tor, structural components, etc. All of these

reactions are called reactions.

o e men s wm omm mnm we e

That fraction of the fast neutrons which escape absorp-
tion while slowing down and make it down to thermal
energies is represented by the symbol p, called the
"resonance escape probability' and is the ratioc of
neutrons which become thermal to the total number

of fast neutrons.

If we have ten fast-fission neutrons (n % £ = 10)
available for slowing down and one is absorbed
while slowing down so that nine escape absorption,

the resonance escape probability, p, is .

Locking at it in a different way, if the resonance
escape probability is 0.8, the chances are that
eight out of ten neutrons will escape absorption

while slowing down.

more,

nonfission

9/10 or 0.9
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The fast fission effect results in an increase in
the number of neutrons as a result of

caused by neutrons.

The fast fission effect is represented by the symbol

¢ (epsilon), which is called the fast-fission factor.

The fast-fission facter, e, is defined as the

ratio of the total number of fast neutrons precduced
by fissions caused by neutrons of all energies
(fast and thermal) to the number resulting from

fissions caused only by thermal neutrons,

fast,
fission,
fast

_ fast neutrons procduced by both fast and thermal neutrons

The fast fission factor, » is always greater

than one.

For a reactor which uses natural uranium (99.3% 238y
and 0.7% 23°U0), € is about 1.03. Therefore, if n

in this reactor is 100 neutrons, the fast fission
effect will increase the number of fast fission
neutrons per generation to 100 x 1.03 = 103; that
is, n %X €, '

Due to the fast fission egfect, there will always
be (more, less, the same)“fast neutrons being
slowed down than are produced by fissions resulting
from thermal neutrons. The number will be the

product of n x o

fast neutrons produced by thermal neutrons only

epsilon
or €
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We can say that, out of n x ¢ fast neutrons,

n ¥ € ¥ p neutrons will become thermal neutrons.
If p is 0.9 and n x ¢ is 20, neutrons
will escape resonance absorption.

T sl

18, because n x ¢ x p is 20 x 0.9 = 18]
el ]

The reason the term "resonance" was used here can
be understeod by congidering what actually happens
during the slowing down process. Generally, as

the neutron slows down, the absorption cross section
(absorbing ability) of most materials increases

smoothly as shown in Fig. I1I-14,

0 Neutron Velocity {or energy) —

Fig. III-14. ©Neutron Cross Section
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91. It has been found that at certain neutron velocities,
the absorpticn is very much greatér in some materials
than at other velocities, both higher and lower, so
that the cross section actually varies as shown in

Fig. ITI-15.

0 Neutron Velocity ————

Fig. ITI-13. Neutron Cross Section

92. As the neutron slows down and at some stage acquires
the velocity which coincides with that of a resonance

absorption peak for the material it is in, the neutron

is very likely to be
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93. You might think of a neutron slowing down in a absorbed
material which has resonance absocorption peaks as
a marble rolling down an inclined plank which has
holes cof various sizes in it. If the marble rolls
down the plank smoothly, it will most likely fall
intoc one of the holes. But if the marble is bounced
down the plank, it is more likely to reach the
bottom because it will bounce over some of the holes.
This is similar to the reactions of neutrons. If
the neutrons are scattered by heavy nuclei, such as
uranium, each energy loss is small and they slow
down slowly and smoothly; but if they are scattered
by light nuclei, such as hydrogen, they slow down
quickly and in large jumps. TFigure III-16 illustrates

this process.

eutron
Slowing Down
in Heavy
uclei

Neutron Slowing 2 Mev
Down in Light >
Nuclei C —

Neutron

40 ev

/

8 ev -
////f“ Resonance
| *g\*“//, ébsorpﬁlon
Holes
Neutron

Fig. III-16. Resonance Absorption Illustration
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The resonance escape probability, then, is the
probability that neutrons, while slowing down to

thermal energies, will not be as

a result of the resonance peaks which occur in

the absorption cross section.

Assuming we have 20 fast neutrons and 15 of these
are slowed down to thermal energies, the resonance

escape probability, p, is .

If n ¥ £ is 100 fast neutrons and the resonance
escape probability is 0.9, then we could expect
e neutrons; that is, n *x € % p (or nep),

to slow down to thermal energies.

To review, the original n neutrons resulting from
figsion caused by thermal neutrons became ne neutrons
due to the fast-fission effect. Of these, nsp
neutrons escaped resonance abscrption and were slowed
down to thermal energies, Therefore, we now have

nep slow neutrons which are available for absorption

by the fuel te cause more reacticns,

All of the nep neutrons are not absorbed by the fuel,
however. Some are abscrbed in nonfission processes

by the moderator, structural materials, etc.

The fractiom c¢f slow neutrons which is absorbed in
the fuel is represented by the symbel, f, called the

"thermal utilization factor'.

absorbed

90

fission
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100. The thermal utilization factor, £, is a measure of
the number of neutrcons absorbed in the .
This factor, £, is defined as the ratio of the
number of thermal neutrons absorbed in the fuel to
the total number of thermal neutrons absorbed in

all of the materials. In equation form, that is:

number of thermal neutrons absorbed in fuel

f= number of thermal neutrons absorbed in fuel and all other materials

101L. Suppose nsp is 10 pmeutrons. If six are absorbed fuel
by the fuel and the other four are absorbed by
other materials, then the thermal utilization factor,
f, would be .

102. If nep is 20 thermal neutrons and the thermsl utili- 6 i 5 0.6
zation factor is 0.9, then the total number of
neutrons absorbed in the fuel is .
l(nsp) x £ =20 x 0.9 = 18
103. By multiplying nep times f we obtsin the number of
thermal neutronsg which are .
104. We can also say that nepf is the number of fuel absoxrbed by
the fuel

atoms which have absorbed neutrons and could
possibly fission. Actually, however, only about

85% of these atoms undergo fission.
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The ratio of the fuel macroscopic fission cross
section to the fuel macroscopic absorpticn cross

section, is the fraction of the fuel atoms

Lf

'Z""“s
a - 3 , .

which will undergo fission. For QJEU, this fraction

is about 0.85 or 85%.

%

The expression ;§r= 0.85 means that, if 100 neutrons
“a

are absorbed by fuel atoms, _ of these

Since an average of 2.5 neutrons _is released for
each fission reaction and since éﬁwmay be considered
as the ratio of neutrons mausingﬂ%issi@n to the
total neutrons absorbed, we can multiply 2.5 = éﬁ
and cbtain the average number of neutrons a
released for each neutron absorbed in the fuel.

For %350 this value is about 2.5 x 0.85 = 2,1,

The average nuwber of nsutrons released frowm fission
per neutron abscrbed in the fuel, 2.5 % %;, is usually
represented by the symwbol n (proncunced e%a)e For
23%, n o= 2.5 % .

n is the averasge number of nevtrons released from
fission for each neutron absorbed in the o
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Since nepf is the number of thermal neutrons
absorbed by the fuel atoms and n is the average
number of fast neutrons released per thermal
neutron absorbed in the fuel, nepfn is the total
number of '"mnew" fast neutrons which are released.
That is, nepfn is the number of fast neutrons

released as a result of the

reactions caused by the ns=pf neutrons.

Let us suppose that nepf is 50 neutrons which are
absorbed in the fuel. If eta, n, is 2.1, then
the new generation of fission neutrons will have

fast neutrons,

!105, because nepfn is 50 x 2.1

In the past few frames we have studiled four
factors that determine what happens to neutrons
from one generation of fast neutrons to the next.
While they are still fresh in your mind, lef us
use the next few frames for review.

The fast-figsion factor (increases, decreases)
the number of fast neutrons that need to be

thermalized.

fuel

fission
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All of the neutrons absorbed by the fuel

(do, do not) cause fission.

The next symbol we are interested in is n,
which 1is the factor that determines the number

of neutrons in the next generation.

- e e ew o mm e we

Figure III-17 summarizes the reactions involved
in the 1life cycle of n fission neutrons. Note
that we start with n fast neutrons and wind up

with nzpfn neutrons as the start of the next

neutron generation.

N

1
1
I
I
1
J
!
1
I
|
1
!
a
1
!
1
I
|
I
|
1
1
1
|
1

.o

¥
n

nepf — Thermal neutrons absorbed in fuel,

Iy
—* Fast neutrons from fission of 235y caused
by thermal neutrons

<+ Additional fast neutrons due_to fast-
peutron fission of 238U and 235U

-—> Total fast neutrons available for slowing
down

~—> Some neutrons lest by resonance absorption

nép——r Neutrons reaching thermal equilibrium

—* Some thermal neutrons lost by absorption
in poison, etc.

235U

~—+ Some neutrons lost due to formation of 236y

HEPFH““* Fast neutrons from fission of 23°U caused
| by thermal neutrons (this is the new n for
f the next generation).

Fig. III-17. ©Neutyron Life Cycle
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124. During this life cycle of the n neutrons, all of
the n neutrons were lost and nepfn neutrons were
produced. Since the multiplication factor k has
been defined as the production rate divided by the

loss rate, k will be equal to .

B e T e T T S

125, The multiplication factor k, then, is k = R
which is known as the 'four-factor formula',

126. Nothing in the four-factor formula has considered epfn
neutron leakage from the reactor; and, since it
has not yet been counsidered, epfn must be equal

to (k_, keff)'

127. The four-factor formula for k_ can be used to deter- k
mine whether or not reactor criticality is possible
from a materials consideration only. If calculations
show that koo is less than one, then criticality
(will, will not) be possible for the materials used

in the reactor.

128, The materials of a reactor and sometimes their will not
arrangement will determine the value of ¢, p, £, and
n, and consequently, k_. The value of k_ for any
geometrical arrangement of natural uranium and water
is less than one, so it would be a waste of time to
build this kind of reactor.

- e o wm mm e e e e
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129. It is possible to take some natural uranium which
contains 99.3% 238U and 0.7% 235U and, by a separation
process, increase the amount of 23%U to almost any
enrichment. 1In the ORR and HFIR reactors, the fuel
is 7% 2380 and 93% 2%°U, Water is used as the

neutron moderator.

130. For a real reactor, the effective multiplication
factor, keff’ which equals k P (P is the nonleakage
probability), must be equal to one in order for

to be achieved.

131. Criticality is not necessarily guaranteed if k criticality
is greater than ome, but it does indicate the

possibility. Any real reactor which is built will

have some neutron leakage. 5o criticality for an

actual reactor requires that be equal
to one.

132, 1If we have a reactor in which P is equal to 0.9, then keff or
for criticality to be possible, k_ would have to be k, xP

1.11 because k, ;¢ must equal at least one,
and since kegff = k P =k 0.9 = 1
k_=1/0.9 = 1.11

133, Actually, both thermal neutrons and fast neutrens leak
out of a reactor, so P should be broken down so that we

have: x Pn = P; where P is the probability

PLith 1f nlth

that the thermal neutrons will not leak out and Pnlf is

the .




Probability that fast neutrons will not
leak out.

134, We should now write Lk =k P for the real

P
eff © nlth nlf
reactor. Since k= e€pfn, we can also write

kogg = .

135. So, the all-inclugive equation for keff is:

k = gpfnP

eff nlthinlf

The factors for keff are summarized in Table II1-2.

Table III-2. k Factors

eff
Symbol Name
e (epsilon) Fast-fission Ratio of the total number of fast
neutrons due to fissions caused by
neutrons of all energies to the
number caused by thermal neutrons
only,
P Resonance escape Fraction of neutrons which are not
probability absorbed before becoming
thermalized.
f Thermal utiliza~ The ratio of the number of thermal
tion factor neutrons absorbed only in the fuel
to the total number of thermal
neutrons absorbed in the whole core.
n (eta) The number of fast neutrons from

fissions caused by thermal neutrons
per thermal neutron absorbed in the
fuel.

(continued)
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Table III-2. k Factors (continued)

eff
Symbol Name
P Fast nonleakage The probability that fast neutrons will
nlf
not leak out of a core.
Pnlth Thermal nonleakage The probability that thermal neutrons

will not leak out of a core.

0

136. Criticality in a real reactor occurs when (keff’ k)

is equal to omne.

137. ©Not only does keff tell us whether or not criticality keff
is possible, it also 1is an indication of whether the

fission rate is rising, falling, or remaining constant.

- = wm e e we wm wm ww

138, A reactor is either shut down or in the process of

shutting down if keff is

- mm em am wm mw ww e .

is less than one, the neutron flux is less than one

139. 1If keff
or <1

either decreasing or it is at a very low stable
level significantly below what it would be at
criticality. 1In this condition, a reactor is said

to be "subcritical.

140. A reactor is suberitical if keff is

141. 1If keff ig greater than one, the neutron flux is less than one
. . . or <1
increasing and the reactor power level is increasing.

When keff is greater than one, the reactor is said

to be "supercritical".
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A reactor is supercritical if keff is .

By adjusting the control rods containing poison,
the loss rate of neutrons can be made to balance
the production rate so that equals one

and criticality can be exactly maintained.

- AR A me ae e e

By positioning control rods so that there is more
poison in the reactor core than at criticality, more
neutrons will be absorbed each second than are
produced so that keff is less than one. The neutron
flux and power level will + When keff

is less than one, the reactor is .

If the control rods are positioned so that less

poison is in the core than at criticality, keff

will be greater than one and the neutron flux and

£F 1s

greater than one, the reactor is .

power level will . When ke

B T T Sy

The equation k = k P tells us that to cobtain a

value of keff ifi, it is not enough to have some
fissionable material; it must be arranged in a parti-
cular manner so that k_ will have a high value. We
alsc must have enough of this material so that the
neutron leakage is not too great and the nonleakage
probability, P, will have a high value,

greater than
one or >1

increasing

eff

decrease,
subcritical

increase,
supercritical
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The smaller the core, the more likely it is that
neutrons will leak out before they have a chance to
be absorbed in the core. Therefore, there is a
minimum size for any shape (sphere, cube, cylinder,
etc.) below which criticality (keff = 1) is not
possible for a given set of materials. When the
size of the core is just big enough that criticality
can be achieved, that size is called the "critical

size'".

o mm mm owm mem mm wm e e

A mass of fissicnable material less than the critical

size cannot be made critical because of neutron

We sald that there was a certain minimum size (and,
therefore, mass or welight) of fuel required for
criticality to be obtained. Let us consider this
statement while we discuss a coal fire. Have you
ever tried to start a fire with one little piece of
coal the size of a golf ball? Try it some time;
chances are you will never get it to burn. Why?
Because a piece of coal will not burn unless 1t is
kept very hot. Oh yes, it produces heat when it
burns, but it radiates heat from all of its surface

so fast that it loses heat at a faster rate than it

generates it so, by itself, cannot stay hot enough to

continue burning. If you make a small pile of coal,
it will burn; but again, if you spread this pile out
on a flat surface, the flame will go out even if you
keep the pieces of coal close together., Stack the

coal back into a pile and you will be able to start

it burning again. The reason for this is that as long

as the coal is in a pile the outer surface area is

small and heat is lost only at the outer surface.

leakage
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When you spread the coal out on a flat surface, the
surface area is (increased, decreased) so that heat

is lost at a faster rate than it is being generated.

The burning of the coal illustrates the necessity of increased
a critical mass of coal as well as critical size
and shape. 1In a like manner, there is a minimum mass

and size for any shape of fissionable material

required before criticality, keff = » 1is
possible.
Let us keep the 1dea of a minimum critical mass in one

the back of our minds while we construct an experi-
ment. Assume that we have a reactor such as the
ORR which contains a nonfission source of free
neutrons, a moderator, a control system, and a
neutron instrument which tells us the number of

neutrons in the core.

While there is no fuel in the core, we note that the
neutron instrument is indicating the presence of

the source neutrons only. Now we take a single ORR
fuel element and place it in the core. We notice
that there is a sudden, very slight increase in

the number of neutrons, but the number does not

continue to increase.

We would expect a slight increase because some of
the source neutrons would be absorbed in the fuel

and would cause some of it to .
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However, an ORR fuel element has a large surface

area, so we would expect a lot of

neutrons from the surface.

Other factors such as p and f would combine to limit

the output.

Then we add three more fuel elements and we notice
that the neutron population is considerably
greater than it was befecre, but it still does not

continue to increase.

Even with the four fuel elements, the amount of

fuel in the core is still not a mass.

As we add the fifth, sixth, seventh, and eighth,
we notice that, with each addition of a fuel

element, there is an increase in the

population.

However, the neutron population does not increase
except when fuel is added. It is as if the
neutron output, as seen by the counter, is merely

amplified as each fuel element is added.

If we should calculate the multiplication factor
after each fuel element is added, we might find
values like k = 0.857 after the first fuel element
is added and k = 0.938 after the fourth is added.

fission

leakage

neutron

critical

neutron
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After the eighth fuel element is added, k might
equal 0.986. Although the multiplication factor

is (increasing, decreasing), it is still less than
one and the fuel arrangement is still a subcritical

mass.

B

We add the ninth and tenth fuel elements and note
that k = 0,992.

After we add the eleventh and twelfth, k = 0.999,
The fuel element configuration that we have now Is

very nearly a mass.

— o wn e A e wm e me

Let us imagine that, in our experiment, we add

one more fuel element to the configuration and note
that the neutron population increases again; but,
instead of remaining at a new steady-state level,
it continues to increase. We calculate k and

find it to be 1.00012,.

