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Overview 
 
This training module is written as an introduction to reactor physics for reactor operators. It 
assumes the reader has a basic, fundamental knowledge of physics, materials and 
mathematics. The objective is to provide enough reactor theory knowledge to safely operate a 
typical research reactor. At this level, it does not necessarily provide enough information to 
evaluate the safety aspects of experiment or non-standard operation reviews. 
 
The material provides a survey of basic reactor physics and kinetics of TRIGA type reactors. 
Subjects such as the multiplication factor, reactivity, temperature coefficients, poisoning, 
delayed neutrons and criticality are discussed in such a manner that even someone not 
familiar with reactor physics and kinetics can easily follow. A minimum of equations are used 
and several tables and graphs illustrate the text. 
 
Individuals who desire a more detailed treatment of these topics are encouraged to obtain any 
of the available introductory textbooks or reactor theory and reactor physics. 
 
 
Learning Objectives 
 

1. You should understand the neutron lifecycle, the infinite and effective 
multiplication factor and the concept of reactivity. 

2. You should understand the purpose of a neutron moderator and neutron 
reflector. 

3. You should be able to understand and explain the shape of the neutron flux 
within the reactor, how this is related to reactor power and how the movement of 
control rods and experiments will affect the flux shape and local reactor power. 

4. You should be able to understand and explain the effect of reactor “poisons” and 
how the concentration and effect of poisons produced from fission change with 
time. 

5. You should understand and be able to explain the concept of reactor period and 
how this concept is related to reactor reactivity using the in-hour formula 

6. You should be able to define and explain subcritical multiplication, shutdown 
margin and core excess. 

7. You should be able to explain how a 1/M plot is used to determine criticality. 
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 1. INTRODUCTION 
 
This manual gives a general introduction into reactor physics and kinetics of typical research 
reactors. Examples and graphs may be specifically applicable only to TRIGA reactors and 
should be used with caution if applying the information to other reactor facilities. 
 
2. FUNDAMENTALS AND BASIC REACTOR PHYSICS 
 
2.1 Reactor physics 
 
2.1.1  Neutron flux or fluence rate 
 
Prior to absorption, a typical neutron will undergo many elastic scattering collisions with 
nuclei in a reactor. As a result, a neutron path consists of many straight line segments joining 
the points of collision. The combined effect of billions of neutrons darting in all directions is a 
cloudlike diffusion of neutrons throughout the reactor material. 
 
Neutron flux is simply a term used to describe the neutron cloud. Neutron flux, φ, is defined 
as the number of neutrons in 1 cubic centimetre multiplied by their average velocity. 
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Neutron flux is sometimes simply called nv. A clear theoretical picture of neutron flux may be 
had by considering a beam of neutrons of one square centimetre cross section all travelling in 
the same direction. Then the number of neutrons contained in one centimetre of length of the 
beam is n, and v is the length of the beam passing a plane in one second. Hence, flux is the 
number of neutrons passing through one square centimetre of the plane in one second. 
(However, remember that in reality the motion of the neutrons in a reactor is random, 
therefore, the above explanation is not really valid, but is a useful concept to help explain 
neutron flux.) 
 
2.1.2  Multiplication factor 
 
The average lifetime of a single neutron in the reactor neutron cloud may be as small as one 
ten-millionth of a second. This means that in order for the cloud to remain in existence, each 
neutron must be responsible for producing another neutron in less than one ten millionth of a 
second. Thus, one second after a neutron is born, its ten-millionth generation descendent is 
born. (The term neutron generation will be used to refer to the "life" of a group of neutrons 
from birth to the time they cause fission and produce new neutrons). However, not all of the 
neutrons produced by fission will have the opportunity to cause new fissions because some 
will be absorbed by non-fissile material and others will leak out of the reactor. The number of 
neutrons absorbed or leaking out of the reactor will determine whether a new generation of 
neutrons is larger, smaller, or the same size as its predecessor. 
 
A measure of the increase or decrease in size of the neutron cloud is the ratio of the neutrons 
produced to the sum of the neutrons absorbed in fission or non-fission reactions, plus those 
lost in any one generation. This ratio is called the effective multiplication factor and may be 
expressed mathematically by 
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If the production of neutrons by one generation is greater than the sum of its absorption and 
the leakage, keff will be greater than 1.0, e.g., 1.1, and the neutron flux will increase with each 
generation. If, on the other hand, keff is less than 1.0, perhaps 0.9, the flux will decrease with 
each generation. If the size of each successive generation is the same then the production 
exactly equals the losses by absorption and leakage. keff is then exactly 1.0 and the reactor is 
said to be critical. The multiplication factor can, therefore, also be defined as: 
 

 
generationprecedinginneutronsofnumber

generationoneinneutronsofnumberkeff =  . 

 
Changes in the neutron flux cause changes in the power level of the reactor. Since the change 
in power level is directly affected by the multiplication factor, it is necessary to know more 
about how this factor depends upon the contents and construction of the reactor. 
 
The balance between the production of neutrons, on the one hand, and their absorption in the 
core and leakage out of the core, on the other hand, determines the value of the multiplication 
factor. If the leakage is small enough to be neglected, the multiplication factor depends only 
upon the balance between production and absorption and is called the infinite multiplication 
factor, k∞ (an infinitely large core can have no leakage). When the leakage is included, the 
factor is called the effective multiplication factor (keff). Each will be considered. (By 
definition, the multiplication constants keff and k∞ are dimensionless numbers.) 
 
2.1.3  Infinite multiplication factor 
 
The infinite multiplication factor, since it assumes no leakage, may be expressed as 
 

 
absorption
productionk =∞  . 

 
The infinite multiplication factor also represents the average number of neutrons in a 
generation resulting from a single neutron in the preceding generation in an infinite reactor. 
We will analyse the infinite multiplication factor from this second viewpoint. 
 
A group of newly produced fast neutrons can enter into several reactions. Some of these 
reactions reduce the neutron flux; others allow the group to increase or produce a second 
generation. One way to analyse the infinite multiplication factor is to describe these various 
possible reactions by means of a product of factors, each factor representing one of the types 
of events that may occur. Expressed mathematically,  
 
 ηε=∞ pfk  , 
 
where 
 ε ... fast fission factor 
 p ... resonance escape probability 
 f ... thermal utilization factor 
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 η = reproduction factor. 
 
This equation is called the four-factor equation. The factors will be explained briefly by 
tracing a group of fast neutrons, just born, through a complete generation. Figure 1 will be 
extremely helpful in learning the significance of each factor. 
 
2.1.4  Fast fission factor, ε 
 
Fission of 235U is usually caused by a slow or thermal neutron, a neutron that has lost much of 
the energy since it was slowed due to collisions with light (moderator) nuclei. However, 
fission of 238U may be caused by a fast neutron. Therefore, if some of fast neutrons cause 
fission of a few 238U atoms, the group of fast neutrons will be increased by a few additional 
fast neutrons. The total number of fast neutrons compared to the number in the original group 
is called the fast fission factor, ε. 
 
2.1.5  Resonance escape probability, p 
 
Having increased in number as a result of some fast fissions, the group of neutrons continues 
to diffuse or wander through the reactor. As the neutrons move, they collide with nuclei of 
non-fuel material in the reactor, losing part of their energy in each collision and slowing 
down. 
 
Now 238U has some very large resonances in its absorption cross section and if the neutron is 
slowed to the energy of one of these resonances, then it has a high probability of being 
captured. This process is called resonance absorption. The number of neutrons that escape 
resonance absorption compared to the number of neutrons that begin to slow down is the 
resonance escape probability factor, p. 
 
2.1.6  Thermal utilization factor, f 
 
The thermal or slow neutrons are those that have completed the slowing down process 
without being absorbed are finally available for absorption in fuel. They diffuse through the 
reactor, like the fast neutrons, but at slower speeds, and travel over less area. As thermal 
neutrons, they are subject to absorption by other materials in the reactor as well as by the fuel. 
Since only those neutrons absorbed in fuel have a chance of reproducing, it is necessary to 
know the fraction of all absorbed thermal neutrons absorbed in the fuel. The number of 
thermal neutrons absorbed in the fuel compared with the number absorbed in all materials 
including the fuel, is the thermal utilization factor, f. 
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Figure 1:  Schematic diagram of one neutron generation. 
 
2.1.7  Reproduction Factor, η 
 
Most of the neutrons absorbed in the fuel cause fission, but not all. The average number of 
fission neutrons produced for each thermal neutron absorbed in the fuel is the reproduction 
factor, η. 
 
With the birth of fast neutrons from fission, the cycle is complete. By multiplying these 
factors the infinite multiplication factor can be found. 
 
Example using Figure 1: Figure 1 will be used to illustrate how each of the factors are 
determined, and to help in the understanding of k∞. It pictures the life cycle of neutrons in 
chronological order with the various hazards they encounter from birth (fast neutrons), 
through life (while slowing down), until death (thermalised and absorbed either productively 
or non-productively). For simplicity the neutrons are shown in vertical columns each bearing 
a notation directly above. [This notation shows how to calculate the number of neutrons in 
that particular column.]  
 
The cycle starts with four fast neutrons. Of these four, one causes fast fission in 238U, 
producing two more. Notice that the second column has five fast neutrons. Therefore, the fast-
fission factor (ε) is represented as 5/4. While the five fast neutrons are slowing down, one of 
the five is absorbed (a resonance absorption) in 238U. Column three shows that four neutrons 
slowed down and escaped resonance absorptions; therefore, the resonance escape probability 
(p) is 4/5. Of the four slow neutrons at this stage, one is absorbed in the fuel jacket material, 
while three of them are absorbed in 235U and cause fission. Therefore, the thermal utilization 
factor (f) is 3/4. The three slow neutrons that were absorbed in 235U resulted in five fast 
neutrons being born during fission. Therefore, 5/3 would be the reproduction factor. When 
comparing the five fast neutrons just born to the four original fast neutrons, the result, 5/4, 
represents k∞, the infinite multiplication factor. It should be evident that whenever a picture of 
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this sort is given, each of the four factors and k∞ can be found simply by counting the 
neutrons in each of the five vertical columns. (Notice that each neutron appears in each 
consecutive column until it is absorbed.) Column 1 represents the initial number of fast 
neutrons under consideration or n0. Column 2 represents the initial number of fast neutrons 
present as a result of fast fission, n0ε; column 3 represents the number of neutrons which have 
escaped resonance absorption, n0εp; column 4 represents the number of neutrons which are 
absorbed in 235U, n0εpf; column 5 represents the number of fast neutrons resulting from 
fission of 235U, n0εpfη or n0k∞. 
 