The additional fuel has caused the subcritical mass

to become a mass.

In this experiment, each time a fuel element was
added to the core, the neutron population increased
but did not continue to increase until the

mass was reached.

increasing

critical

supercritical
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Each time we added a fuel element, we increased
the value of k until finally criticality was
reached. The value of k became greater than 1.0
when the amount of fuel in the core became a

mass.

By adding the fuel in the thirteenth element, we
went from suberiticality, through criticality, to
a state of supercriticality. 1In this state the

neutron population continued to .

To prevent the neutron population from increasing

indefinitely, we must insert some

material in the form of control rods so that a

balance is obtained between the fission~neutron-

production rate and the logss rate (due to absorption

and leakage).

- o e e e e o e e

Tf adjustments of the control rods were not made,
more and more fissions would occur and more and
more heat would be generated until finally the

reactor would melt,

The increase in the neutron population, which occurred

with each fuel addition before criticality was

reached, was a result of what is called "subcritical

multiplication',

critical

supercritical

increase

poison or
absorbing
material
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A subcritical reactor with a source of neutrons,
therefore, has a higher neutron population than that
due to the source alone as a result of fission

reactions caused by some of the source neutrons.

This increase in the neutron population of a subcriti-

cal reactor above the source level is due to

The subcritical multiplication factor M 1s defined
as the ratio of the neutron population with fuel to
the neutron population without fuel. In equation

form, this is:

_ _heutron population with fuel
neutron population without fuel

As we sald before, the neutron population in a
reactor can be determined by an instrument which
counts neutrons. This instrument can be made to
indicate the neutron population (as a function of
the number of neutrons it counts per sec) on a
recorder known as a counting-rate (CR) recorder.

So, M is sometimes written as:

where CRX stands for the counting rate with x grams

of fuel in the reactor and CR0 stands for the counting

rate without fuel.

subcritical
multiplication
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1000 g of fuel and we find that the counting rate %s

83

—-1
We do not wish to discuss here the operation
of neutron detection instruments, However,
one should mention that while no instrument
can count all of the neutrons produced by a
reactor, instruments can and do count a
precisely determined fraction of the neutromns.
From this count, the total number of neutrons,
or what is of more value, the neutron flux
of the reactor, can be determined when related
to other types of neutron measurements within
the core.

Now, suppose that we have a source of neutrons which
causes three counts per second on the counting-rate

recorder without any fuel in the core. Then we add

Ry

20 counts per second. By using the equation, M = &z,
we find that the subceritical multiplication factor
M is equal to .

P e T e

20 counts/sec
3 counts/sec

6.7 because M = = 6.7

A smm e ww wm o e e e

When a few more grams of fuel are added, we notice
the counting rate increases to 240 counts/sec so

that M is now .

00
S
=
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0
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®
|
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0
S
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179. By observing the neutron population as indicated by

a - recorder, we can

determine when criticality is about reached. We must
know when criticality is reached because, if we add

too much extra fuel, so that ke is much greater

ff
than one, the power level of the reactor might increase

so0 fast that the reactor core would melt down before

corrective action could be taken.

— mm wm mn e mm me wn e

It should be noted that an increase in either
power, neutron flux, or neutron density causes
a corresponding increase in each of the other
two. 1If power level is changed by a factor of
Z or 200, both neutron flux and neutron density
change by the same factor.

180. One way we can determine when criticality, k 1, counting-rate

eff
is reached 1s by determination of the subcritical

multiplication factor and using an equation to deter-

mine ke The equation is:

ff"

1

1
M= or kx = 1 - M

1 -k
X

where kx is the effective multiplication factor
k

( ef

M is the factor.

f) when x grams of fuel are in the reactor, and

— e W e e e e e e

__%_E_’ should be remembered, so subcritical

1
X . . . . ultiplicati
let us work a few problems using this equation in multiplication

181. The equation, M =

order to become more familiar with it.

— e e we e mn o e e
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Let us assume that we know the value of kX and

determine M. 1If kx = 0,85, a calculation of M

would be:

1 N
1-0.8 0.15 ——

M =

So, if we initially had 3 counts/sec from source
neutrons, we would get an indication on the counting-
rate recorder of 3 counts/sec x 6.7 or about

20 counts/sec.

- e e e em am e e e

If we now add enough fuel so that kx = 0.99, M is

equal to .

-— o e A e e e e e

When kx is equal to 0,99, the indication on the

counting-rate recorder for a 3 counts/sec source
would be _ counts/sec. When kx is 0.999, M
would be and the recorder would indicate

counts/sec.

You can see that there is an increase in the counting

rate as kx gets closer and closer to one.

6.7

300,
1000,
3000
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A typical fuel buildup to a critical mass is shown
in Fig. ITI-18. The data for this figure were taken
from an actual experiment in which fuel elements
were added to a reactor until a critical mass was
reached. The reciprocal counting rate (E%*) was

plotted against fuel mass because kx is prgportional

, 1 CR,y
to 1 ~ cRs @8 CRx increases, CRX becomes smaller

and k_ approaches 1.0.

- e o mm ww mm wm ew w

In the experiment, when the fuel loading reached

2522 g, E%” = .000306 and k_= 1 - .000306 = .999694.
X

— e e e am e e e we

When the fuel loading was 2800 g, E%* = ,000133.
k_is mow = 1 - ,000133 = *
When the fuel loading was 3079, E%— = ,000068. . 999867

k.  1is now .
X

- e A mw s me e am e

You can easily see that as CRx becomes greater, as
criticality is approached, kx becomes more difficult
to calculate gxactly. Usually when criticality is
approached by fuel additions, extrapolations (graph
extensions) are made after each fuel addition and
the critical mass is predicted by noting where the

extrapolated curves cross the line Z%E = 0
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Fig. I¥1-18. Plot of Reciprocal Counting Rate Versus Fuel Mass
During Approach to Criticality by Fuel Addition
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the size of the reactor with each fuel addi-

to be in less important positions than the
earlier additions since the fuel elements
must be placed farther and farther from the
center of the core. These circumstances
cause each extrapolation of the graph to
underestimate the critical mass. If the
additional fuel could be simply distributed
throughout the existing core rather than
adding a new fuel element, the extrapolated
curve would predict the critical mass quite
closely.

From the graph, Fig. III-18, we would predict that

an extrapolation of the curve would probably cross

the zero line between the 3460-g mark and the 3580-g

mark, probably at about 3500 g. We would consider
a 3460-g loading a mass and a 3580-g

loading a mass.

In this experiment, the critical mass was shown to
be 3495 grams of fuel, very near our predicted

3500 g.

During the routine loadings of some reacters such
as the ORR in which the critical mass is already
known, the control rods are positioned so that all
of the poison used for control is inserted into

the fuel region. Then the fuel elements (usually

about 25) are placed in the core, one by one, while

the counting-rate recorder is observed for any

significant changes.

In this experiment which was done at the PCA,
fuel was added by placing an additional fuel
element adjacent to the fuel elements already
loaded. This method of adding fuel increases

tion. It also causes the last fuel additions

subcritical
supercritical
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When the core is fully loaded, the control rods are
withdrawn until criticality is reached. By
observing the counting-rate recorder as the rods
are withdrawn, a prediction can be made as to

what the position of the rods will be when criti-
cality is reached. Therefore, "approach to
criticality" by poison-rod withdrawal from a fully
loaded reactor has similar characteristics to an

approach to criticality by fuel additions alone.

In order to predict the rod position at criticality,

eff
rate when the rods are y inches withdrawn and CRO

when ky =k = 1, we let CRY represent the counting

the counting rate when the vods are zero inches
withdrawn. We use the equation:
1 CR

o]

kK =1 -2=1-=2
R

y y

=

so that, as the rods are withdrawn, the counting

1 .
rate CRy will increase and the value for ﬁ-w1ll
approach zero as M increases in value.

In other words, as the counting rate increases, the

reactor gets closer to . This ecan

readily be seen when each step is plotted on a

graph as in Fig. IIT-19.

When CR_ is so large that is zero, then 1 - k
y eff

M
is zero which is the point at which the reactor is

because ke = .

ff

criticality
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198. An experiment such as this was conducted at the
ORR. The results are shown in Fig. III-19, 1
Criticality was predicted to be when the rods were
about 15 inches out; the reactor actually went

critical when the rods were 14.89 inches out.

- vn e ma A A e e e

1.0 %
8 1 ORR Critical at 14.89 in.
arch 16, 1961
.6 -
CR
L
CRy AR
W27
]
0 P U S SN
2 4 6 8 10 12 14 \\16 18
Rod Position (in.)
CRo
Fig. I11-19. Plot of TR Versus Rod Position During Approach
y
to Criticality by Control-Rod Withdrawal
CRO
199, 1In Fig. I1I-19, o is plotted with reference to
control-rod position in inches withdrawn. Obviously
the whole graph is not a straight line. However,

1
as ﬁ-becomes smaller (the counts on the counting-rate
recorder are getting very large), the last three
or four points plotted are very nearly in a straight

line.

- e wm am em e we am s

critical,
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200. A straight line drawn through these last three points
will give a very close approximation of the distance
R
the rods will be withdrawn when E§9 = and
y
the reactor is .
For those of you who are interested, the
initial criticality experiments conducted
at the ORR to establish the critical mass
are discussed in detail in the report
ORNL~2559, entitled "Initial Post-~Neutron
Measurements'.
2.4, Self Test
201. What is a nuclear reactor? (If you made an incorrect
response, repeat Frame 1.)
A reactor is an apparatus in which fission
reactions are started and controlled as a
continuous self-sustaining chain reaction.
202. The principal parts of a reactor are .
(If you made an incorrect response, repeat Frame 2.)
203. The region containing fuel in a reactor is called

the . (If you made an

incorrect response, repeat Frame 5.)

e em e aw om wm mm e ma

zero, critical

fuel, modera-

tor, reflector,
cooling system,
control system
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Material which is placed around a core for the
purpose of scattering neutrons back into the core

is called the . (1If you made

an incorrect response, repeat Frames 5-17.)

Heat generated in a reactor is removed by the

. Water is a

common moderator, reflector, and .

(If you made an incorrect response, repeat
Frames 11 and 12.)

A poison is a strong of neutrons.

Control of the neutron flux in a reactor may be

achieved by using . (If you made

an incorrect response, repeat Frames 35-41.)

P e

Control of the multiplication factor of a reactor

is accomplished by adjusting __ .

(If you made an incorrect response, repeat

Frames 35-41.)

e m em am e e e e

When conditions in a reactor are such that k = 1 and
there is a continuous fission chain reaction, a

reactor is said to be . (If you

made an incorrect response, repeat Frame 43,)

core

reflector

cooling system,
coolant

absorber,
poison or
neutron

absorbers

control rods
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An imaginary reactor, so big that it is impossible
to determine where it starts and where it ends, is
Logs of

called an reactor.

neutrons in an infinite reactor can occur only by

; there can be ne loss by

. (If you made an incorrect response,

repeat Frames 49-56.)

The neutron multiplication factor of a reactor is

defined as the ratio of the rate

to the rate. (If you made an

incorrect response, repeat Frame 57,)

In an infinite reactor, k_

rate equals the absorption rate. In an actual

reactor, k = 1 when the production rate equals

eff

the . (If you made an incorrect

response, repeat Frame 62, )

The nonleakage probability, P, is the probability

that neutrons . (If you

made an incorrect response, repeat Frame 63, )

If we had 10 neutrons and 2 of them leaked out of
a reactor, the nonleakage probability would be

equal to . P for an infinite

reactor is because

= 1 when the production

(If you made an incorrect response, repeat

Frames 64-66)

— mm v mw e aw e = e

critical

infinite,
absorption,
leakage

production,
loss

absorption
rate plus the
leakage rate

will not leak
out of a
reactor
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(1f P =-2=

214. The fast~fission effect is . )

you made in incorrect response, repeat Frames 75-81.)
leakage

The increase in the total number of fast
neutrons as a result of fission caused by
fast neutrons.

215. The resonance escape probability, p, represents the

fraction of neutrons which . (If you

made an incorrect response, repeat Frames 86-96. )

Are not absorbed as they slow down to thermal
energles,

- e e mm s e e e we

216. The thermal utilization factor represents .

(If you made an incorrect response, repeat

Frames 99-104. )

ar wm e wm wn e mm e e

The fraction of thermal neutrons absorbed
in the fuel.

217. The ratio EE for 235y represents the fraction of 235y

atoms which?will undergo compared to

the total number which absorb neutrons. (If you

made an incorrect response, repeat Frames 105-108.)

0.8,

1, there is no
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218. The symbol n represents the average number of fission

neutrons released per neutron by

the fuel atoms. (If you made an incorrect response,

repeat Frames 108-111.)

219. The four-factor formula is k = . (If you absorbed

made an incorrect response, repeat Frames 124 and 125.)

220. Reactor criticality is not necessarily guaranteed if epfn

k= 1. 1In order for criticality to be possible

(p, keff) must be equal to . (If you

made an incorrect response, repeat Frames 130-132.)

- s e wm mm em e we e

221, 1In equation form, keff 1s: keff’
one

kfr = — — — —Foiefnieh.

(If you made an incorrect response, repeat Frames 133-135.)

222. A reactor is said to be subcritical if . epfn

(If you made an incorrect response, repeat

Frames 139 and 140.)

[

223. The neutron population in a supercritical reactor keff is less

is . (If you made an incorrect than one

response, repeat Frames 141-143.)

- o am vm we em omm e e
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224, The materials and arrangement in a reactor deter- increasing

mine the value of k_, but the nonleakage probability

depends only on the . (If you made an

incorrect response, repeat Frames 147-152.)

225. Subcritical multiplication due to the addition of size and
some fuel causes the neutron population to to shape
a higher steady level even though the reactor 1is

still . (If you made an incorrect

response, repeat Frames 173-175.)

226. The subcritical multiplication factor M is defined increase,

as . (If you made an suberitical

incorrect response, repeat Frame 175.)

- ws mm mn e ww e mm we

The neutron population with fuel divided
by the neutron population without fuel.

227. The equation showing the relationship between M and

k is M = . (If you made an

incorrect response, repeat Frames 180-184.)

1 L - kx 1 CRo 1
228. Remembering that ¥oTTT and =GR where CRo

is the counting rate with no fuel and 6RX is the

counting rate with fuel, how can you tell when
criticality is nearly reached as fuel is being
added? (If you made an incorrect response, repeat

Frames 186-200.)



97

: 1

By plotting on a graph the value 3 and
observing when 1 is nearly zero so that k
is nearly one. M X
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SECTION ITI-3

REACTIVITY AND REACTOR PERIOD

The purpose of this section is to give you an understanding of the

terms reactivity and period by discussing the effects of reactivity on the

rate of change of the neutron population and the resulting effects on the

operation of a reactor.

3.1. Reactivity Calculations

1. Reactivity is a term used to express the ability of
a reactor to increase its neutron population. Thus
when a reactor is made supercritical, its

has been made greater than zero.

2, In equation form, reactivity, p (rho), is expressed as reactivity
o = keff -1
keff

where the multiplication factor of the reactor before

the change was 1 and ke is the factor after the change.

ff

3. If we had made the change when the reactor was already
supercritical, we would have to write:

kegr, 1 Ferry T Kepr, T Fegr
P2 = 1 = bp = — - =
Kett, kerf, Ketg, Refs,

in which:

i

Ap the change in reactivity

keff1 = keff before the change

keff2 = keff after the change.
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When a reactor is exactly critical, keff = 1 so that:

k -1
- eff - 1-1_ 0

T

Let us assume that keff in a reactor is 1 and an
adjustment of the control rods is made until keff
becomes 1.005. The reactivity as a result of the

change in k would be .

_1.005 -1 _ 0.005 _
= T.005 " T.o05 - 0-004%7
keff -1
The equation,p = B is usually written Ak/k,
eff

pronounced "delta k over k' (usually A means "the

change in"). The quantity Ak is equal to the resulting

change in the multiplication factor, that is,

-1 = Ak.
keff 1 k

Reactivity, Ak/k, is sometimes expressed as a percent.
1f Ak/k is 0.15, then it might also be expressed as
15%, since 0.15 x 100% = 15%.

eff

eff
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Control of a reactor is usually accomplished by inserting

or withdrawing a control rod containing a neutron-
absorbing material, which results in a change in the
multiplication factor, k. A reactor which is critical
(k = 1) can be made subcritical by inserting the
control rod (poison), thus causing k to become

. The reactor becomes supercritical when

the control rod is withdrawn, causing k to become

Knowledge of the effects of control rods on reactivity
is essential to the safe operation of a reactor.
Figure III- 20 shows some values of the reactivity

worths of control rods at the ORR reactor.

S

Since the withdrawal of a control rod results in an

increase in k, it is said to have a positive

less than one,
greater than
one

effect.

The insertion of a control rod (poison) into a reactor

results in a reactivity effect

because k .

The imsertion of a control rod results in a negative
reactivity effect, whereas withdrawal results in a
positive reactivity effect. In a similar manner,
putting other materials into a reactor or removing
them may also cause either a positive or a negative

effect.