2.1.8  Effective multiplication factor, keff 
 
The effective multiplication factor for a finite reactor may be expressed mathematically in 
terms of the infinite multiplication factor and two additional factors that allow for neutron 
leakage as: 
 
 tfeff kk LL∞=  , 
 
where Lf is the fraction of fast neutrons in one generation that do not leak out of the core 
while slowing down, and Lt is the fraction of thermal neutrons that do not leak out. The 
product LfLt represents the fraction of all the neutrons in one generation that do not leak out 
of the core and is known as the non-leakage probability. ([1 - LfLt] then, is the leakage 
probability.) 
 
It should be pointed out that the four factors in the equation for k∞ depend upon both the kind 
and quantity of fuel and other materials placed in the core and the control rod configuration, 
whereas the leakage factors depend not only on the contents but also on the size and shape of 
the reactor. These quantities play an extremely important part in reactor operation, since 
keff = (εpfη) (LfLt), and the value of keff determines the behaviour of the reactor at a given 
time. A change in any one of these quantities simultaneously changes keff. 
 
2.1.9  Reactivity 
 
Reactivity is the measure of the departure of a reactor from critical. The effective 
multiplication factor, keff, determines whether the neutron density within a reactor will remain 
constant or change. Since the power level is directly proportional to the neutron density, 
whenever keff = 1.0, the reactor is critical and operates at a constant power level. If keff < 1.0, 
the reactor is subcritical and the power level is decreasing. If keff > 1.0, the reactor is 
supercritical and the power level is rising. (Notice that the power level, neutron density, etc., 
are constantly changing whenever keff is not equal to 1.0.) The difference between a given 
value of keff and 1.0 is known as the "excess" multiplication factor, δk: 
 
 excesskk0.1keff =δ=−  , 
 
and δk may be either positive or negative, depending upon whether keff is greater or less than 
1.0. A useful quantity known as reactivity is given by the symbol ρ (rho) and is related to δk 
as follows: 
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NOTE: 
ρ and δk are equal to "0" whenever a reactor is exactly critical, and have almost the 
same value whenever keff is slightly larger or smaller than 1.0. 

 
Example 1: 
 
 keff  =  0.98 

 
βeff  =  0.007 [βeff is 0.007 in TRIGA-type reactors and is explained in the "delayed 

neutron" section (2.2.3).] 
 

02.0
98.0
02.0

98.0
198.0

−≅
−

=
−

=ρ  . 

 
NOTE: 

Since keff is a dimensionless number, the quantity ρ is a pure number. However, various 
units are used to express reactivity: 

 
• Pure number (as expressed above) 
• Percent (pure number x100) 
• Dollar unit (pure number ÷ βeff) 
 
using the same example as above: 
 
ρ  =  -0.02 (pure number) 
 
ρ in %  =  -0.02 x 100  =  -2% 
 

ρ in Dollars  =  
007.0

02.0−   =  -$2.86 

 
Example 2: 

 
Reactivity in Dollars  =  $.57; βeff  =  0.007. 
 
ρ  =  $.57 x 0.007  =  0.004 [pure number] 
 
ρ in %  =  0.004 x 100  =  0.4% 
 

keff then  =  
ρ−1

1   =  
004.1
1

−
  =  1.004 

 
keff also  ≅  1 + ρ  =  1 + .004  =  1.004 [when keff is slightly larger or smaller than 1.0]. 
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2.1.10  Moderators 
 
In the preceding sections it was shown that neutrons at birth are fast neutrons (energies greater 
than 1 MeV), while those used to fission 235U are thermal (~ 0.025 eV). In natural uranium it 
is essential, and with enriched fuels it is usually desirable, to slow the neutrons down to 
thermal energies in some material other than the fuel. The material used to slow down 
neutrons is called the moderator. 
 
The function of the moderator is to reduce neutrons of fission energy to thermal energy within 
the smallest space and with the least loss of neutrons. The descriptive term attached to a 
moderator, "slowing down power" can be given quantitative meaning in the following way. 
The moderator must be (1) efficient at slowing down the neutrons (i.e. to slow down in as few 
collisions as possible) and (2) it must be a poor absorber of neutrons. The first requirement 
indicates a light element, since the average relative energy loss per collision ∆E/E crudely 
varies inversely with the mass of the moderator nucleus (e.g., ∆E/E ≅ 1.0 for H and 
∆E/E ≅ 0.159 for C). The second requirement eliminates such light elements as lithium and 
boron, and make hydrogen unsuitable for use with natural uranium. Carbon and heavy water 
are usual moderators for natural uranium, while water or other hydrogen containing 
compounds are commonly used with enriched fuel. 
 
2.1.11  Neutron flux distributions 
 
It can be shown that the radial and axial flux distributions for bare (non-reflected) reactors are 
given by precise mathematical functions. These functions are dependent on the geometry and 
size of the reactor core. For example, in a cylindrical reactor the flux is given by:  
 
 φ(r,z)  =  AJ0(2.405r/R) cos(πz/H) , 
 
where 
 
 R ... radius of the core 
 H ... height of the core. 
 
This means that the radial flux has the shape of the Bessel function J0 and the axial flux has 
the shape of a cosine, see Figure 2 below. 
 

 
 

Figure 2:  Axial and radial flux distributions. 
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It should be emphasized that this is the flux shape for an ideal, homogeneous reactor core. 
Practical cores, with reflectors, lumped fuel elements, control rods, variable enrichments, 
variable burn-up, and fission product poisons have modified flux distributions. However, 
these cores still have very similar general flux distributions. 
 
In contrast to the overall flux shape, if the details of the distribution of the thermal neutron 
flux in and around a fuel element were studied, it would be found that the thermal neutron 
flux is at a minimum in the centre of the element. The reason for this is that the fuel readily 
absorbs thermal neutrons (to produce fast neutrons in fission), and so the outside of the fuel 
essentially shields the inside. This is known as self-shielding (see Fig. 3). 
 

 
 

Figure 3:  Thermal and fast flux distribution in fuel elements. 
 
2.1.12  Reflectors 
 
In the discussion thus far, a reactor consisting only of fuel and moderator has been assumed. It 
has been further assumed that if a neutron leaves such a reactor, it will never return. Suppose 
that a good scattering material, such as carbon, is put around the reactor. Some of the neutrons 
that leave the reactor will now collide with carbon nuclei and be scattered back into the 
reactor. Such a layer of scattering material around a reactor is called a reflector. By reducing 
neutron leakage, the reflector increases keff and reduces the amount of fuel necessary to make 
the reactor critical. 
 
The efficiency of a reflector is measured by the ratio of the number of neutrons reflected back 
into the reactor to the number entering the reflector. This ratio is called the albedo. The value 
of the albedo will depend on the composition and thickness of the reflector. An infinite 
reflector will have the maximum albedo, but for all practical purposes a reflector will suffice 
if it is about twice as thick as the average distance over which a thermal neutron diffuses. (In 
water, a thickness of ~2 inches makes such a reflector.) Values of the albedo for the usual 
scattering materials fall within the range of 0.8 to 0.9.  
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Figure 4:  Radial thermal flux distribution with and without reflector. 
 
Figure 4 shows qualitatively the variation in neutron flux for a core with and without a 
reflector. When the reflector is in place, neutrons that would otherwise be lost are returned to 
the core. (In a large number of reactors, water serves as both moderator and reflector.) This 
figure also shows a peak in thermal flux within the reflector. This is because some of the fast 
neutrons that enter the reflector are reduced to thermal energy while being scattered in the 
reflector. Thermal neutrons are effectively being produced within the reflector. In addition, 
the absorption of thermal neutrons is much less in that reflector because of the fact that there 
is no fuel present with its large absorption cross section. 
 
It is found that the fast flux does not show recovery peaks in the reflector near the core, but 
rather drops off sharply inside the moderator-reflector. However, in some cases it is found 
that the fast flux becomes a significant portion of the total flux. This typically is the case 
outside thick shields, which contain absorbers for thermal neutrons but otherwise have 
relatively little attenuation (moderation) for the fast flux. 
 
2.1.13  Control rods 
 
The adjustment of neutron flux or power level in the reactor is achieved by movement of the 
control rods. They consist of a container filled with a strongly neutron-absorbing medium 
such as boron, cadmium, gadolinium, or hafnium. The rod has the property of reducing or 
increasing the thermal utilization factor (f) and thus changing keff, depending on whether the 
rod is inserted or withdrawn from the core. This change in keff results in a change in the 
reactivity of the core. The worth of a control rod is, therefore, directly related to its effect on 
reactivity and is usually measured in the same units. 
 
The physical effects produced by a control rod can be visualized in the following way. If a 
thermal neutron, in the course of its diffusion through the core, enters the absorbing boron, for 
example, its chance of getting through is almost nil. For all practical purposes, boron is 
"black", i.e., a perfect absorber, for thermal neutrons, in that all neutrons that reach the surface 
are lost. Thus, the neutron flux and density effectively go to zero at the boundary of the 
absorber, as shown in Fig. 5. 
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Figure 5:  Effect of a single control rod on neutron flux. 
 
The effectiveness, or worth, of a control rod depends largely upon the value of the neutron 
flux at the location of the rod. The control rod will have maximum effect if it is placed in the 
reactor where the flux is a maximum. If a reactor had only one control rod, the rod would be 
placed in the centre of the reactor. The effect of such a rod on the flux is indicated in Figure 5. 
If additional rods are added to this simple reactor, the most effective locations will again be 
where the flux is a maximum, i.e., at points A. 
 
In a similar manner, the variation in the worth of the rod as it is inserted or withdrawn from 
the reactor is dependent on the axial flux shape. It can be seen from the earlier discussion (see 
Fig. 2) that the flux is typically less at the top and bottom of the reactor than in the middle.  
Therefore, the control rod is worth less at the top and bottom than it is in the middle during 
insertion or withdrawal. This behaviour is typically illustrated in the differential and integral 
rod worth curves as shown in Fig. 6. The integral control rod worth curve is particularly 
important in research reactor operation. 
 

 
 

Figure 6:  Differential and integral control rod worth curves. 
 



 14 

For a reactor, which has a large amount of excess reactivity, several control rods will be 
required. To gain the full effectiveness of the rods and a relatively even flux distribution, the 
rods would need to be distributed appropriately. The exact amount of reactivity, which each 
control rod could insert is dependent upon the design of the reactor. 
 