[ T T T

reactivity

negative,
decreases
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Anything which will increase the multiplication

factor of a reactor is said to have a

the multiplication factor of a reactor is said to have

a effect.

— . e mm wm e W e we

Fissionable material usually has the opposite effect
to that of a neutron poison when put into a reactor.
If fissionable material is added to a reactor core,

the result usually is a

effect, If fuel is removed from the reactor core,

the result usually is a

effect. Anything which will decrease

effect, (In some types of reactors adding more fuel
may reduce the reactivity if it displaces some of

the moderator.)

T )

Almost anything can cause a reactivity change if it
is introduced into or placed near the fuel region of
a reactor. The reactivity effect will be positive
or negative, depending on whether the neutron

is increased or

decreased.

To obtain criticality, k = 1, it 1s necessgary to

eff

have a certain amount of fuel. Now, if there were no

additional fuel besides that required for a critical
mass, the reactor would not operate very long before
becoming subcritical and shutting down. Can you

guess the reason why?

reactivity

positive
reactivity,
negative
reactivity

positive
reactivity,
negative
reactivity

multiplication
factor
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The answer is '"fuel burnup'. As fissioning occurs in
a reactor, the fuel is consumed (atoms of 23°U are
changed to atoms of fission products) until finally
the amount of fuel is less than the critical mass.

When this occurs, k becomes and the

neutron population (and fission reactions) decrease.

To keep a reactor operating for any length of time,

there must be some extra in addition to

the critical mass.

If extra fuel is added to a critical mass, the multi-
plication factor will usually increase because the

addition of fuel usually has a

effect.

- e o am ew wn e wm ee

To maintain criticality (that is, to prevent an
increase in the figsion rate as a result of the extra
fuel) a control rod is inserted to compensate for the

positive reactivity effect of the fuel addition.

As the fuel is burned up, causing a

in keff (a negative reactivity change), the control

rod is slowly withdrawn (a positive reactivity change)

just enough to maintain ke at one.

ff

- e e mm mm e e we

less than one

fuel

positive
reactivity
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In addition to fuel burnup, there are other things decrease
which can cause reactivity changes and must be com-

pensated for by the control rods. For example, most

experiments which are inserted into a research reactor

cause either a positive or negative reactivity change

depending on whether the experiment contains an

appreciable amount of fissionable material or poison

material or if it displaces or adds neutron-moderating

material.

- wn e em m m A e e

An increase in the temperature of the core, as when
the power level 1s raised, generally results in a

negative reactivity effect.

Many fission products such as 135%e and '“9sm are
strong neutron absorbers. These fission products

would have a effect.

In order to compensate for the various reactivity negative
changes in a reactor such as those caused by experi-

ments, temperature, fission products, and fuel

burnup, an extra amount of fuel is loaded into the

core before operation is started. The positive reac-

tivity effect of adding the extra fuel is balanced

by insertion cf the which may also

be withdrawn or inserted as needed when other

reactivity changes occur.

- - e e e mm ae w w.
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The positive reactivity effect resulting from loading control rods
extra fuel into the core to compensate for later fuel
burnup may be considered as avallable reactivity. It

is reactivity because it will not be

used until the control rod is withdrawn to increase k

to maintain criticality as the fuel is depleted.

We have used the term "available reactivity" available
because when some people speak of excess
reactivity they really mean Kgycpggs Which

is Ak or k¥ - 1, Since reactivity is (k - 1)/k
or MAk/k, for a person to say excess reac-
tivity when he really means K, y.pogqg (k = 1 or
Ak) is to give the word "reactivity' two
meanings.

e e e we e me me em s

Available reactivity must be compensated for at all
times because, if it is not, the neutron population and
power level would 1ncrease to such an extent that the
reactor would melt down. Available reactivity is

necessary but can be hazardous if it is not controlled,

- e mm e wm mm e e e

It might be of interest at this point to consider the
theoretical determination of reactivity, Ak/k. You
should remember that keff = ka; where k_ depends only
upon the materials used and their physical arrangement.

P depends upon the size and shape of the reactor. In
Keff - 1

keff
and use kéff for the multiplication factor at criti-

the equation, p = , let us replace p with Ak/k

cality, which is ope. We now have:

- 7
Ak - keff &egg
k keff

(continued)
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By substituting k_P for keff’ we can write:

1) P - LN
p kP TR p kg -k
k kP Pk,
] P
And, since 7 1, we have:
- ]
Ak _ k -k
k k

We know that k_ = nepf, so we can write:

.4,1_{. - ﬂElj)f " ﬂ'e'P'f'
k nepf

n is constant for a particular fissionable material;
and if we assume that the product ¢ x p will not
appreciably change (small changes in the amount of
fuel have opposite effects on the factors so that
the product does not change appreciably) then

nep = n'e'p'; and we can write:

1

It is shown in ORNL-2559 that £~f~£~ is equivalent to
«Eég'where Zap is the macroscopic absorption cross
secfion for poisonous material, and Zie is the
macroscopic cross section for all material in the

core. So we can now write:

sk _ Cap
k ¥ °
ac
Ak Za
The equation: = = §~2 tells us that if we had some
ac

poison material we could determine the reactivity effect

of this material by dividing the value of Zap by Zac'

e em em me wem am e
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Let us say that we have enough boron to give a Zap
of 3200. Boron is a good absorber and is considered

a poison. For the total core let us assume Zac for

‘Al 1s 500, T for 238y ig 200, ©__ for water is 300,
ac ac

235 -
Zac for U is 50,000. Total Zac .

- v e e de e m e

Z
ac 3200
1 - R = =, 'S 1
The ratio of 5o 54,200 0.0058 0, in this

case, the negative reactivity effect of the boron

poison is Ak/k = - .

In the report ORNL-2559, it is also shown that if
some fuel (23%U) were added to a core the reactivity

effect could be predetermined by the equation:

>
N
|z
-o-| l'_—le

o ¢,
where AM is the mass of fuel added, MO the original
total 235y fuel mass in the core, and E;/@; the ratio
of the average mneutron flux in that particular fuel
position to the average flux throughout the core. c¢

is some constant number found by experiment to make

the equation true.

You do not have to remember how to derive
these equations. The equations were given
here just in case you might want to try to
calculate Ak/k some time and check to see
how close you were to the actual value.
Also, to make you aware that the effect on
k, in making changes in cores or experi-
ments, can be estimated,

—- = e e o am mm we A

54,200

0.0058
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If the reactivity of a critical reactor is increased,
the neutron population in each succeeding generation
will increase. The question is, "How fast does the

neutron population increase?’

The rate of increase in the neutron population depends
on the amount of reactivity added and the '"neutron

lifetime".

— e am e wm Ame em e e

The neutron lifetime is the time it takes the neutron

to complete its life cycle from birth as a fast

neutron to absorption as a thermal neutron.

To say it another way, the lifetime of a neutron is

the time it takes for a neutron to be born from
fission, go through the slowing down process, and be

, either to cause a fission reaction

releasing more neutrons or to be lost in a nonfission

reaction.

Neutron lifetimes are surprisingly short--shorter
than the time it takes for you to blink your eye,
Neutron lifetimes also wvary in different kinds of
reactors., 1In the OGR, for example, the neutron
1lifetime was about 0.001 sec, In the ORR the

lifetime is about ten times shorter, or 0,0001 sec.

- e mr s e aw mm em e

If the multiplication factor is much greater than one,
it takes only a very short time for the neutron popu-
lation density (and therefore the flux) to increase

tremendously, since the neutron is so short.

e am m  wm e wm weo e s

absorbed
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Let us assume that the neutron lifetime in a make-
believe reactor is 1 sec instead of a more realis-

tic value such as 107" sec. Now, if k = 1.1 and

n, the neutron density, is originally 100 neutrons,
then after 1 sec, n will be equal to 110 neutrons;
after 2 sec, n will be 110 x 1.1 = neutrons,
etc. Now let us compile a table (Table III-3) showing

time and neutron demsity for k = 1.1 and the neutron

- e v e e e e e s

As we can see from the table, the time it takes for

the number of neutrons to increase by 100 keeps getting
shorter and shorter; that is, to go from a density of
100 to 200 takes about 7 sec; to go from 200 to 300
takes about 5 sec; to go from 300 to 400 takes

about 3 sec, and so on. (All the while the number

of fissions per second is increasing at this same

rate; and, therefore, the power is also.)

[ T

3.2. Reactor Period
41,

lifetime = 1 sec.
42,
43,

Now, if we consider the doubling time, that is, the
time it takes for the neutron density to become twice
as much as it was before, we see that to go from

100 to 200 takes about 7 sec; to go from 200 to

400 takes about 7 sec; tc go from 400 to 800 takes
about 7 sec; etc. The point is that the doubling

time is constant, whereas the time it takes for an
increase of 100 keeps changing; so, it is much easier
to discuss the increase in population by talking about

a constant pericd of time, such as the

time, than it is to talk about the time for an increase
of 100.

lifetime

i21
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Table III-3., WNeutron Multiplication
(Lifetime = 1 second and k = 1.1)

Time, t Neutron Density
(seconds) (1.1 x n)
0 (100]
1 110
2 121
3 J133
4 7 sec 146& V7 sec
5 161
6 177
7 1195
8 (214)
9 235
10 RS PLY:
12 300] 7 sec
14 374
15 3 sec 4
17 2 sec  {497)
19 1 sec {602 7 sec
22 823)
44. We could just as easily talk about the time it takes doubling

the neutron density to triple in value or to

quadruple, but the number 2.72 (represented by e) is
generally used because it simplifies many calcula-
tions. (This number represented by e has no exact
value, but 2.72 is close enough for our purposes.
Written out te 15 decimal places, e = 2.,718281828459045
and still keeps going.)
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The term period, therefore, is usually considered to
be the time it takes for the neutron flux (population

or density) to change by a factor of e, about 2,72,

The symbol 1 (spelled tau and pronounced tow to
rhyme with how) is used to represent the period.
Therefore, 1t is the time it takes for the neutron

flux to .

'Change by a facteor of 2,72,

If we know the value of 7, then there is an equation
which can be used to determine the neutron density
or the neutron flux after a lapse of time. The

equation is:

where ng is the neutron density or the neutron flux
at time, t = 0, t is the amount of time we want to
consider; v is the period caused by a change in k,
e = 2.72, and n is the density or flux which will
exist after the time interval equal to t which is
any amount of time we want to choose. Both t and

t are usually expressed in seconds.

To illustrate the use of the equation, let us assume
we have a neutron density of 100 neutrons/cm’ at time
t = 0 and the reactor has a period of + = 10 sec.

The equation, then, is: n = (100)(et’llo sec).f-
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49, Now, if we want to know the neutren density 10 sec
from now, t = 10 sec, the equation would be:
10 sec
n = (100) (e'® 5%) = (100)(e)) = .
Thus, after 10 sec, the neutron density is

neutrons/cm>,

e e e e e e e e

50. After 20 sec, the neutron density, using the same 272,

problem as in Frame 48, is . 272

You learned that the groper units of flux are
that ¢ = {(neutrons/cm®)(cm/sec). However,

the most common usage is to cancel to get
em/em® = 1/ecm? and have ¢ = neutrons/cm? ° sec,
often written ¢ = n cm™2 sec™! because the
typist can put 1t all on one line. The text
will conform to this common usage; however,

please remember how it should be written.

- mm v e am e mm e e

51. Let us now assume that we have a reactor period of 740 neutrons/em3
30 sec and an initial neutron flux somewhere in the
reactor of 10 n cm~2 sec”!, and we want to know the
neutron flux after a time lapse of 90 sec. The
equation is:
n = (10) (e %% = (10) (e?).
Now e3 = 3 x log 2.72 = 3 x ,4346 = 1.3038, so

R

antilog 1.3038
n = (10)(20.1)

20.1

4
=]
[¢]
g
w
o
0

- v e mm e ma e e -
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The value of e3 or e* where x may be any 201
number can be obtained from various beoks
such as the Handbook of Physics and
Chemistry or from a slide rule. We suggest
that you practive using either logarithms
or sliderule.

52, 1If n is 2 and 1 is 10, after a time lapse of

20 sec n will be .

n=2e = (2)(2.72)2 = (2)(7.4) = 14.8

53. Since power level is directly proportional to either
the neutron flux or the neutron density, this same
type of equation can be used to calculate the future
power level of a reactor. (This is because the
fission rate depends upon the supply of neutrons.)

/T

The equation is P = Poe where Po is the initial

power and P is the after a time

lapse of t sec,

e mm e mm e ae e

54. Let us assume that a reactor is operating at a power level
power level of 2 Mw (megawatts) and a period of
30 sec is established. After a time lapse of
one and one-half minutes, the power level will

be about (6 Mw, 20 Mw, 40 Mv, 60 Mw).

40 Mw because:
90
30 3
P=2Mw (77) = 2(e”) = 2 x 20 = 40 Mw

—_ aw . m wm o e e
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55. It should be apparent that if there is a short
period such as 1 or 2 sec, the power level (or
neutron flux) will increase quickly. For example,
if v is 2 sec and PO is 1 Mw, after 10 sec, P
will be Mw .

56. 1If the period is longer, say 20 sec, P, after the 149
10 sec allowed in the above problem will be only

57. If the period is essentially infinite (too long to 1.65 Mw

be measured)}, the power level will .

If the power level changes at all, the remain
pericd is measurable. constant

- e e D s e e e e

58. A short period means the neutron flux is Increasing
at a (slow, fast) rate. The longer the period, the
(slower, faster) the rate of increase., A reactor
which is just critical will therefore have

period.

59. 1If a reactor is just critical, it will have an . fast,
slower,

infinitely long period. If the power level is an infinite

increasing, then the period will be positive such
as +500 sec, or +100 sec, or an even shorter period

such as +10 sec.

O e . T T oy
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60, If the power level is decreasing, the period is
negative. 1t may be short such as -10 sec or long
such as -500 sec, but still the power is decreasing.
If the period is -10 sec, the power is decreasing

much (slower, faster) than if ¢t = -500 sec.

P e .

61. The point is that a reactor which is just critical faster
has to have an infinite period. If the value of the
period becomes smaller than infinite, then the power
and neutron density will change at a rate depending
on the perioed; and it will decrease if the period is

and increase if the is

62. By using an instrument which detects neutroms, a value negative,
peried,

for the neutron population can be displayed on a positive

recorder, Figure III-21 shows a strip of chart
paper from a recorder used for this purpose. The
instrument is called a log~N recorder because its
calibration gives the logarithm of the neutron popu-

lation.

— e e m mw e e e

63. Note that the scale of Fig. I11-21 has numbers which
are not evenly spaced. This is because, as on a
glide rule, the spacing is for the logarithms of the
numbers. On the log-N instrument scale, the spacing

is for the of the

population.
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T e ST !I’J}!‘!’J!{l’lllf’ln’]l» —— - —

e e e—

e M  A—— G = =
— T —_— .. _

e E—— — T —

T — -
3
¥

! SRt s Pa e S, = m— ~
——§ — et S S S S —
[ o —
] —t— 3
I s R S
— = e S S — m——
et
: e
!!I’fl.f!ffy — e e e e e T
e A—
e Se— S —. D S [ Sh—— .
E g e M Sos—
- o b T T
N S e R U S —— T S S——
RN S S SU S— — ¥
StT—
S SER————
e St S e— et Bt Mm—— et — —
A S—— e S U S— R ————
—— -
e S—
NS S S——
]
B R S Ut S S—
e ]
=: e ]
’llx. S S SA— 3 — T
. N — 3
e A————r—— e ——— e S N —— —— S —
A — M
— I
A e A S f——
b—— T
e Ammasta— mse— S




117

ORNL DWG. 68-4397

3.5

] r'nlﬁ —

U I =5 . o :

— | ] ] L

- i X T N R R TR

Ay B RN PSS S

s e T T S R ]IL|'|D —— —— S R S

S A SRS S S S S PR P S SN SIS R

_ b bl M -
S L i ! .

— N : - S —— e N —
S SN SR I I o .
¢ i
L > - o
B S S R NN (S — |
O : o
) ; _ < [
L aad : -
! N —
JRS PSR AU SN N S SN S S I«l
N R T O . S S S 4 ; - i
B R SO V.- A JURNNEN SRS R ST S S N D ...
IJ R S N U SN S S S N
— — S S S ——— . e F S i T N
g —— [ I M RS i A UGAy . O S SO s S B s P S R S S
(3] B TreN" A R
—_ o — 1 S ] .
o i =
™3 i : 9
—_— e — e e

]

HHOA AM3N 'CTV4ENg

NOWYE0IHYOD SIDHINDGS Jidydg

R e T R

Chart Paper from a Log~N Period Recorder

Fig. II1-22,



118

64, By observing the recorder, it can be determined logarithm,

, neutr
whether or not the reactor power level is steady utron

with an (=) period, decreasing

with a period, or increasing with a

period.

- et e e e e e s =

65, Figure III-22 shows a piece of chart paper from a infinite,
negative,

recorder which indicates the period of a reactor. .
positive

The reactor period is the time necessary for the
neutron population to increase by a factor of e,

which is o

— e am me Am e wm e e

The details of the instrumentation are
discussed in Part V, entitled Instrumenta-
tion and Controls. For our purposes now,
it is enough to know only that this infor-
mation is displayed on recorders.