2.1.14  Temperature and pressure 
 
Changes in temperature and pressure within a reactor alter the value of keff. The significant 
effect is caused by water density changes with variations of temperature and pressure. If an 
increase in temperature or a decrease in pressure allows more neutrons to leak out of the 
reactor resulting in a decrease in keff, this effect is called "negative temperature coefficient" 
and "positive pressure coefficient". (The "prompt negative fuel-temperature coefficient" 
associated with the TRIGA fuel will be discussed in a later section.) 
 
2.1.15  Temperature coefficient of reactivity 
 
The temperature coefficient of reactivity is defined as the change in reactivity for a unit 
change in temperature and is represented by αT. 
 
In an operating reactor, the temperature changes as the power varies. Let us consider a power 
increase. A power-level increase is a direct result of more fissions releasing more heat. As the 
average temperature of the reactor contents rises, the coolant and moderator expand and 
become less dense. Because there are now fewer molecules per unit volume, the moderator is 
less effective in slowing down neutrons and more leakage is observed. The overall effect is a 
reduction in keff or the addition of negative reactivity. Reactivity and temperature change are 
related thus: 
 
 δkT  =  αT(T2 - T1)  =  (αT)(∆T) , 
 
where 
 
 δkT ... the reactivity change resulting from temperature change, 
 αT .... temperature coefficient, 
 T2 .... final temperature, 
 T1 .... initial temperature, 
 ∆T ... temperature change. 
 
The following example illustrates this principle. 
 
Example:  

 
A certain 235U-fueled, pressurized water reactor is just critical. Suddenly, the average 
coolant temperature falls from 246 °C to 233 °C αT = -0.0001 δk/°C.  
 
(a) How much reactivity is inserted? 
(b) What is the new value of keff? 
 

Solutions:  
 
(a) δkT  =  αT (T2 - T1)  =  -0.0001⋅(-13 °C); 
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 δkT  =  -0.0001.(-13)  =  0.0013 
(b) keff  =  1.000 + 0.0013  =  1.0013. 

 
Notice from the equation that whenever the reactivity and the temperature change more in the 
same direction, αT is positive and is known as a "positive temperature coefficient". If the 
reactivity and the temperature change move in opposite directions, αT is negative and is, of 
course, a "negative temperature coefficient." Any reactor having a positive temperature 
coefficient is unstable and can be difficult to control. 
 
2.1.16  Pressure coefficient of reactivity 
 
The pressure coefficient of reactivity is defined as the change in reactivity for a unit change in 
pressure and is represented by αp. Added pressure makes the coolant-moderator denser by 
increasing the number of particles per unit volume. The moderator is more effective in 
slowing down neutrons and keff rises. Reactivity and pressure are related as follows: 
 
 δkp  =  αp (P2 - P1)  =  (αp)(∆P) , 
 
where 
 
 δkp ... reactivity change due to pressure change, 
 αp .... pressure coefficient, 
 P2 .... final pressure, 
 P1 .... initial pressure, 
 ∆P ... pressure change. 
 
The pressure coefficient of reactivity is positive, approximately 1,45.10-5 δk/bar since 
pressure and reactivity move in the same direction for pressurized water reactors.,. Although 
the pressure effect is opposite in direction, it is about 100 times smaller than the temperature 
effect. This means that a temperature decrease of 1 °C produces the same change in reactivity 
as a pressure increase of 100 bars. 
 
Because reactor pressure is usually maintained constant by a pressurizing system, and the 
pressure coefficient, αp, is small, reactivity changes due to pressure are negligible during 
reactor operation. However, if a reactor is being appropriately pressurized before start-up, the 
change in pressure could be large and this addition of reactivity should not be overlooked. 
 
2.1.17  Fuel depletion and poison 
 
Each fission in the reactor destroys an atom of fuel and two atoms of poison are formed. Not 
only has the fuel inventory been reduced, but also the poisons have DOUBLED! With less 
fuel atoms available, neutron production is reduced. As fuel is depleted, the thermal utilisation 
(f) is reduced, decreasing keff. The control rods must be repositioned eventually to compensate 
for this fuel burn-up. (With less fuel, neutron leakage also increases.) 
 
Poisons, as the name implies, are materials, which tend to reduce the neutron population by 
non productive absorption. Absorption, of course, reduces the multiplication factor just as 
leakage does. 
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The effect of poisons on keff is also through the thermal utilization, (f). If poisons are present, 
the effect is to decrease f, which in turn decreases keff. 
 
Burnable poison is sometimes intentionally introduced into a new reactor to minimize 
reactivity changes resulting from fission-product build-up and fuel burnout and to hold down 
the large amount of reactivity associated with the new fuel. (The TRIGA FLIP fuel uses 
erbium burnable poison that is homogeneously mixed with the uranium and zirconium-
hydride.) 
 
When the effects of the poisons cannot be overcome by a complete withdrawal of all control 
rods, then the fuel must be replaced. 
 