- m e e A em e e e

66. 1f we did not have a period recorder, we would have 2.72
to calculate the period by using an equation and
observing the time interval for a change in the neutron
flux as indicated on the log-N recorder. This kind
of calculation can be relatively slow; and, when
operating a reactor, we need to know every instant at
what rate the neutvon flux or reactor power is

increasing.
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67, In order to become familiar with the relationship
between the neutron flux as indicated on a log-N
recorder and the period as indicated on a period
recorder, let us consider an equation which 1llug-
trates the relationship. Remembering that the
period recorder is based on powers of e and the log-N
recorder is based on powers of 10, we must have

some way to relate one to the other. The relation

2,3
is: & = IOY/ ‘.
, t/t
68, If we allow y = t/1, the equation n = n_e can be
] 2.3
changed to n = m_ X lot/ " It is easler to remem-

ber if we write the ratio n/no = .

o e e e e e e wm

69. Now, if we observed that it takes 23 sec for the lOt/z'ST

neutron flux to increase from 1 to 10, then substi-
23 sec, n o= 1, and n = 10 into the
23/2,3
lOt/?"3T will give us 10 10 /2. T,
1
1 10/1

10/ o 10t = 100077,

L]

tution of t

L}

equation %~
This is quivalent to 10 = 10

e e

70. If you remember your logarithms, you should remember

that 1€ 10% = 10° then a = b, You can verify this

by substituting any number for az and then deter-

mining the value of b. So, if 101 = lOlO/T, 1= H

PSS

and, solving for 1, v = sec.

71. 1In the above problem the reactor period is sec. 10/1,
This means that the neutron population is 10

by a factor of e every 10 sec,

- - e ek e e e e
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72, 1f, instead of the above answer, we found that the 10,

reactor period was -10 sec, we would know that the increasing

neutron population was .

e e e e e e e e

73. We have calculated the period by timing the increase decreaging
in neutron population from 1 to 10, which took
23 sec; but we had to wait 23 sec and then do the
calculating, whereas if we had a period recorder, we
would have known shortly after the increase started
what the population would be 23 sec later or any time

after the increase started.

74. Knowledge of the period is very, very important

becauge it tells us immediately the

population growth rate so that we can predict n at

any later time,

75. Suppose the neutron flux, ¢, in a reactor has gone neutron
from 1 to 100 in 23 sec. Calculate the period that

the reactor was on during this time.

D _ 10t/2-3<r

n
o
2,,""‘
100 . 1023 sec/ 3L‘
1
We know that:
2
100 = 10 ,

so we substitute 10? in the above problem as:
10% = 10
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A prediction of the eventual power level of a reactor

can also be made using the same equation by substi-

tuting power level for neutrons.
p=p 10"7:37,

Let us assume that a reactor is critical and operating
at some power level, Po. Then the operator withdraws
a control rod so that the power level starts increasing.
By observing the log-N recorder, he notices that the
power level, PO, which was 2 kw before he pulled the
rod is 200 kw 30 sec later. By using the same equa-

tion for the neutron flux, what 1 did the reactor have

during the increase?

B T T TS

30 sec
200 kw 2 _ 2.31
e = 10~ = 10
9 = 30 sec - 13 sec
2.31 T
T = lesec = 6.5 sec

- am mm e mm wm e e .

Note in the above problem that the power change was
from 2 to 2 x 10’2 which is an increase by a factor
of 2 powers of 10 (2 decades), We could have written
our equation:

number of decade changes = Eim%*%%ggl,

or,
time (sec)

2.3 x number of decade changes’

T =

- e e em e ms e am aem

5 sec
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79. A further simplification gives:

0.44¢

D H]
where 0.44 is 1/2,.3; t is time in sec; and D is the

number of .

- wn ee e me e oA o

80, 1If a change in neutron population from 10 to 100 is decade changes

1 decade change, give the decade changes for the

following:
nO n Decade Changes
2 200
50 50,000
15 1,500 .
3 30
10 100,000

- e e am e e e = e

It should be pointed out that this equation
(t = 0.44t/D) should be used only when
considering a whole number of decades, 1,
2, or 7, etc.; when a fraction of a decade
is to be used, the equation n = n_et/T?
should be used. ©

e em e s e e mm omee e

8l. On a certain startup you note that the log-N reading

goes from 0.005 to 0.5 in 20 sec., During that time

v v W

the reactor was on a period.

SN W

- mee ter m we mm e s
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8l. Table III-4 is a partial listing of power levels and 4.4 sec
periods as would be observed on the recorders of
an operating reactor. Some of the spaces were left
blank purposely so that you could use the equations
given so far to determine these values and fill in
the blanks.

Table III-4. Power Levels and Tt

Number Time
Log-N Recorder Reading of Decades Interval T
From: To:
1 10 1 20 sec R,
1 100 2 20 sec
1 1,000 3 20 sec e
1,000 100 -1 200 sec e
10 10 — 1 hr
10 —— 92 sec 40,5 sec
100 10,000 — 33.0 sec
100 3 30 sec _

R e T

83. Now that we have calculated the T of a reactor by timing -
the decade change and using the equation 1 = Q;ﬂ%iEl,

let us counsider the determination of the rate at which

a decade change occurs by observing the period. To do

; , D . :
this we solve the equation for Y which is the rate at

which occur. Our new

equation is:
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84. This equation says that the number of decade changes decade changes
in an interval of time t is equal to 0.44 divided by
the period t. Now the peried is almost always given
in seconds, but it may take several minutes for a

decade change to occur; so by multiplying

0.44 . 60 (sec)
T (sec) 1 (min)

we get

D _ 26
t T

so that now by dividing 26 by the value of the period
(in seconds) we can determine the number of decade
changes per minute for the neutron flux (or the

density, or the power level),

. D 26 . . .
85. 1In the equation T “;, t is time in
and T is in .
86, The number of decades per minute increase in the minutes,

; seconds
neutron flux is a convenient measure of the "startup

rate”, and so we will write decades per minute
26

= e We could alsoc write:
T (in sec)

T = 26 x minutes it takes for reactor
power to increase one decade.

- e wr ww m me wm o e

87. Suppose we are observing a 1l0-sec period om a pericd

recorder, then we could say the startup rate is

- e mm e e m e ome Aee
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89.
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et e i

2.6 decades per minute because decades
per minute = 26/10 = 2.6,

- e e e e e mn e e

If the power level in Frame 87 was 100 kw when the
10-sec period was first noted, after a minute the
power level would have increased ____ decades,
From 100 kw (or 0.1 Mw) to 1 Mw is one decade and
from 1 to 10 Mw is another decade. So the power

would be at some level between 10 and 100 Mw.

To calculate where between 10 Mw and 100 Mw the power
level actually is, we will need to use logarithms.
The power increase started from 100 kw and went to
102+% above 100 kw.

Recall that the exponent 2.6 is the logarithm of the
number we want and 0.6 indentifies the number because
it is the mantissa of the number. Look up 0.6 in a

table of common logarithms and the antilog is three-

nine~eight. We have already determined that the power

level is between and s SO 1t is

actually Uit

2.6
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91. A reactor which is on a 13-sec pericd would have a 10 Mw,
100 Mw,

startup rate of 2 decades per minute; a period of 39.8

26 sec would give a startup rate of 1 decade per
minute, What this says is that if a reactor is on

a 13-sec period, then in 1 min the power level would
increase from 1 Mw to 100 Mw or from 10 Mw to

1,000 Mw, etc.; that is, the power would increase

by a factor of 100 in 1 min. A longer period such
as 26 sec would give a slower startup rate, which
would be 1 decade per minute; so that in 1 min the
power level would increase from 1 Mw to or
from 10 Mw to .

92, The relationship between reactivity and period may 10 Mw,
not have occurred to you yet, so let us discuss how 100 Mw

these two things are related.

93. Reactivity is produced by a change in the multiplica-
tion factor from unity. Any change in the multipli-
cation factor will change the rate at which the neutron
population changes. The peried describes the rate

of change in the neutron pepulation.

o m et e e e e e

94. You recall that when a centrol rod is withdrawn any
amount from a critical reactor core, it causes a
(positive, negative) reactivity change (by the
removal of poison). By introducing this positive
reactivity, the multiplication factcr may be
increased to a value (equal to, greater than) one, in
which casge the neutron population starts increasing.
Indications of these changes can be cbserved on log-N

and period rvecorders.

_— e mm e e e e e
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95, The effects of control~rod withdrawal and insertion positive,

are shown in Fig's. I1I-23 and IT1I-24. greater than

96. There is an interesting thing about the period recorder
chart (Fig. 1II-24). You will notice that immediately
after each rod withdrawal, the period changes from =
to a short, positive period at the instant the control
rod is withdrawn; then it settles back to a longer,
stable positive period. You can also see that when the
rod is inserted, there is immediately a change in the
period to a short, negative perilod; then it settles

back to a longer, stable negative period.

P . T

97. The immediate large change in the period is referred

to as a transient period which is of very short duration,

and the longer, stable period is called the stable
period. The stable period is the reactor periocd that
we have been discussing. We shall now consider the

cause of the transient period.

- e we wa = e mm e

98. When a control-red adjustment is made to increase the
reactivity of the core, the period recorder indicates
a small positive period for a very short time. This

period is called a period.

99. After the short transient period, the recorder pen transient
settles back to an indication of a longer period.
This period does not change quickly and is thus called

a period.
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The pericd that changes quickly with a control-rod
change is the period. The period that

is indicated after the control-rod movement has been
made, and remains relatively constant, is the

period,

- e am e e wm e o owe

You will recall that in a chain reaction involving
billions of fission reactions about 99 and 25/100%
of the neutrons emitted are released the instant
(within 107!% gec) atoms undergo fission. These

neutrons are called neutrons.

- e e s e e W A

Prompt-~If you said fast, you had better
review Section 2.

The other 0.75%Z of the fission neutrons are released
from fission products over a perlod of several

minutes. These neutrons are called

neutrons.

It should be cbvious that both prompt and delayed

neutrons can cause fission reactions resulting in

more prompt and delayed neutrons. The only difference

between them is the amount of time it takes for their

release from the fission reaction. Prompt neutrons

are released , whereas delayed neutrons

are released .

Immediately or instantaneously or within
-1

10~ sec,

Gver a period of several minutes.

stable

transient,
stable

delayed
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104, There are actually at least six distinct groups of
delayed neutrons. These groups are categorized
according to the decay half~life of the fission
products which emit them. Table I1I-5 is a list of
these groups. The '"delayed neutron fraction" is
that fraction of the total neutrons emitted which

are delayed because they come from fission fragments.

Table III-5. Delayed Neutron Groups from 235U Fission

Half Life Delayed Neutron Resultant Negative
of Emitter Fraction Reactor Period
(sec) (B+) Following Scram (sec)
1 54.510 0,0002575 80,00
2 21.840 0.0014440 "31.00
3 6.00 0,0012750 ~v 8,70
4 2,23 0.0027600 v 3,20
5 0.496 0.0008680 " 0.71
6 0.179 0.0001760 v 0,26

e

3.3. Prompt Criticality

105. It should be pointed out that if there were no delayed
neutrons, the increase in the neutron flux and,
therefore, the power level of a reactor would increase
at a rate dependent on the prompt-meutron generation
time (lifetime) which, generally, is less than 0.001 sec
(depending on the moderator and other factors).

106. This rate of increase of power level wculd be almost
toc fast to control. A reactor that operated without
delayed neutrons would be (easy, difficult, very

difficult) to control.
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107. As long as any increase in k is small enough, the very difficult
delayed neutrons make the effective generation
time for neutrouns rather long. Thus, for the
reactor te be controlled, k must be small enough
for the power increase to be dependent on

neutrons.

108. Figure II1-25 shows the relative rate of increase delayed
in power level (alsc n and ¢) which would result if
there were no delayed neutrons as compared to an
actual rate of increase. Note that in ahout 0.1 sec
(the blink of an eye) the power level would have

gone from 100% to roughly %

109. The fact that an actual reactor does have both prompt 200
and delayed neutrons does not mean that it cannot
be hazardous. Actually, 1t is possible to introduce
enough reactivity in a reactor so that it is critical
on prompt neutrons only. This is called prompt
criticality.

- o e me s me  —m Ao e

110. Prompt criticality is a condition which should not

be allowed to occur in a reactor because power increases

would occur too rapidly for safe .
111. The condition for prompt criticality occurs when control or
k ..~ 4 or k excess is increased enough that k -1 operation
eff eff

is equal to the fraction of mneutrons which are
delayed. This fraction is represented by B, which,
for 23%u, is 0.0075.

[ L - T
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I it

sources other than fission are produced in
some reactors. In water-moderated reactors,
the predominant source of nonfission fast
neutrons is the reaction of high-energy
gamma photons with the small amount of
deuterium normally present in water. Since
the fission process itself and very short-
lived fission products are sources of very
high-energy gamma photons, the neutrons
produced by the gamma photon deuterium inter-
actions are produced almost simultaneously
with the prompt neutrons from fission. This
source of neutrons effectively increases the
value of the prompt-neutron fraction, 1 - 8,
and B is effectively lowered. Thus, the
effective delayed-neutron fraction (Beff)

for 23°U in a water-moderated reactor usually
has a value less than 0.0075.

— o mw e s mm aen e e

In equation form when keff - 1= B, we have the

unsafe condition which is called

Since Ak/k is equal to

- wm wm W e wn e ww e

k -1

eff
- for the prompt-

critical condition we would have:

keff -1 __B
keff keff

If B = 0.0075, the effective multiplication factor
would be 1.0075. ’

It is shown in some textbooks that for a reactor
operating on prompt neutrons alone, the stable

period would be

_ neutron lifetime

T——
kg = 1

While 8 for 235U is 0.0075, fast neutrons from

prompt
criticality
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In a water-moderated reactor such as the ORR, the
neutron lifetime is about lO—L+ sec and Beff is
0.0060; so, for a prompt—critical condition, the

stable period would be:

- 0.0001 sec _
0.0060

- e e s e e wm e

sec

If at startup something should happen to place the 0.017

ORR on a 0.017-sec period when the power level was
100 kw, in 0.23 sec the power level would be:
t/2,3
p (1077
o 0.1/7 2
100 kw(10 ) = 10 kw x 10
10? kw x 10°

P = 108 kw or 100,000 Mw.

]

0,170,017

it

Control of a reactor which is prompt critical would
be extremely difficult; therefore, special precautions
must be taken to ensure that this condition never

occurs in reactor operation.

Some of the precautions taken to prevent prompt criti-
cality in a reactor are special core loading procedures,
limiting control-rod drive speeds to prevent fast
reactivity increases by the control rods, automatic

reactor shutdown devices, and many others.,

- e am e am e wm e
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Ak unit called the "dollar" is based upon 8.

eff
A dollar is equal to ke - 1 divided by 8. 1In

ff
equation form this is:

kEXCESS
§ = —SxCess

8

where k is ke - 1 and expresses how much

excess ff
greater than one the multiplication factor is.

- an W em wm em me em e

A "cent" is one-hundredth part of a dollar. When a
reactor is prompt critical, it has a k of one

excess
dollar, 1If B is 0,0075, a kexcess

of fifty cents
would give a neutron multiplicatlon of:

0.50 x 0.0075 = 0.00375
($) x (B) = k

and since k =k - 1, we would have a k of
ex e

eff ff
1.00375.

- mm ww ham we e em e wm

If we have a critical reactor which has a Beff of
0.0060 and k were to be increased by one dollar, this
would result in an effective multiplication factox

(keff) of . The reactor would be

critical.

1.006,
prompt
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Self Test

122,

123.

124,

125.

126.

The neutron multiplying properties of a reactor can
be expressed as . Ak/k is equal
to /&

(If you made an incorrect

eff’
response, repeat Frames 1-6.)

An increase in k has a positive effect on

A negative effect on reactivity results from

repeat Frames 11-14.)

The addition of fuel to a critical mass results in a

rect response, repeat Frames 15-18.)

- w— e we wm wma e em

To compensate for various reactivity changes in a
reactor such as those due to fuel burnup, tempera-
ture effects, etc., adjustments are made with the

. (If you made an incorrect

response, repeat Frames 19-24.)

- e mm e e wa em wn e

Neutron lifetime is the time it takes for a neutron

to . (If you made an incorrect

response, repeat Frame 38.)

- e mm e e e e e

Be born from fission, go through the slowingl
down process, and be either absorbed or lost
by leakage. ‘

k. (If you made an incorrect response,

reactivity. (If you made an incor-

reactivity,

keff -1

reactivity,
decreasing

positive

control rods
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The term "period" is considered to be .

(If you made an incorrect response, repeat

Frames 41-46.)

— e o e e e e e

The time it takes for the neutron population
to change by a factor of 2.72 (e).

— e mm mm o e ww e =

If the neutron population now is n, = 100 neutrons/cm3
and the reactor is on a 10-sec period, the neutron

population 10 sec from now will be .

(If you made an incorrect response, repeat Frames 47-51.)

10 sec
n = noet/T, son = lOO(elO Sec) or
n =100 el = 100(2.72) = 272 neutrons/cm?