2.1.18  Reactor operation and xenon poisoning 
 
Xenon is of special interest because of its great abundance and extremely high thermal 
neutron cross section of 3.2 x 10-18 cm2! About 0.3 percent of all thermal fissions of 235U yield 
135Xe directly as a fission fragment. By far the greater amount comes from the radioactive 
decay of 135Te, which has a fission yield of 5.6 percent. The half-life for 135Te is so short that 
it can be assumed that 135I is the direct product of fission. The entire decay chain is 
represented thus: 
 

 )stable(BaCsXeITe 135y100.2135h2.9135h7.6135m2135 6
 → → → → ×  . 

 β− β− β− β− 
 
After a reactor has operated at a constant neutron level for about 40 hours the xenon reaches 
an equilibrium value, which is dependent on the neutron flux. Poisoning effects are expressed 
in terms of the negative reactivity change due to the poison. For xenon, this is dependent on 
the flux up to a theoretical maximum of about 0.04 for fluxes in excess of 1015 neutrons/cm2-
second. Figure 7 shows the relative equilibrium values for different flux levels. These 
equilibrium values indicate that while a reactor is operating at any particular flux level, xenon 
is decaying and is being burned out at the same rate as it is being produced. 
 
In an operating reactor the burn-out of 135Xe is represented by the equation, 
 
 )stable(XenXe 1361

0
135 →+  . 

 
The isotope 136Xe is stable, has a low thermal absorption cross section, and is not considered a 
neutron poison. [Notice again that when the reactor is operating, neutrons are plentiful and 
135Xe is kept at a fixed level mainly because of the above reaction.] 
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Figure 7:  135Xe poisoning during operation and after shutdown. 
 
2.1.19  Reactor shutdown with xenon poisoning 
 
When a reactor is shut down, xenon builds up rapidly, reaching a peak after about 10 - 11 
hours (refer to Figure 7). This always occurs because 135Xe is still being produced from the 
decaying 135I and it is no longer being burned out since the neutron flux has essentially 
dropped to zero. The 135Xe must decay with its normal half life of 9.2 hours. This is 
represented as follows: 
 

 )stable(BaCsXe 135y100.2135h2.9135 6
 → → × . 

 β− β− 
 
It should be obvious that the 135Xe build-up after shutdown depends on the operating flux 
before shutdown. The greater the operating flux, the higher will be the xenon peak (refer to 
Figure 7). Notice that the xenon peak after shutdown, following operation at the higher fluxes, 
is many times greater than the equilibrium value. Also note that the 135Xe peak is low and 
offers no problems when operating with fluxes of about 1013 neutrons/cm2s or less. 
 
2.1.20  Reactor start-up with xenon poisoning 
 
For reactors with higher fluxes the build-up of 135Xe after shutdown may prevent the reactor 
from being started again for a considerable length of time, unless sufficient excess reactivity 
has been built into the reactor to override these effects. (Core life is often measured at the 
time when maximum xenon poisoning can no longer be overridden by the excess reactivity 
still remaining in the core.) 
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Suppose that a reactor does not have enough reactivity for xenon override and has an excess 
reactivity of only 0.1, as shown in Figure 7. If the reactor had been operating at a flux level of 
~9 × 1013 neutrons/cm2s or higher before shutdown, Figure 7 illustrates that the reactor would 
not be able to start up again until after a wait of ~25 - 35 hours. 
 
If, however, the reactor did have enough excess reactivity to override xenon, then a startup 
could be made during periods of peak xenon concentrations. Figure 8 shows the 135Xe build-
up after shutdown and compares normal decay with the burn-out of xenon at 50% and 100% 
reactor power during a startup at peak xenon concentrations. 
 

 
 

Figure 8:  Xenon build-up and burn-out at 100% and 50% power level. 
 
The absorption of neutrons by the 135Xe nuclei, of course, causes the rapid decrease in xenon 
poisoning. The decrease in poisoning has the same effect as the insertion of positive 
reactivity. In order to prevent the reactor from increasing in power level due to the increase in 
reactivity, the control rods must be appropriately inserted. 
 
NOTE: 

Normally a TRIGA reactor is not operated for long periods of time at a high neutron 
flux so that xenon override does not represent a major operational problem nor does it 
represent a problem during transient operations. In addition, because of the large core 
excess needed to overcome the strong negative temperature coefficient in TRIGA 
reactors, peak xenon does not prevent reactor start-up as may be the case in many other 
reactors. 
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2.1.21  Samarium poisoning 
 
The isotope 149Sm is the second most important fission-product poison because of its high 
thermal absorption cross section of 41,500 barns. 149Sm stems from 149Pm in a manner 
analogous to the formation of 135Xe from 135I. Thus, the complete decay chain is represented 
as follows: 
 

 )stable(SmPmNd 149h53149h73.1149  → →  . 
 β− β− 
 
(Neodymium-149 is a fission product, which occurs in about 1.4 percent of uranium-235 
fissions by slow neutrons.) Since the half-life of 149Nd is short compared to that for 149Pm 
(promethium) it may be assumed that 149Pm is a direct fission product with a fission yield of 
1.4 percent. 
 

 
 

Figure 9:  149Sm poisoning during operation and after shutdown. 
 
Because 149Sm is not radioactive, it presents problems somewhat different from those 
encountered with 135Xe. The equilibrium concentration and the poisoning during reactor 
operation are independent of the neutron flux and reach a negative reactivity maximum value 
of 0.01 (see Fig. 9). The maximum change in relative reactivity due to samarium in an 
operating reactor is thus -0.01, irrespective of the thermal neutron flux. Because 149Sm is a 
stable nuclide it can be eliminated in one way, and that is by absorbing a neutron and 
changing to 150Sm, which has a low absorption cross section and is of no importance, thus: 
 
 )stable(SmnSm 1501

0
149 →+  . 