The power level of a reactor will increase more
rapidly if the period is (5 sec, 20 sec). If the
reactor has an infinite pericd, the power level is

. (If you made an incorrect response,

repeat Frames 53-61.)

The period a reactor has gives us an indication of 5 sec,

what the neutron population at steady

any later time. (If you made an incorrect response,

repeat Frame 74.)



131.

132.

133.

134.

139

If the neutrom flux increases from 1 to 100 will be
(2 decades) in 23 sec, the period of the reactor

is « (If you made an incorrect

response, repeat Frames 75-85.)

time 23 sec

The startup rate can be expressed in decades per

minute and in equation form is equal to:

decade er minute = 26
s P € t(in sec)’

So if a reactor has a 13-sec period, in one minute

the neutron flux will increase from 1 neutron/cm2 ¢ gec

to . (If you made an incorrect

response, repeat Frames 84-90,)

- em we mm e am wm e e

The difference between a transient and stable period 100 n/cm? + sec

ig that a transient period exists only for a
(short, long) interval of time. (If you made an

incorrect response, repeat Frames 97-100.)

Prompt criticality means . short

(If you made an incorrect response, repeat Frame 109.)
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When a keff increase is equal to the delayed neutron

fraction, 8, a reactor will be

critical. (If you made an incorrect response, repeat
Frames 111-115.)

For a reactor with 8 = 0.006, a dollar's worth of
is equivalent to . (If

excess

you made an incorrect response, repeat Frames 119~121,)

— - e e e e e e

prompt

0.006
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SECTION III-4

FUEL BURNUP

The purpose of this section is to discuss the effects on reactivity

reactor operation due to fuel burnup in a reactor.

Fuel Requirementg for Critical Mass

1.

Fuel burnup is the decrease in the fuel (fissionable
material) as a result of fission reactions destroying

fuel atoms.

- am ma aa s s e wem e

You should know by now that there is a minimum amount
of fissionable material which is required before a
chain reaction can be sustained. This minimum mass

of fuel is called the .

— e mm e e em wm ee Am

When fission reactions occur, atoms of the fissionable
material are removed from the supply. Eventually the
supply will become less than the critical mass. When
this occurs, the reactor will become (subcritical,
critical, supercritical) and will (shut down, operate,

start up).

In order to maintain continued operation after a
reactor is made critical, it is necessary to have
some extra fuel (and control measures) in addition

to the .

- e mm mm am ew mm o m

critical mass

subcritical,
shut down
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The reactivity effect of the extra fuel is offset by critical mass

, the control rods. As this

extra fuel is consumed (burned up), control rods are

withdrawn so that criticality is maintained.

When the control rods have been withdrawn as far as poison
possible, the continuing burnup of the fuel results

in the reactor becoming and shutting

down. A new supply of fuel must then be added so

that operation can be resumed.

Now you might ask, "Why don't we load enough extra subcritical
fuel into the core initially so that we would operate

for very long periods of time?” This would be

desirable, but the control rods can control only so

much reactivity. If we were to place more fuel in

the core than the control rods could handle, then

keff would be greater than one; even with the rods

inserted, the neutron population would start increasing;

and there would be no way to stop the power-level

increase so the reactor would melt down.

It is general practice to limit the amount of

available to the core to one-half

of the amount that the poisons in the control rods
can balance. This practice is followed because of
considerations for safety. A large errvor in a fuel
loading could still be controlled, or failure of half
the control rods would not prevent the reactor from

being shut down.
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Limiting the amount of reactivity available to a
core to one-half the control-rod reactivity control
capability is generally referred to as a shutdown
factor of 2--since the control-rod reactivity worth

is as much as the maximum

reactivity which can be given to the core.

A shutdown factor of 3 would mean that the reactivity

worth of the control rod is exactly

the reactivity worth of the excess fuel loaded into

the core.

At the ORR Reactor, for example, a shutdown factor

of 2 implies that the reactor must not become criti-
cal until all of the control rods (6), when withdrawn
together, are at least halfway out of the core.

After criticality is established in a reactor,
withdrawing a control rod slightly, to make a posi-
tive reactivity change sgo that k becomes greater

than one, causes the power level to .

When the power is at the desired level, the control
rod is inserted just enough to stop the positive
period and to reestablish criticality (k = 1 and

T = ®),

reactivity

two times or
twice

three times



4.2,

144

Fuel Loading

13.

14.

15.

16.

As the reactor operates, many fission reactions increase
occur. The fuel is consumed (~Ak/k effect) at a

fairly uniform rate, and the control rods are

gradually withdrawn to give a +Ak/k effect, which

exactly balances the effect of the

consumed. At the ORR, the control rods are
withdrawn at a uniform rate of ~0.5 in., per day

to compensate for fuel burnup.

In order for a reactor to operate at a 30-Mw heat- fuel
output power level, 95.5 x 10'® fissions must occur
each second--this means that 955,000,000,000,000,000
atoms of 23°U are consumed every second. One pound

of 235U has about 12 x 10%3 atoms.

- mm wm e e am me em em

In the actual operatlon of the ORR Reactor, about

1.26 g of 23%U are lost for each megawatt-day (Mwd)

of operation. Operation at 30 Mw for one day consumes
30 x 1,26 = 37.8 g of 235y, Of the 1.26 g lost per
Mwd, only 1.07 g/Mwd actually fission because only
about 85% of the fuel atoms which absorb neutrons

undergo + The other 15% remain as
236Ua

The ORR will generally operate for about 14 days fission
before refueling is required. Therefore, 14 days

x 37.8 g/day is a total of ~529 g (a little over

one pound) of fuel burnup for 14 days of operation

at 30 Mw. (About 454 g = 1 1b.)
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When an atom of 23%U undergoes fission, about
200 Mev of energy is released to produce heat.
If we had 1 g of 235U, and if over a period of
24 hrs all of the atoms underwent fission at a
constant rate, a power level of 1 Mw would
result (1,000,000 watts). To give you a com-
parison, the energy release due to fission of
all the atoms in 1 g of 235y is equivalent to
ten thousand 100-watt light bulbs burning for
an entire day.

—_ - wm wm e e e ew

The lifetime of a fuel element will obviously depend
on the rate at which the fuel is being used--that is,
the power level of operation. More fission reactions
per second are required for a higher power level,

resulting in a faster fuel rate.

- wn wm A ww e e e

Another factor which affects the useful life-
time of a fuel element 1s the maximum burnup
allowable. It may be 107 or 40%, etc. Obvi-
ously, it could not be 100% because of the
critical mass requirement.

In the ORR, when about 357 of the 235y in a fuel
element has been consumed, the element is considered
to be "depleted”. It is then replaced. In the
HFIR the fuel depletion or is about
31%.

e

burnup
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There are several other factors which affect the burnup

lifetime of a fuel element. One of the more impor-
tant 1s the.accumulation of fission products. Some
of the fission products are strong neutron absorbers
such as '3%°Xe and '%9Sm. As the chain reaction
proceeds, some of these products accumulate in the
fuel element, thus tending to (lengthen, shorten)
the lifetime. (Xenon~135 decays away but 149gm and

others do not.)

When a fuel element is finally considered to be
depleted, that is, when it is considered uneconomical
to use it further, the element is stored for a

"cooling" period.

. R

This cooling period (usually 90 days) allows the
shorter half-lived radioactive isotopes to decay
away so that the radiation through the shielding of
a shipping container is as low as is practical. The
element is then shipped to a processing plant and
the unused 235U is reclaimed for reuse.

- e wm e e mw am me =

The effect on the reactivity when a fuel element replace-

ment is made can be estimated from the equation,

!

i

>
&

'i>
=h=
ol o
o i

where Ak/k is the reactivity, AM is the difference in the
fuel mass of the two elements exchanged, M is the total
fuel mass, E&/EE is the ratio of the neutron flux at that
position to the average flux in the emtire core, and C

is a constant found by experiment. (For the ORR, C =
0.35.) The flux may vary considerably from the center of

the core to the outer regicns of the core.

shorten
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Let us assume that the flux at a particular position

in the core is the same as the average flux 1in the

core. This would mean that $i/$b = ],

Now suppose

a fuel element containing 180 g of 235y were removed

from that core position and replaced with an element

containing 200 g of 235y,

core before the

The mass of 23°U in the

change was 5,000 g (about 10 1bs).

The reactivity addition would be:

Ak

v—

200 ~ 180
5,000

- e am A e e mm e e

= 0,35 x

Now suppose that for the same core and position, that

is, M = 5,000 g, 5;/5& = 1, a new fuel element con-

taining 200 g of 235U was allowed to accumulate a

burnup of 30 g.

The loss of reactivity due to the

burnup of this element would be minus .
Ak 170 - 200 _ =30 _ _
%= 0.35 x 5,000 0.35 x 57000 0.0021
e

- e mm e o w aw wm

Suppose an ORR-type reactor containing 4000 g of

235y had a 5% reactivity decrease due to fuel burnup.

How many grams of 23°U would have to be added to the

core to compensate for this burnup? Assume 5;/6& =1

and M = 4,000,

Be ) M
§ = 0.05 = 0.35 x 5

_ 4,000 x 0.05
0.35

M = 570 grams

0.0014
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4,3, Self Test

26. Fuel burnup is . (If you made an

incorrect response, repeat Frame 1.)

The decrease in fuel as a result of fission
reactions.

- s am mm e en ame em A

27. To maintain operation after a reactor is made critical,
extra fuel must be provided in the core in addition to

the . (If you made an

incorrect response, repeat Frame 2.)

28. Continued fuel burnup in a reactor eventually results critical mass

in a shutdown because . (If you made

an incorrect response, repeat Frames 5-8.)

The amount of fuel becomes less than the
critical mass.

29, A shutdown factor of 2 means .

(I1f you made an incorrect response, repeat

Frame 9.)

— o wm wes e wm e e e

The control-rod reactivity worth is twice as
much as the available reactivity provided in
the core.

- e me s e e w w



30.

31.

32.

33.

149

In normal reactor operation, control rods are
withdrawn gradually (at a fairly uniform rate) to

compensate for . (If you

made an incorrect response, repeat Frames 12-14.)

B . T R

The fuel burnup rate is faster for a (high, low)
power level, A fast fuel burnup rate results inm
a (short, long) fuel-element lifetime. (If you

made an incorrect response, repeat Frame 17.)

- e wm e e = ea e

The purpose of a cooling period for a depleted fuel

element is to . (If you

made an incorrect response, repeat Frame 21.)

_— e ww e s wn am e

———
Allow the short-half-life radioisotopes to

decay so the radiation through the shipping
container shielding 1s as low as practical.

— e e e e me ama wea e

If the neutron flux at a particular position in an
ORR core is the same as the average flux of the core
and a 190-g element is replaced with a 200~g element,
what is the positive reactivity effect? Assume

M = 5,000 grams. (If you made an incorrect response,

repeat Frames 22-25.)

R

BE

= 0.35 x 25230~ 0,35 « =20 = 0.0007
3 H]

fuel burnup

high,
short
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SECTION III-5

XENON AND SAMARIUM POISONING EFFECTS

The purpose of this section is to discuss the accumulation of neutron-

absorbing fission products in a reactor and the resulting effect on reactor

operation.

5.1.

Fission~-Product Poisons

1.

When 235U atome undergo fission, fission fragments
(two or three smaller atoms per fission--usually two)
are formed which stay in the fuel element. Most of
these fission-fragment atoms are radiocactive and

decay to form more stable atoms.

- em mn e mm wee  mm we o

Many of the fission fragments are so unstable that

they must emit several beta particles in succession
before becoming stable atoms. You will recall that
each emission of a beta particle from the nucleus of

an atom changes the atom to a different element.

- e o e e e e e

The atoms producaed by the fission process, whether
they have already decayed to stable forms or not,

are referred te as '"fission products'.

The accumulation of neutron-absorbing fission
products in the core has a negative reactivity
effect. Therefore, reactor operation is affected

by the accumulation of neutron—absorbing

— e e wm wwe e e e
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Two of the fission products which very seriously

affect the operation of a reactor are !3%%e and
1l+93m.

Xenon-135 and 1“%Sm are very strong neutron absorbers;
therefore, the accumulation of these fission products
in the fuel regilon of a reactor will have a large

reactivity effect.

The ability to absorb neutrons and to cause a negative
reactivity effect should be apparent after looking at
the values of the neutron absorption cross sections,
Xenon-135 has a microscopic neutron-absorption cross
section of about 3 million "barms'. Samarium~149 has
a neutron absorption cross section of 40,800 "barns'.
As a comparison, the neutron-absorption cross section
of hydrogen (moderator) is about 0.3 barns. You will
recall that a "barn" is a unit which represents

10724 cm?,

- e e e mw e R e

The strongest poison of the two fission products,
135%e and 1”98m, is .

e T

fission
products

negative
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5.2. Buildup and Removal

9., Let us first consider 1%9Sm. This poison is formed 135%e
from the radiative decay of the fission product
149pm, Promethium-149 is a B~ emitter. You will
recall that for the nucleus of an atom to emit a

B™s a in the nucleus must change to

a proton and a negative electron (87) which is
emitted. The proton left in the nucleus changes the
element to the next higher element in the periodic

chart of the elements, which is .

10. About 1.4% of all the fission reactions result in neutron,
the formation of 4%Pm which is radioactive and emits samarium
a particle to decay to 149y,

The half-life of “%Pm is 53 hrs, but 1%9Sm is

stable; it does not decay. The equation which says
the same thing is:

1.4% of fissions —> 1%3pn §-3--2-];-8--*11"9Sm (stable)

11. Some !35%e is formed directly from fission in about beta or 87
0.3% of the fissions, but most of it is formed from

the radiative decay of the fission product 1351,

e am mw wa e e me e

12. Iodine is element 53 and xenon is element 54, In
order to change from element 53 to element 54, a

must be added to the nucleus. In

this case a neutron must change to a

and an which is emitted in a decay

process called beta decay,

— e e mn mm me e em me
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16.
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18.
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Xenon-135 is formed primarily from the

of iodine~ .

— e e em e we Em e =

About 5.6% of the total fission reactions result in
the formation of 1351, which is radioactive and has
a half life of 6.7 hrs. Todine-135 emits a

particle to decay to 135%e.

_— o wm mm me omm W em e

You will recall that protons and neutrons have very
nearly the same mass. The mass number in the above
illustration is for xenon as well as for
iodine.

Xenon-135 is also radioactive and has a half life of
9.2 hrs. It emits a beta particle to decay to
cesium- .

- mm mn aa s e e e e

So you can see that at the same time that fission
products are being formed, they are also undergoing
"1oss" or "removal processes by either radiative

decay or by neutron absorption.

These processes do not actually physically remove
atoms, but they do change them to other types of
atoms. For our purposesg, then, we can consider the
original atoms to have been lost or removed.

proton,
proton,

electron or B~

beta decay,
135

beta

135

135
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210

22,

230
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Obviously, since both of the poisons have large
neutron absorptlon cross sections, they both will

readily neutrons and thus be transmuted

(transformed) to become different types of atoms,

usually with a lower neutron-absorption cross section.

- e e n wm e e e e

Since !*%Sm is not radioactive and does not decay,

the only removal process is the transmutation due to

B e ]

When '*9Sm absorbs a neutron, it is transformed into
150gm, which does not readily absorb neutrons; so the
1495m can be considered as having been removed. By
absorbing a neutron, 149gym 1s transformed to a less
absorbing atom and may be considered as being

from the fuel region.

- m— e G e wm mm am e

When 1“9Sm absorbs a neutron, it remains samarium

because the number of in the nucleus

has not changed. However, its has
increased by one; and while it is not a different

element, it is a different of samarium

and thus has different characteristics, including

neutron abscrption cross section,

v e e ew wn e e e e

Xenon-135 is radioactive and decays to a less
absorbing atom (13505) or can absorb a neutron and
become a different, less absorbing xenon atom,
Thus !35Xe is removed both by radiative

and by .

absorb

neutron
absorption

removed

protons,
mass,
isotope or
atom
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The radiative decay of 135Xe results in the forma- decay,
5 £ neutron
tion © * absorption

The neutron-absorption cross section of 135¢cs is so 135¢g
small that it can be neglected. So, the neutron-
absorbing ability of the 135%e atom is removed when
it is transformed into 135Cs by .
The absorption of a neutron by 135%e transforms it beta decay or
into 136Xe, which also has such a small neutron- gzii;tive
absorption cross section that it can be ignored.
Therefore, !3°Xe is removed by
and by .
Because there are removal processesg, the accumulation neutron
of these poisons during operation continues until the :23::2§i2n’
removal rate equals the formation rate. When this decay
occurs, there will be no further change in the amount
of these poisons present because the rate
equals the rate and the poisons are
being removed as fast as they are being formed.
When the pcison formation rate equals the removal formation,
removal

rate, the poilson is said to be in "equilibrium".

- e em e ww mm o e e

The equilibrium concentration of xenon or samarium

occurs when o

P T
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The removal rate is the same as the forma-
tion or 'buildup'" rate.

Equilibrium xenon or samarium results in a constant

negative reactivity effect (poisoning).

The amounts of reserve reactivity or k lost due
excess

to equilibrium xenon and equilibrium samarium are

different, primarily because of the difference in the

formation and removal processes and the neutron-

absorption cross sections.

- oy e e me e mm e

The equilibrium poisoning effect of 1435m will reach
essentially a constant value for a given reactor
fuel, -0.01 Ak/k, regardless of the neutron flux
(power level of operation) if the fuel concentration

does not change.

— o = s e e e

The equilibrium effect due to

135%e, however, is greatly affected by the neutron
flux,

The poisoning effect of equilibrium Xe and Sm must poisoning
be compensated for, as is done for fuel burnup, by

lecading fuel into the core in addition

to the critical mass.
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Equilibrium Sm is reached in a high-flux reactor extra or
@ i}Olq n/cn? ¢ sec) after about 7 days of opera- excess
tion, whereas equilibrium Xe is reached after about

1 day of operation.

Figure I11-26 shows the rate of buildup to equili-
brium Xe as compared to the buildup of Sm for a
reactor operating at a neutron flux level of

2 1

~10'"% neutrons cm™? ¢ sec”t.

0.05 + T

Negative
Reactivity

(-5

i i A e e

0.01 4

1
1 day

Fig. II1I-26, Xe and Sm Buildup

O e

Figure I1I-27 shows, roughly, the relationship between
the equilibrium Xe poisoning and the neutron flux of

reactors. This is an indication of the amount of fuel
that has to be added to compensate for the equilibrium

Xe.
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38.

39.

Fig. I1I-27. Equilibrium Xenon for Different Power Levels

[ .

The initial buildup of xenon to the equilibrium value
can be observed indirectly quite easily in reactors
operating at neutron fluxes of 1013 neutrons em™? sec”!
or greater. In the ORR, for example, after the opera-
ting power level has been reached, there is a fairly
rapid withdrawal of the control rods for about 24 hrs
to compensate for the xenon buildup to the equilibrium
level. The rod withdrawal rate to compensate for this
buildup is about 3 in. the first day. After xenon
equilibrium is reached, the control rods are withdrawn
at the rate of about 1/2 in. per day to compensate for

fuel burnup. This is shown in Fig. III-28,

Once the equilibrium xenon concentration has been
reached, it will remain approximately constant unless

the reactor power level 1s changed.
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Fig., II1I-28. Cycle XXII; Rod Position vs Time
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Effect of Shutdown on Poison Equilibrium

40.

41.

42,

43,

When the reactor is shut down, a peculiar thing occurs.,
Instead of the amount of xenon and samarium decreasing
when fission-fragment production stops, it increases.

Can you guess why?

Let us first consider samarium. Samarium~149 is not
radicactive, so it is not removed by the decay process.
When the reactor is shut down, there are no more
neutrons to remove the samarium, There is, however,
quite a bit of promethium which has already been
produced and is still undergoing radiative decay to

form samarium.

Since the 1%9Sm is not being removed by radiative
decay or neutron absorption, the decay of promethium

will the amount of 5m in the

reactor.

B e T

If the amount of 1“9Sm was at an equilibrium value
just prior to shutdown and after shutdown there are
no removal processes but there is still a formation

process, the amount of samarium must .

N N

increase
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The negative reactivity value of equilibrium Sm is increase
about ~0.01 Ak/k. After the reactor is shut down,

the negative reactivity effect (a measure of the

amount of Sm) increases to a value which depends upon

what the operating neutron flux was. For a neutrom

2, 1

flux of 2 x 10'"* neutrons cm™ sec”™ ", the Sm effect

after shutdown will increase to -0.042 Ak/k.

. T =

Figure IIT-29 is a graph showing the buildup of
samarium to equilibrium value and then the final
increase to the maximum in proportion to the number
of days of operation of a reactor operating at a
2, 1

flux of 2 x 10" neutrons cm™ sec” .
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Fig. III-29. Samarium Poisoning
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The behavior of !3%Xe is different from that of

149gn, 1In the first place, Xe is removed by two

processes:

and .

If equilibrium Xe has been reached and the reactor neutron

is then shut down, the removal of Xe by absorption igig;ﬁ;égn’

of neutrons is essentially terminated; but the decay

removal of !3%Xe by

continues.

As you may recall, 5.6Z of the fission reactions radiative
decay

result in the formation of !3°I which decays to

13SXe, which, in turn, decays to 135¢s,

The process
can be expressed as follows with the numbers above
the arrows representing the half lives of the decay
processes.

1351 6.7 hrs» 9.2 hrs

5.7 hrs, 1354, 222 BES, 13504

You can see that the 1331 which is formed directly
from fission decays with a half life of 6.7 hrs,
which is shorter than the half life of '3°Xe

(T1/2 = 9,2 hrs). This means that the iodine will
form zenon (faster, slower) than the xenon can’
decay to cesium, and so we get a buildup of xenon

poison after the reactor is shut down.

- . n e we e e o e
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50. After the reactor is shut down, there will be faster
practically no 1351 formed because there are essen-
tially no fission reactions. Eventually, all of
the ilodine will decay so that no more xenon is

formed, and so also will all of the xenon eventually

e e e . TP S e

51. When enough of the iodine has decayed so that less decay
xenon is being formed than is decaying each second,
the concentration of xenon will start to decline

since the decay rate will be greater than the

52, The maximum amount of xenon poisoning which occurs formation rate
when the decay rate just equals the formation rate

after shutdown is called peak xenon.

53. Figure III-30 shows how the relative concemtrations

of xenon and samarium vary with time.

{,,~__. What Xenon Effect Would
4 Be If There Were No Xenon
Burnup during Operation

Peak Xenon

Negative Xenon Buildup
Reactivity I after Shutdown
Worth

w00z | |

Power

Shutdown
Power

Time

Startup

Fig. IT1I-30. How the Relative Concentrations of Xenon
and Samarium Vary with Time
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Note that in Fig. III-30 the xenon concentration

starts to after peak xenon is reached.

This is because there is now more xenon decaying than

is being formed by the decay of iodine.

These changing concentrations of xenon--that is, the
buildup to equilibrium, the buildup from equilibrium
to peak xenon, and the decay after peak xenon--are

referred to as xenon transients,

At the start of operation, there is a xenon transient
which affects the operation of a reactor by causing
the necessary withdrawal of the control rods until
equilibrium xenon is reached; this was discussed
earlier. The xenon transient following reactor
shutdown (buildup to peak and the final decay) also

has considerable effect on the operation of a reactor.

The negative reactivity value of equilibrium xenon
may be as much as -0.05 Ak/k, but that due to the
peak xenon may be as high as -0.51 Ak/k for a thermal
neutron flux of 2 x 10l% neutrons cm~? . sec™!. The
negative reactivity value of peak xenon, then, may

be times as great as equilibrium xenon at

this flux level.

decrease

concentration
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Since this negative reactivity value of peak xenon ten
may be as much as 10 times the equilibrium value,

it is difficult to load enough fuel into the reactor

to overcome the negative reactivity effect of

because of the limited

control ability of the control rods. Usually enough
fuel is loaded into a reactor to compensate only
for a little more than equilibrium xenon and samarium

plus some for fuel burnup,

The maximum negative reactivity value which occurs peak xenon
at peak xenon is usually reached in about 11 hrs

after shutdown.

For high-flux reactors, this fast buildup to the
extremely large negative reactivity value at peak
xenon following shutdown has the effect of making
startup impossible if attempted after a period of
30 or 40 minutes following shutdown. However, by
walting a period of about 2 days, the concentration
of xenon will have decayed to a value less than

equilibrium xenon; and startup may then be possible.

Generally, it is better to replace some fuel elements
containing these fission products than to wait 2 days.

P T T R
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The replacement of fuel elements following a shutdown
is the general practice for the ORR and the HFIR when
the shutdown 1s long enough for xenon poisoning to
become too great to allow restarting of the reactor.

The elements removed are allowed to at

least two days. Thus, when a replacement is needed

again, these elements may be reused.

Figure I1II-31 illustrates some tests conducted at the
Sodium Reactor Experiment (SRE). Note that for the
smaller neutron fluxes (power levels) the

worth of peak xenon after a power

decrease is much less than at higher power levels,

O L T S P

Also, at shutdown from a low power level, peaking of
xenon is (high, medium, almost none) shortly after

shutdown.

_— e e e e e ew e

Figure III-32 illustrates the long—term transient
effect of xenon and samarium--that xenon dies off to
equilibrium at about 2 1/2 days and that samarium is

just reaching its final value after a week.

According to this figure, equilibrium xenon had s

negative reactivity effect of about Z.

After shutdown, about hrs are required for the
total effect of both the 135Xe and 129Sm to decline

to equilibrium,

decay

negative
reactivity

almost none
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69, After about 65 hrs has a much greater negative 100
reactivity effect than .
70. Figure TI1-33 shows the xenon effect due to power 149gm,

135y
changes. Note that the decrease in power results e

in a temporary lncrease in xenon because there are
less neutrons to remove the xenon formed from the
iodine already present. Remember that the icdine

already present was produced by a higher neutron

flux.
Temporary Xenon Increase
due to Decreased Xenon Burnup
Critical Increase to
Rod Equilibrium Xenon
Position
Drop toward Lower
Xenon Equilibrium Temporary Xenon
Decrease due to e-td
Increased Xenon Buildup
100 + l
% Power

Fig. I11-33. Xenon Response to Power Changes

71. A reduction of the reactor power level, after equili-
brium xenon is established, may also result in a

shutdown because
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There will be less neutrons to remove the
xenon, so a buildup occurs which may exceed

the available reactivity.

Self Test

72,

73.

74.

75.

76.

Xenon-135 and 1%98m are strong neutron-absorbing

. The reactivity effect

of these isotopes is + (If you made an

incorrect response, repeat Frame 6.)

Samarium-149 is a (stronger, weaker) neutron poison
than 13%Xe, (If you made an incorrect response,

repeat Frames 7-8.)

- mm mn wme mm me wn W o

Most of the fission-product poison 135%e is formed
by the radiative decay of . (If you

made an incorrect response, repeat Frame 11.)

Xenon~135 is removed by two processes,

and neutron . Samarium-

149 is not radioactive, so it is removed only by

. (If you made an

incorrect responge, repeat Frames 20-26.)

When the 13°Xe and 1%7Sm removal rate equals the
formation rate, we say the concentrations are in

. (If you made an incorrect response,

repeat Frame 29.)

fission
products,
negative

weaker

1351

radiative
decay,
absorption,
neutxon
absorption
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The negative reactivity effect of equilibrium xenon equilibrium

and samarium has to be compensated for, as was done

for fuel burnup, by . (If you made

an incorrect response, repeat Frame 34.)

Loading extra fuel into the core in addition
to the critical mass.

e e

Once equilibrium xenon has been reached, it is maintained
until the power level is changed. When the reactor is
shut down, the amounts of both xenon and samarium

(decrease, increase) because

(If you made an incorrect response, repeat Frames 38-53.)

Increase~~the formation by radiocactive decay
of the parent fission products continues,
but the removal by neutron absorption stops.

- A em mm e me e .

Xenon transients are . (If you

made an incorrect response, repeat Frame 55.)

Changes in the concentration of xenon which
occur when reactor power levels are changed.

The negative reactivity effect due to peak xenon may

be as much as 10 times that due to

xenon. (If you made an incorrect response, repeat
Frame 58.)

equilibrium
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SECTION III-6

TEMPERATURE EFFECTS

The purpose of this section is to discuss the reactivity effects due

to temperature changes in a reactor.

6.1. Reactivity and Temperature

1. The effects of temperature changes are noticed every
day in our day-to-day routine. For example, the
density and size of a quantity of water changes when

it becomes an ice cube or steam.

2. Temperature changes in a reactor may also result in

density and changes.

3. The density and size of reactor materials such as fuel, size
moderator, coolant, etc., are affected when

changes occur.

4, An increase in produces an temperature

increase in the actual size of a reactor, although

it probably is not visible to the naked eye.

- em mm mw e e e e

5. Any change in the density or size of the materials temperature
(fuel, etc.) 1In a reactor will affect the neutron

multiplication factor, k because of effects on

eff?
Za, Zs, etc.



173

6. Since a temperature change will affect the size and
density of reactor materials, i1t will have an effect
on the .
Neutron multiplication factor, or keff'
7. The effect of temperature changes in a reactor is
expressed in terms of reactivity; that is, Ak/k, which
is equal to
Regg = 1
Kot
6.2. Temperature Coefficients
8. The reactivity change for a 1°F change in temperature

is represented by the symbols é%/”F. This representa-—

tion is called the temperature coefficient,

Many people of the world do not use the Fahrenheit
temperature scale. The temperature scale used by
most scientists and, actually, by most of the
people of the world is the Celsius or Centigrade
scale. This scale, usually abbreviated C, has 100
degrees between the freezing point of water (at
0°C) and the boiling point (at 100°C). The Fahren-
heit scale has 180 degrees between the same two
points (32°F at the freezing point and 212°F at the
boiling polnt of water). Thus, the degree Celsius
is 1.8 times (9/5) as large a temperature change as
the degree Fahrenheit.

The temperature coefficients of reactors in
countries other than the U, S would probably always
be calculated in the units 2K/°C. Since 1°C is a
temperature change 1.8 times the change of 1°F, we
would expiﬁt that the reactivity change AEJ C Would
be 1.8 > / F. Thus we can write the conversion:
——J ¢ =18 é_J F.
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The temperature coefficient A%J°F represents the

amount of change when the

temperature changes °F.

The total reactivity change due to a temperature
change can be calculated by the equation

Ak _ Ak,

o k/ F) x (AT)
where AT is the temperature change T, - Ty (the
temperature after the change minus the temperature

before the change).

1f the temperature changes 5°F, the reactivity change
will be found by multiplying times the

temperature coefficient.

If -A-E/oy = 0.001% (é.kli/oc - 0.0018%), as the tempera-
ture changes from 100°F to 150°F there is a reactivity

change of .

If the temperature coefficient is negative, a rise
in temperature will have a negative reactivity effect;

a decrease in temperature will have a

reactivity effect.

Let us assume that a reactor has a temperature coeffi-
cient of ~0.002% AEJ°F and the operating temperature
is increased from 100°F to 140°F, which is equivalent
to a AT of . The total reactivity (loss, gain)

will then be equal to .

reactivity,
one

5°F

0.05% Lk

positive
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If the temperature coefficient of a reactor is
-0.0017% A%/°F and the average temperature is reduced
from 135°F to 90°F, we expect that the reactivity

will (decrease, increase).

— e e e e w e ww e

A calculation of the change in reactivity, from
information in the above frame, shows it to be a
Ak

(plus, minus) % — because:

%— = (~0.001% —A—E " °F)(90°F - 135°F) = ?

The temperature coefficient (of reactivity) of a
reactor is the result of a combination of several
different temperature effects. For example, an
increase in temperature may decrease the density of
the material in the reactor, which may result in a
decrease in the macroscopic absorption cross section,
Za. A decrease in the absorption cross section means
that there will be increased neutron leakage

resulting in a negative effect on .

An increase in temperature may cause an increase in
the actual size of a reactor. This results in less

neutron leakage and consequently has a

effect on reactivity.

The average energy (or velocity) of a thermal neutron
increases with increasing temperature. Since the
cross section Za decreases as the neutron velocity
increases, this results in more neutron leakage and a

effect on reactivity.

+40°F,
loss
0.087 2K

increase

plus,
0.0457%

reactivity

positive
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The combined effect on reactivity due to the density negative
changes, cross sections, etc., as the temperature
changes, is expressed as the temperature coefficient

which represents the amount of change

for each change.

In order to calculate the value of the temperature reactivity,
coefficient, the usual procedure is to determine degree ? or
degree C

kefﬁl at a temperature T1 and then determine keff2

at a higher temperature, T,. The temperature coeffi-

cient is found by the equation

kp -y oo
k2 (T2 - T1) k

The temperature coefficient at the CRR was determined
by first calibrating the control rods for their reac-
tivity worth, Criticality was then established and
the water was heated gradually from 70°F to 120°F.
The amount of rod withdrawal to compensate for this
temperature increase and maintain criticality was a
measure of the negative effect on reactivity due to

the . Figure II1-34,

shows the results of these measurements and the values

cbtained for the temperature coefficient.

The term negative temperature coefficient means the temperature
rise or
temperature
the temperature increases . increase

negative effect on which occurs when
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Fig. III~34. Temperature Coefficients
What happens to the loss in reactivity due to a reactivity,

temperature increase when the temperature is returned

to its former value?

- e e e wn e Am e

The reactivity loss due to a temperature increase is

not permanent and is regained when the temperature

1°F
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In 1962, the core lifetime of a power reactor (YANKEE)

was extended several months by lowering the average

core operating temperature when the reactor was about

to be shut down due to fuel burnup.

- e ek e e ame s e

Reactor Control

27.

28.

29,

30.

31.

A reactor which has a negative temperature coefficient

is considered to be much safer to operate than one

which has a positive temperature coefficient.

- e e e em e e mm

If a reactor is critical at some temperature and the
control rods are then withdrawn (+Ak/k), the fission

rate and temperature will (increase, decrease).

If a reactor has a pesitive temperature coefficient,
an increased temperature will result in a (positive,

negative) effect on reactivity.