 
The build-up of 149Sm after shutdown depends on the power level before shutdown. 149Sm 
does not peak as 135Xe does but rather increases slowly to a maximum asymptotic value. 
Thus, for example, at a steady flux of 1 × 1014 neutrons/cm2s the samarium poisoning after 
shutdown increases to ~0.027. It is, therefore, evident that the addition of about 0.03 to the 
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reactivity will handle any samarium problems, which may arise. Notice that samarium 
poisoning is minor when compared to xenon poisoning. 
 
2.2 Reactor kinetics 
 
This section discusses reactor characteristics that change as a result of changing reactivity. A 
basic approach using a minimum of mathematics has been followed. Emphasis has been 
placed on distinguishing between prompt and delayed neutrons and showing relationships 
among reactor variables, keff, period, neutron density, and power level. 
 
2.2.1  Core excess 
 
Core excess is the reactivity available which is above that necessary to achieve criticality. In 
other words, it is what the reactivity of the system would be if all of the control rods in the 
reactor were completely withdrawn. The core excess of a reactor is constantly changing due to 
many of the variables already discussed, such as fuel depletion, temperature, and fission 
product poisons. It is also an important parameter, which is routinely assessed to provide 
assurance that there is always sufficient negative reactivity in the control rods to shut the 
reactor down; even perhaps with one rod, or one group of rods stuck out. As shown earlier, if 
the core excess is too low then it may not be possible to go critical during the xenon peak after 
shutdown. 
 
2.2.2  Shutdown margin 
 
The shutdown margin of a reactor is expressed in terms of reactivity and can be defined as: 
 
 a. SDM  =  1 - keff (with the reactor shut down) 
 
 b. SDM  =  total rod worth - core excess reactivity 
 
NOTE: 
 Total rod worth - measured core excess reactivity = the amount of reactivity needed to 

bring a reactor to just critical (keff = 1). 
 
Example 1: 

 
A reactor has a shutdown margin of $5.00. What is keff? 
 
 ρ  =  $5.00 × 0.007  =  0.035 [pure number] 
 
 keff  =  1 - SDM  =  1 - .035  =  .965. 
 

Example 2: 
 
A reactor has a total rod worth of $12.50 and a measured core excess of ~$6.80. What is 
the SDM expressed in both $ and ρ? 
 
 $12.50 - 6.80  =  $5.70  =  SDM 
 
 ρ  =  $5.70 × .007  =  .0399  =  SDM. 
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The relationship between total control rod worth, core excess and shutdown margin, 
may be illustrated by Fig. 10 below. 

 
 _________________________________________ 

 reactivity (ρ) ↑ ↑ 
  core 
 total excess 
 rod ↓ 
 worth _____________  ←  critical 
  ↑ 
   
   shutdown 
  margin 
 ↓ ↓ 
 ________________________________________ 
___________________________________________________________________________ 
 

Figure 10:  Rod worth, core excess and shutdown margin. 
 
NOTE 1:  
 A reactor, which is shut down has a positive SDM. 
 
NOTE 2: 

Note that the reactivity labelled as the SDM is also the same amount of reactivity that 
must be added to make a reactor just critical! 

 
2.2.3  Delayed neutrons 
 
One of the most important aspects of the fission process from the viewpoint of reactor control, 
is the presence of delayed neutrons. A delayed neutron is a neutron emitted by an excited 
fission product nucleus during beta disintegration some appreciable time after the fission. 
How long afterward, is dependent on the half-life of the delayed neutron precursor, since the 
neutron emission itself occurs in a very short time. The symbol β is used to denote the total 
fraction of delayed neutrons. 
 
There are many decay chains of significance in the emission of delayed neutrons. (Not all of 
these chains have been positively identified.) Correspondingly, delayed neutrons are 
commonly discussed as being in six groups. Each of these groups (i) are characterized by a 
fractional yield βi and a decay constant λi. 
 
Table 1 lists the properties of the six known groups of delayed neutrons emitted during the 
fission of 235U. The fractional yield βi is the number of delayed neutrons in a reactor operating 
at steady state, which are due to neutron emission from decay of fission products (precursors) 
in group i. The total yield of delayed neutrons is the sum of the fractional values βi over all 
groups i. In general, delayed neutrons are more effective than prompt neutrons because they 
are born at somewhat lower energy compared to prompt (fission) neutrons. Thus they have a 
better chance to survive leakage and resonance absorption. This is accounted for by giving the 
delayed neutrons a higher "weight", which is realized by an upward adjustment of the yield 
values. The effective total delayed neutron fraction is designated βeff. The value of βeff, for a 
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given fuel, will vary with the average energy of the neutrons producing fission. [βeff for the 
TRIGA using 235U = 0.007.] 
 