— e e e mm e em e

A positive effect on reactivity in a reactor as a

result of a temperature increase means that when the

temperature increases, the fission rate will increase,

which results in a further temperature increase that

tends to further increase the fission rate, and so on.

lowered

increase

positive

Control of a reactor with an appreciable positive tempera-

ture coefficient would be like starting a car down a

mountain road with very poor brakes. How do you control

L

it?
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If the reactor has a negative temperature coeffi-
cient, a temperature increase will cause a negative
effect on reactivity. This tends to (slow down,
speed up) the increase in the fission rate and makes

it easier to control.

Obviously, a positive temperature coefficient (is,
is not) desirable, since it stimulates increased
fission rate. A megative temperature coefficient
is preferred, since it has a stabilizing effect on
the fission rate increase so that the increase is
not self-perpetuating.

Control of a reactor is more difficult if the reactor
has a (positive, negative) temperature cocefficient.

When a reactor goes from initial criticality to the
normal operating power level, large temperature
changes may cccur. The negative reactivity effect

of these large temperature changes is usually compen~
sated for by having loaded extra fuel into the core
in addition to the critical mass (as is done for fuel
burnup effects). Thus, when reactivity changes occur
during operation due to temperature changes, they

can be compensated for by adjusting the

A single temperature coefficient to describe the
reactivity effect of temperature changes is useful
as long as the temperatures are Egiform throughout

the reactor.

slow down

is nect

positive

control rods
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A uniform temperature throughout a reactor occurs only
from initial criticality up to very low power levels.
When power operation is established, temperatures
throughout the core may vary in the different regioms

by a large amount.

P T

Figure III-35 is a graphical representation of how
temperatures might vary in the fuel and coolant of
cne type of reactor from initial criticality to full
power. Note that the average coolant temperature
from T; to T3 increased from 440°F to 455°F while

the fuel temperature increased from 440°F to .

The reason 'that the fuel temperature increased so
much should be obvious because the heat being generated

is caused by reactions in the fuel.

Another factor which causes large variations between
fuel and ccolant temperatures is alr gaps, left between
fuel reds and their cladding, to contain fission-
product gases and to allow for expansion and contrac-~
tion. These air gaps cause the fuel to be hotter
because it is harder for heat to pass through air

than through metal. Also, some fuels are in the form
of oxides such as UO; rather than metallic compounds
such as UAlyz or dispersions such as U30g + Al. Oxides
generally have poorer heat-transfer characteristics

and thus have higher operating .

2000°F

fission
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Fig. ITI-35. Temperatures in Rod-Type Fuel
during Startup of a Reactor
41. The point is that at normal operating power levels temperatures

the temperatures in the fuel region will be (much less,
greater) than in the moderator or reflector region.
Also, these regions are composed of different materials.,
Therefore, to determine the overall effect on reac-

tivity, the temperatures and temperature coefficients

of each region must be considered.
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Temperatures in the fuel will be greater than in
other regions because this is where most of the heat

is .

To determine the overall effect on reactivity of
temperature changes in a reactor, we should consider

(one, all) temperature coefficients.,

P . e

If the temperature ccefficients and temperatures of

each region of the core are known, then the total

effect on reactivity can be determined by the equation

Ak _

greater

produced or
generated

all

Ak ;o B Ak ;o Ak ;5 .
total <= [(—E/ F)r X ATr} + L(——k'/ F)m x ATm:l + [(’—E/ F)f % ATf:[

where the subscript r is for reflector, m for moderator,

and f for fuel.

- aw e wee  am we em o we

Let us consider again the temperature coefficient which

was determined for a water-reflected reactor, like the

ORR, at criticality by heating the water from 70°F to

120°F. The coefficient determined in this manner would

not be applicable to high-power operating conditions
because then the reflector, moderator, and fuel would

no longer be at the same temperature and they have

different coefficients.

Suppese the reflector coefficient was +0.008% é%/QF,

the moderator cocefficient was 0, and the fuel coeffi-
Ak

k
change for a 50°F change would be .

cient was -0.01% —/°F. The resultant reactivity
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(+0.008% é%/°F) x 50°F + (-0.01% A-E/c’F) x 50°F =

(+0. 4% k) + (-0.5% k) = ~0,17% %

Using the information in Frame 46, the veactivity
change, if the fuel changed an average of 250°F while
the reflector changed 50°F, would be .

The result of Frame 46 shows that if the fuel and
reflector both increased from 70°F to 120°F, the
total reactivity change would be ~0.1% é%\ These
conditions occur, however, only at low power levels.
When the power is raised to the normal operating
level, the reflector temperature will likely stay at
about 120°F; but the fuel temperature may increase
considerably., So, when the power level is raised,
the reactivity change from the reflector will be

the same, but there will be a large negative

reactivity effect from the fuel.

One additional point is that, for the case we are
discussing, after the normal power level has been
established, a reducticn in the cocolant flow rate
would cause the fuel, moderator, and reflector
temperatures to increase so there would be a change
in reactivity due to both the reflector and fuel.
On the other hand, a reduction in power level would
result in an appreciable decrease only in the fuel
temperature; and only the fuel would cause an

appreciable reactivity change.

) PRSI

-2.1%

Ak
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Let us consider further the fuel temperature coeffi-
cient, since this is the region where the largest

temperature changes occur.

An important effect in the determination of the fuel

temperature coefficient is the "Doppler Effect'.

50.
6.4. Doppler Effect
51.
52.

The Doppler effect is the apparent broadening of the
resonance-absorption cross-section peaks; in other
words, the resonance absorption peaks respond to a
wider range of neutron energies. Figure III-36 shows
how the peak becomes wider as the temperature is
increased, and neutrons which have both more and less
energy than that of the peak become more easily

absorbed.

[ e T e

The change in the shape of a neutron resonance peak
as the temperature of the resonance absorber is
increased.

Fig. I1I~36. Doppler Temperature Effect

Energy
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This broadening effect, therefore, results in neutron
absorption over a wider range of neutron velocities—~
consequently, (fewer, more) neutrons are absorbed in
nonfission reactions, increasing the negative tempera-

ture coefficient.

B R

The broadening effect is due to the fact that a tem-
perature increase increases the vibration of the
individual atoms. When a neutron collides with this
vibrating atom, the collision speed may be greater
than the speed of the neutron, so the effective speed

of the neutron has been .

If its actual speed was a little too slow for it to
be easily absorbed, the speed of the atom moving
toward it would make its collision speed relatively

faster; and it would be .

If it were too fast to be absorbed and struck an
atom moving away from it, the relatively

speed of impact would allow it to be absorbed,

_— m een e mm e e wm A

This effect may be compared to the collision speed
of two cars. 1If two cars are going in the same
direction and the car behind collides with the one
in front, the collision speed is not nearly as great
as it would be if the struck car were sitting still.
The collision speed would be far greater if both

cars were in motion and collided 'head on'.

more

increased

absorbed

slower
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One of the resonance peaks of 238U appears just above
the room temperature thermal-energy range. The colli-
sion speed of the thermal neutrons in a heated medium
may, however, become high enough to have enough speed
to be influenced by this peak. If this occurs, the
absorption of neutrons is (much less, greater) than

it would be at a reduced temperature. This will be
even more likely if the peak has been broadened due to

the 238y also being heated.

Figure I1I-37 is a pictorial representation of the
Doppler effect. As was discussed, this effect may

be compared to the collision of two automobiles.

I R
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Fig. I11-37, Doppler Effect

greater
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To summarize what has been said:

a.

A temperature change in a reactor results in
changes in material density, sizes of compo-
nents, cross sections, neutron speeds, and,
consequently, affects the neutron multiplica-
tion factor.

The temperature changes in the various regions
of the core of a reactor can be very different.
Since each region of the core is composed of
different materials, each region will have a
different temperature coefficient.

The fuel temperature coefficient is primarily
a result of the Doppler effect which is a
broadening of the resonance absorption cross
section as a result of the increased vibration

of the uranium atoms.
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Self Test

62.

63.

64,

65.

66.

Changes in sizes and densities occur in a reactor as

a result of changes. (If you made

an incorrect response, repeat Frame 2.)

- o aw A e wm sam e

The neutron multiplication factor, keff’ is affected
by size and density changes; therefore, temperature

changes will affect the

. (If you made an incorrect response,

repeat Frame 6.)

The reactivity change for a 1° temperature change is
represented by AE/°F, which is called the

. (If you made an

incorrect response, repeat Frame 8.)

P P,

If AT is the temperature change, the reactivity
change due to this temperature change is equal to
. (If you made an incorrect response,

repeat Frame 10.)

A temperature increase may result in an increase in
the size of a reactor; thus, less neutron leakage

would occur. Consequently, a

reactivity change results. (If you made an

incorrect response, repeat Frame 18.)

temperature

neutron
multiplication
factor

temperature
coefficient
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Reactivity which is lost as a result of a tempera-
ture increase (is, is not) lost permanently. (If you

made an incorrect response, repeat Frame 25.)

I e T S

A positive temperature coefficient means that when
the temperature increases, the fission rate will

. An increase in the fission rate

results in a further temperature .

A reactor is safer to operate if it has a (negative,
positive) temperature coefficient. (If you made an

incorrect response, repeat Frames 27-34.)

During normal reactor operation, reactivity changes
due to temperature changes can be compensated for

by adjusting the y 1f

extra fuel has been provided in addition to the

response, repeat Frame 35.)

L e T T

A uniform temperature distribution occurs throughout
a reactor only at (low, high) power levels., (If you

made an incorrect response, repeat Frames 36-37.)

During normal reactor operation, temperatures are

higher in the fuel region than in other regions

because this is where the is being

generated., (If you made an incorrect response,

repeat Frames 38-39.)

- mm w em mm e e wm e

. (If you made an incorrect

positive

is not

increase,
increase,
negative

control rods,
critical mass

low
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To determine the overall effect of temperature
changes in a reactor, we should consider (one, all)
temperature coefficients. (If you made an incorrect

response, repeat Frame 43.)

If the reflector temperature coefficient is

+0.008% é§f°F and the moderator temperature coeffi-

cient is -0.01% é§/°F, the resultant reactivity
change due to these two for a 50°F change would be

. (If you made an incorrect response,

repeat Frame 46.)

- wm mw mw e e tem e

~0.1% -A—E because 0.008% x 50°F + ~0.01% x 50°F =

5 Bk Bk o g bk
+0.4% ” + -0.5% e 0.1% .

R e e e e T

The principal effect which determines the fuel tem-

| I JU—

heat

all

perature coefficient is the : effect. (If you

made an incorrect response, repeat Frame 51.)

The Doppler effect is the apparent broadening of the
resonance absorption cross-section peaks as a result

of increased of uranium atoms. (If you

made an incorrect response, repeat Frames 52-60.)

Doppler

vibration or
motion
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SECTION III-7

NEUTRON FLUX DISTRIBUTION

neutrons are distributed throughout the core of a reactor.

7.1.

Basic Information

1.

3’

Before we get started, let us be sure we understand

what the term "neutron flux distribution' means. You

may wish to review Frames 108-110 of Section III-1

where the neutron flux has been defined as the product

of the neutron density times the neutron velocity.

That is,

. neutrons « cm
cm3 sec

h=g
]
=]
X
i

- o wm e e o e w

Now let us consider the term "distribution'. For

example,

we shall assume that you have four quarters

and four pockets., If you placed one quarter in each

pocket, then your money would be evenly

among the pockets.

Distributed--divided, spread, separated, etc.,
are good synonyms, but let us use distributed.

s eed

Like the money was distributed among the pockets, so

also are neutrons throughout a

reactor.

— me Em e am e e
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4, The distribution of neutrons throughout a reactor is
a little more uniform than the pocket distribution of
coins; that is, there are no "pockets" where a large
number of neutrons can be found or "pockets' where
there are no neutrons. It is true, however, that some

parts contain more neutrons than others.

5. Figure III-38 illustrates how the neutrons might be
distributed through the fuel region (core) of a

reactor.

Fig. I11-38. Neutron Distribution

6. The manner in which the neutron flux varies throughout
the core of a reactor 1s generally referred to as the

neutron .

distributed
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Although the distribution of neutrons in a reactor
depends, to a large degree, on the shape of the
reactor and to a lesser degree on the individual
components, a uniform loading of fuel in the core
will result in a higher neutron flux in the central

region.

A reactor which has a uniform fuel distribution will
generally have more neutrons in the (outer, central)
region.

The reason the neutron density is greater in the
center of the core is because neutrons tend to leak
out from the sides.

_— e e e e mm wm ew

Figure III-39 shows how the neutron flux is distributed

about the vertical centerline of a reactor and illus-

trates the gradual decrease in neutron density, due to

neutron leakage, as the sides of the core are approached.

- wm Am wm mm ww wa e e

Centerline

l
1

i S N
| |

|

Core //7L//”7$ : \

l L \

The height of the line represents the number of neutrons
per cm” per sec. At the edges, the number of neutrons

per em® is low; and in the center it is high.

Fig. 11I-39. Neutron Distribution

— o e e ame e we e e

flux
distribution

central
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11. The neutron flux in the outer regions of the core is
less than the central region because of
7.2. Reflector Effects
12. 1If a neutron reflecting material is placed arcund neutron
the core so that neutromns are reflected back into leakage
the fuel region, the neutron flux assumes a flatter
distribution as shown in Fig. ILI-40.
Centerline
s arars > - ’ > -
%%Zégy ’ |~ Reflector
7 7
/ ] %
.~ Core
// L. L
~ “‘ %;// Neutron Flux
/ | //% -
7 ( “7)
//// ' \-"/
/ |
% |
7 4 |
) | :
7 ”° . ///
The dotted line represents what the neutron flux would have been
without the reflector.
Fig. III1-40. Reflector Effects on Neutron Flux (and Density)
13, The placement of reflector material around the core

of a reactor decreases neutvon leakage; therefore,

will and a (negative,

k
eff
positive) effect on reactivity results.
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16.

7.3,

195

A reflector material placed around the core reflects increase,

neutrons back into the fuel region. The neutron flux positive

distribution is, therefore, altered by the reflector

and becomes (mere peaked, flatter).

A flat neutron flux distribution occurs when the flatter
neutron density (varies, is the same) throughout

the core.

Usually a flat neutron flux distribution is preferred is the same

because then the same amount of fuel will undergo
fission in each cm’ throughout the core, resulting

in uniform heat generation. If heat is generated
uniformly throughout the core, the temperature distri-

bution will also tend to be .

— e ae An mE am em me ww

Temperature Effects

17.

18,

A uniform temperature distribution throughout the uniform
core 1s desirable because the maximum power output
will then be possible, limited only by the capacity of

the cooling system.

The operating power level in a reactor is limited by
the high-temperature regions sometimes called "hot
spots', If the power level were raised, melting

might occur in some of these .

T T
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Let us suppose that the maximum temperature which can
be allowed in a reactor is 210°F because temperatures
greater than this might cause boiling of the water.
This means that the power level of the reactor can be
raised only until this temperature is reached in any
reglion of the core. 1If the left side of the core
reaches this temperature and the right side is only
150°F, then the maximum power level of the reactor

has been reached because the left side of the core is

now at the limiting temperature. Obviously, a greater

power level could be reached if the right side of the
core could be raised from 150°F to 210°F go that a

uniform temperature distribution was obtained.

Because of the limitations caused by the high-temperature

regions, the maximum power output of the low-temperature

hot spots

regions will be much less than they could be; consequently,

the overall power output of the reactor will be

than if the temperatures were uniform.

—-— o e e e e ww e e

A higher power level can be obtained from a reactor

which has a (nonuniform, flat) power distribution.

In all reactors, the power level is equal to the
average neutron flux times the mass of fuel times
some constant. In equation form, this is:

P = E-x M x C; where P is the power, giis average
neutron flux, M is mass of fuel, and C is a constant
number which must be determined for the particular

reactor,

less

flat
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According to this equation (remembering that the
value of C does not change), if the mass of fuel (M)
decreages, the neutron flux will have to increase

in order to maintain a constant power level,

P = x c

B x M
constant I l constant

The operation of a reactor involves a gradual burnup
of fuel. Consequently, continued operation will

result in the average neutron flux gradually

Since the central region initially has a higher
neutron flux, more fuel will be burned up there
during operation than in the outer regions; so, a

distortion of the fuel distribution will develop as

o~ mm wam we ew e e mm e

Figure III-41 illustrates how the fuel and neutron
flux distributions in a reactor would be at the

start of operation as compared to the distributions

23.
7.4. TFuel Burnup Effects
24,

(increasing, decreasing).
25.

operation continues,
26.

at the end of 6perationo
27.

increasing
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Centerline

"1~ Reflector

//.Flux
¥ /Distribution

Fuel e
Distribution

Fig. IT1I-41. Flux Changes during Operation

The fuel is burned up at a faster rate in the high increases
neutron-flux regions until finally the amount of

fuel has decreased so much that the power production

in this region starts to decrease because of the lack

of fuel to cause fission.

Figure III-42 shows how the power distribution in the
core varies compared to the flux and fuel distribu-
tions. Note that the power distribution becomes

flatter as the operation continues.

A flat power distribution is more desirable because
the heat production and temperatures are distributed

over the entire core.
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170 maintain

the average Zf is falling.

the same power output, the average flux must rise because

(Review Section III-1, Frames 111 to 114.)

2To maintain the same power output (Mw), the average power density

must be constant.

must rise in the outer region.
(Note that the central power density drops more than the outer
This is because there is more volume in the outer

level.
power density is raised.

As the power density in the central region falls, it

This is done by increasing the neutron flux

regions to make up for the smaller power-density change.

Fig. III-42,

Idealized Neutron Flux, Power, and

Fuel Distribution--before and after Power Operaticn

Flux

Power
Densi

Fuel
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To obtain a flat power distribution, some reactors uniformly or
. ve

start with a lower fuel density in the center of evenly
the core to compensate for the naturally (low, high)

neutron flux in that area.

In a research reactor, the fuel may be unevenly high
loaded into the core in order to enhance the neutron
flux near experiment rigs. This also results in

distortions of the neutron~flux .

Figure I1I-43 shows a typlcal ORR core loading which distribution
illustrates the distribution of fuel in order to

satisfy the neutron flux requirements of experimenters,

- e wm e e em mm we e

Control~Rod Effects

34.

35.

The neutron flux distribution in a reactor 1s affected
by almost any change in the core. Thus far we have
discussed fuel burnup effects and reflector effects.
Control rods also affect the neutron flux—-probably

more drastically than anything else.

Let us loock at Fig. 11I-44 for just a minute. This
illustrates how the neutron flux distribution might
appear when a control rod containing poison is

inserted into the reactor.
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Fig. II1-43. Core Fuel Loading
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Fig. II1-44, Neutron Flux Distortion

36, This control rod was inserted into the center of the
core where the neutron flux was maximum. The reason
for this is that at the point where the neutron flux
peaks, a control rod will have the most effect. It
would have been less effective if it had been inserted
near the edge of the core, such as point b, because

here there are (more, fewer) neutrons for the control

trod to absorb.

— e em e Em me ww = e

37, 1If an additional rod is to be inserted, the most fewer

effective place would be point (a, b).
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38. This explains why the control-rod worths are different a

in a reactor which has several control rods.

39, As the control rod is withdrawn, we will note that
the neutron flux distribution approaches that which
would occur if there were no poison in the reactor,

See Fig. III-45.

¢¢/ Control
k{’ Rod
.

|
With G-Without
Control Rod Control Rod

Fig. III-45. Neutron Flux Distortion
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40. Similar depressions in the neutron flux distribution
occur whenever any neutron poison (neutron absorber)

is inserted into the core of a reactor.



204

41, The location of control rods in reactors is generally
at positions where the neutron flux is (small, large)

because here they will be more effective.

- e e e we e e

42. Thus far we have been looking at what is called the large
radial neutron flux distribution. Radial implies
that it is parallel to the radius, whereas axial
implies parallel to the axis. When discussing a
reactor, the axis 1s considered to be the centerline

which is parallel to the control-rod motion.

43, TFigure I1I1-46 illustrates the difference in the
neutron flux distribution in the axial and radial

directions.

Edge of Edge of
Fuel Reflector

Top of '1/

Lo

Core jgl

i
I
i
|
!
1

i i } PR }

1 2 3 4 5

.

bt Radius
Flux
Piot of Flux along Plot of Flux along

the Axis of the Core the Radius of the Core

Fig. 11I-46, Radial versus Axial Flux Plots
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44, The effect of a control rod on the axial neutron

flux distribution is shown in Fig. III-47,

— o am wm w dw am ==

End Beginning Control
of Cycle ) ofyCycle xk Rod
Top : .
N End of ¢, End s, ®
' ;w Cycle of Cyclg Beginnin
§ of Cycly

!
I
I
| '-
ll / /

0%

Core
L JL/“ //\
Beginning ./ / N Power,
of Cycle ‘\(End of
( Cycle
\ e
/ \,
i \
: \
\ \
] Y R ) P 3 ) 3 3 v/r Y 3 L1
Bottom 4™ ™ 59 75 100 987 654 321
% Fuel » Control-Rod Flux and Power
Position

Fig, ITI-47. 1Idealized Axial Power and Neutron Flux
Distributions around a Control Rod

e e e A e e ww e

7.6. Control-Rod Worth

45, At the beginning of operation (at criticality), about
one~half of the control-rod poison is in the core and
the other half is out of the core (shutdown factor of
2)., This means that the neutron flux is depressed at
the top of the core and is at the bottom of

the core, as shown in Fig. III-47 (beginning of cycle).

- e e ma em e e e e

Top

Core

Bottom
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46. As the fuel is burned up, the control rod is high
withdrawn until finally all or almost all of the
poiscn is removed from the core. As it is withdrawn,
the neutron flux (and power) tends to flatten out.
Figure ITI-47 shows also how the neutron flux and
power distributions would appear at the end of

operation.

47, Now, look at Fig. III-48, which shows the actual
"fine structure" of the neutron flux distribution

in a small segment of the core.
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48. Had the fuel and moderater been a homogeneous mixture
(homogeneous mixture means uniform mixture like
homogenized milk), the actual neutron flux would have
been smooth as in the dotted lines of Fig., III-48.
representing the usual approximation which averages

ocut the small dips and peaks.

- e v wm em e mm wm

49, 1In a nonhomogeneous reactor, such as the ORR or HFIR,
the fuel (plates) are separated by channels of water
which act both as moderator and as coolant. This
separation of fuel and water results in small peaks
as shown. The fast neutron flux peaks in the

because this is where the fast

neutrons are born; as they move into the water, they

become thermalized--thus causing the thermal neutron

flux peaks there.

- e e v we e mm e e

50. The depression in the thermal neutron flux in the fuel
fuel region occurs because thermal neutrons are
absorbed in the fuel, As long as the fuel plates
and water channels are kept thin, these variations

in the neutron f£luxes produce no important effects.

— o e e e wm mm s e

51. The fact that the neutron density is less near the
edges of the core than in the center causes the
worth of control rods per inch of insertion to
vary. The reactivity worth of a control rod might
be as much as 10%Z Ak/k or more for full travel of
the entire rod. If the rod is 20 in. long, then you
might think that each 1 in. of rod is worth
0.5% Ak/k. But this is not correct.

—_— = e e wen me == e
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52. It is generally true that the "end positions' of
control~rod travel are not as effective as the

"middle positions.

53. The reason the end positions are worth less in
changing reactivity than the middle positions is
because the first movements of a rod remove or
insert poison at the edges of the core where the

neutron flux is o

— e - e e e am e e

54. Obviously, a poison material will be more effective small
(absorb more neutrons) at places where there are

more °

55. As the movement of the rod continues into the core, neutrons
the poison material penetrates into the central

region of the core where there are

neutrons and the effect per inch on reactivity

(increases, decreases).

56. As the contrel rod is inserted farther into the more,
. . i
core so that penetration is made through to the nereases
outer regions of the other side, less and less

effect per inch occurs with further insertion.

57. As the contrel rod approaches the end of its travel,
it has (less, more) effect per inch of travel than

when it is in the central region of the core.
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58. Figure III-49 illustrates the relative effects of less
a small movement of a control rod.

RN
NN

: s
T 10% ¥ % + o 10% : ? y
T 40% TV T 40% T A
¢ - .
Z T 100% S S0 AR S ¢
T 4% | Q J
\ P ST /
(a) (b) (e)
- Percent Percent
Neutron Flux Neutron Flux

Fig. III-49. Control-Rod Effects
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59. 1In Fig. III-49a, the rod has just entered the low-
flux region near the edge of the core. 1In Fig. ILI-49b
the end of the rod enters the area where the neutron
flux is maximum (100%). In Fig. I1I-49c the rod is
again entering a low-~flux region. At any time during
the insertion, there is still the same amount of
poison in the other regions just passed so the only
new effect on reactivity is that produced as the end

of the rod enters a new region.

— e Em mm e mm ow= e

60. The largest reactivity effect of a small movement is
produced when the rod is in the position as shown
in (a, b, ¢).

- mm am ea s e e am
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61. The reactivity worth of a control rod is generally b
determined for each inch of travel (or some such
fraction of the length). Since the neutron flux is
lower at the top and bottom of the core, it can be
expected that the reactivity worth of the first few
inches of control-rod movement will have (less, more)
effect than when the end of the rod is in the center

of the core,

e e e T

62. It is true that in the "end positions" a control less
rod motion has less effect on reactivity than in

the pogition of its travel,

63. Control rods can be calibrated in reactivity worth middle or
per inch or for total worth of their full length center
by using any of several different methods. For
example:

a. Cancelling out the effects of a rod move~
ment with a small amount of neutron absorber
of known (calculated) reactivity worth.

b. Observing the period resulting from a rod
movement.

¢, Observing the magnitude of the neutron
flux increases and decreases while rapidly
oscillating the rvod over a small distance,

"d. Observing the decreasing neutron flux

following a reactor scram.

64, TFigure III-50 is a graph of reactivity worth versus
rod position. The S~shape 1s typical of rod calibra-~

tion curves,

_— - em em s e e e
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Considering only single rods, No. 3 has the steepest

slope with per inch and rod No, 5

has the least slope with per inch.

This means that if all rods are about half withdrawn, 0.64% Ak/k
rod No. will add the greatest amount of reac- 0.43% 8k/k

tivity as it is withdrawn another inch.

Note that when withdrawal starts, the No. 4 rod must 3
be withdrawn about 7 in. to cause the first 1%

change in reactivity. However, the change from 5%

to 6% Ak/k (1% Ak/k change) requires a rod movement

of only about inches.

_— o e e e mm = o e

Note that the reactivity worth per inch does not 2
change much at the beginning nor at the end of

travel. However, in the middle, the reactivity

worth changes considerably more for each inch of

movement; this results from the fact that

P e T T T B SO

The neutren flux 1s greater in the center
than at the outer edges of the core, and
the rod is more effective in the high~flux
regions.

Figure I1I1I-51 shows a graph of reactivity worth per
inch versus rod position. The total worth for the
accumulated rod movement is shown as curve A. Curve B

shows the worth of each inch of rod travel.
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The worth per inch increases up to about or

inches, where an inch of rod movement is worth

about 0.5% Ak/k.

Note also that at both 5 in. withdrawn and 25 in,
withdrawn, an inch of rod movement is worth about

- e ma we e A e e e

These control-rod calibrations are used in many
ways. They are used to analyze hazards, to set
operational limits, and for other operational

purposes.

— o ek e s e e e e

Most reactors have automatic control systems called

"servo systems'. These servo systems are allowed to

make only small reactivity changes. If they were

allowed to make large changes, any failure of the

system might result in a large reactivity change and

a possible core meltdown. In order to limit the
amount of reactivity used by the servo system to a
safe amount, knowledge of control«rod reactivity

worths is necessary.

It should be pointed out that while we have emphasized
the desirability of a flat neutron-flux distribution,
we do not want a flat distribution in some types of
reactors. The HFIR is such'a reactor. This reactor

was designed so that a maximum flux would occur in a

"flux trap" in the center of the core so that some
special materials can be irradiated in the highest

possible neutron flux.

12,
13

0.1% Ak/k
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Actually, a flux trap is not a trap at all. The
word trap indicates that there is no way of escapej
and a flux trap is not a region of no escape for

neutrons.

For an example, let us use a bird refuge, a sanctuary.
We will assume that there are 100 ducks on a lake, and
ducks alight on the lake at the rate of 25 per hour.
Some fly away again; some die of old age; and some are
killed by predators, but all have the opportunity to

leave or stay as they see fit.

-~ e em e e mn aw e e

If 25 ducks leave each hour by any of the methods
listed in Frame 76, we would say that the average
life of a duck on the lake is 1 hr. Some might
fly off immediately, and others might stay for

months; but the average lifetime on the lake is

e v e e ew e wn e

If there are no changes in the situation, the average

duck population will remain constant at ducks.

For the purposes of analysis, we keep a chart of duck

movements and find that each hour,

10% of the population - 10 ducks ~ fly away
14% of the population - 14 ducks ~ eaten by predators
()
a
1% of the population - _1 duck =~ dies of old age
257% of the population - 25 ducks - lost each hour

1 hr

100
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80, However, 25 ducks arrive each hour, so the duck

population on the lake remains .

8l. 1If we let P represent the total duck population the same or
constant

10ZP + 14ZP + 1ZP = 25 ducks,

or
(0.10 + 0.14 + 0.01)P = 25 ducks
0.25p = 25
P = 25/0.25
P = ducks.
82. Now let us remove some predaters (reducing I ). Our 100
a
records now show:
10% - 10 ducks -~ fly away
9% - 9 ducks -~ are eaten by predators
1% - 1 duck -~ dies of old age
20% - 20 ducks - lost each hour.

— o wn aa oA we e A e

83. It is rather obvious that if more ducks arrive than
leave, the duck population will increase. It is
not quite so obvious that the duck population will
again become constant when the percent of loss of

the new population equals 25 ducks.

- e e e e e e e oA

84. When the percent of the population that is lost
equals the number of ducks arviving, the duck popu-~

lation will remain
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If we let D represent the new duck population, D

will become stable when 20%Z of D equals ducks.

If
10%D + 97D + 1%ZDh = 25 ducks,

then
(0.10 + 0.09 + 0.01)D = 25 ducks
D = 25/0.20
D= (the new stable

constant

25

duck population).

- e am em e e e e

If, in ocur hypothetical case, only 15 ducks leave
per hour, the duck population will again

until it reaches a point of stability when the 15%
loss equals ducks, the number arriving per

hout.

- e wm m e e e e ww

In an analagous situation, the stable neutron popula-
tion in a flux trap is the average number of neutrons
which remain when the percent of the population that
is lost exactly equals the number of neutrons

the trap.

The neutron flux trap region in a reactor might be
more correctly named if it were called a neutron
sanctuary. Neutrons come and neutrons go, but the
average life of a neutron in the region called
flux trap is longer than it is in other parts of
the core. Thus, the neutron density here is

than it is in other parts of the core,

I T T

125 ducks

increase,

25

entering
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The trap (sanctuary) is usually in the central part
of the core where a large volume of modefator is
surrounded by fuel. TFast neutrons from the fuel are
thermalized in the moderator and remain there for a
(longer, shorter) time than they would in the fuel
because the Za of the moderator is lower than that

of the fuel.

— e e A e e e e e

Since the thermal neutrons have a longer life in the
trap, the thermal neutron density is (greater, less)

in the trap than in the fuel,

- mm o awe me mm e wm

Materials placed in the trap are in a (lower, higher)
thermal neutron flux than if they were placed

anywhere else in the core.

- wm e e e e oae e e

The thermal neutron flux is high because the proba-
bility of absorption is (greater, less) in the

moderator than in the fuel.

greater

longer

greater

higher

less
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Self Test

94.

95.

96,

97.

98.

99.

The neutron flux, ¢, is the number of neutrons in
a cubic centimeter multiplied by their .

(If you made an incorrect response, repeat Frame 1,)

The number of thermal neutrons in a cubic centimeter
multiplied by their speed is usually called the

thermal . (If you made an

incorrect response, repeat Frame 1.)

- e e we A am mm mew =

The manner in which neutrons are distributed throughout

a reactor is called the neutron flux .

(If you made an incorrect response, repeat Frames 2-6.)

A reactor which has a2 uniform fuel distribution will

3

generally have more neutrons per cm® in the (outer,

central) region because of neutron .

(1f you made an incorrect response, repeat Frames 7-10,)

- e e e ws e = me e

The neutron flux distribution is changed when a reflec-
tor is placed around the core of a reactor because

neutrons which would otherwise escape are

back into the core. (If you made an incorrect response,

repeat Frames 11-14,)

A flux distribution which is uniform throughout the
core is called a (peaked, flat) distribution. (If you

made an incorrect response, repeat Frame 15,)

e e e ome e e e e

less

velocity or
speed

neutron flux

distribution

central,
leakage

reflected or
returned
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If heat is generated uniformly throughout the core
of a veactor, then the temperature distribution
will be (peaked, flat). (If you made an incorrect

respense, repeat Frame 16.)

The maximum power output of a reactor will be
possible if the temperature distribution is (uniform,
nonuniform). (If you made an incorrect response,

repeat Frames 17-21.)

To maintain a comstant reactor power level as the
mass of fuel decreases, the neutron flux must
(increase, decrease). (If you made an incorrect

response, repeat Frames 23-24.)

The fuel in a reactor which is loaded uniformly will
be consumed at a faster rate in the region where the
flux is (high, low). (If you made an incorrect

response, repeat Frame 28.)

— e wm mwe e wm em oes

The maximum effectiveness of a control rod per unit
length is obtained if it is inserted where the
neutron flux is (maximum, minimum). (If you made

an incorrect response, repeat Frames 36-41.)

The first movements of a centrol rod remove or

insert poison near the edges of the core where the
peutron flux is (high, low) so the effect per inch
will be (small, large). (If you made an incorrect

response, repeat Frames 45-53.)

flat

flat

uniform

increase

high

maximum
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Movements of the control rod into or out of the low,
- mall
center of the core cause (more, less) effect than sma

at the edges of the core. (If you made an incorrect

response, repeat Frames 50-52.)

The thermal neutron density in a flux trap is more

greater than in other parts of the core because

the thermal neutron lifetime is

there., (If you made an incorrect response, repeat
Frame 81.)

longer
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