Group Probable 

precursor 
Half-life 

s 
Effective yield 

βi 
% of delayed 

neutrons 
100 βi/β = fi 

Number of fission 
neutrons delayed 

per fission 
      
1 87Br 55.72 0.00021   3.23 0.00052 
2 137I 22.72 0.00141 21.7 0.00346 
3 89Br   6.22 0.00127 19.55 0.00310 
4 139I   2.30 0.00255 39.3 0.00624 
5 85As   0.610 0.00074 11.4 0.00182 
6 9Li   0.230 0.00027   4.16 0.00066 

Total delayed                                                                                                            0.00158 
Fraction delayed β                                   0.0065 
Weighted mean life (τ)  =  12.3 s                                          λi  =  decay constant  =  ln 2/t½ 
Total fission neutrons   =  2.43                                             Ti  =  mean life  =  t½/ln 2 
 

Table 1:  Delayed neutrons from thermal fission of 235U. 
 
2.2.4  Neutron lifetime 
 
An important quantity in reactor kinetics is the neutron lifetime, i.e., the average time elapsing 
between the release of a neutron in a fission reaction and its loss from the system by 
absorption or escape. For convenience of calculation, the lifetime in a thermal reactor may be 
divided into two parts; namely, (1) the slowing down time, i.e., the mean time required for the 
fission neutrons to slow down to thermal energies, and (2) the thermal neutron lifetime (or 
diffusion time), i.e., the average time the thermal neutrons diffuse before being lost in some 
way. Related quantities may be defined besides these two, such as generation time, lifetime 
for infinite reactor, etc. Although clear cut definitions and physical interpretations are 
available for all of these parameters, their numerical values are quite similar for most any 
usual case and thus the distinction between these parameters is somewhat academic and of no 
consequence in common reactors. Therefore, the definition of prompt neutron life is: time 
between the birth of a neutron from fission and its death (by loss due to leakage, or by loss 
due to parasitic absorption, or by loss due to absorption in fuel). Values of this parameter 
range from fractions of a micro-second (fast reactors) to tens of milliseconds (highly 
moderated experimental reactors). 
 
In an infinite medium, thermal neutrons are lost by absorption only; the thermal lifetime, l, is 
then equal to the absorption mean free path, λa, divided by the average velocity, v, of the 
thermal neutrons. Thus 
 

 
a

a
v

1
v Σ

=
λ

=l  , 

 
where aΣ  is the total macroscopic absorption cross section for thermal neutrons. The mean 
velocity of these thermal neutrons at ordinary temperatures is taken as 2200 meters/second, 
and the values of the thermal lifetime (or diffusion time) are quoted in Table 2. 
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Moderator Slowing down time 

s 
Diffusion time 

s 
   

water 5.6×10-6 2.1×10-4 
heavy water 4.3×10-5 1.4×10-1 
beryllium 5.7×10-5 3.9×10-3 
graphite 1.5×10-4 1.7×10-2 

 
Table 2:  Slowing down and diffusion times for thermal neutrons in an infinite medium. 

 
It is seen that the average slowing down time in a moderator is usually much less than the 
thermal neutron diffusion time. For this reason, it is common practice to neglect the slowing 
down time and to refer to l as the neutron lifetime in an infinite medium. In order to 
distinguish this from the effective lifetime, which takes into account the delayed fission 
neutrons, it is often called the prompt neutron lifetime (for FLIP fuel: l = 17.5 to 20 µs). 
 
It should be noted that the data in Table 2 refer to the lifetimes in the moderator. In a reactor 
core, aΣ  would be equal to the total absorption cross section of fuel, moderator, and 
impurities, and so the prompt neutron lifetime would be smaller. In a system of finite size the 
average lifetime is decreased because some neutrons are lost by leakage. 
 
2.2.5  Definition of dollar 
 
The relative size of reactivity additions compared with β is of very great importance in reactor 
control. This is the underlying reason for the definition of one of the standard units of 
reactivity, the DOLLAR. 
 
The reactivity of a system is $1.00 if ρ = βeff. One hundredth of a dollar is 1 cent. For the 
TRIGA βeff = 0.007; therefore, a $2.00 reactivity insertion would be a δk/k of 0.0140 
(2 × 0.007). A 20 cent reactivity insertion would be a δk/k of 0.00140 (0.20 × 0.007). The 
value of the dollar varies with the kind of fuel because β is different for various reactors. 
 
2.2.6  Reactor kinetic behaviour 
 
Let us look into the time-dependent behaviour of a reactor following a change in k. First let us 
take a case in which k is much larger than 1. If k is the number of neutrons left after a 
completed cycle, then k - 1, or δk, is the number of extra neutrons per starting neutron. For n 
neutrons the gain each cycle is nδk. If the cycle time or neutron lifetime is l seconds, the gain 
in neutrons each second would be n⋅δk/l. The result, in the form of an equation, for the rate of 
change of neutrons with time would be: 
 

 
l

kn
dt
dn δ

=  . 

If at time zero there were n0 neutrons, at time t there would be: 
 
 t)/k(

0 enn ⋅δ⋅= l  . 
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The lifetime may be estimated from the thermal velocity, v, and the average distance a 
neutron travels along its path before being absorbed in fissionable material, λa = 1/Σa (as 
discussed before). 
 
As an example, if the absorption mean free path, λa, is 13.2 cm and v is 2200 m/s then 
l = a⋅λ/v and l ≅ 6×10-5 s (60 µs). Now it may be seen how rapid the rise of the neutron level, 
and hence the power, can be for an excess reactivity (δk or ρ) of 0.012 or $1.71: 
 

 t200t)106/012.0(

00
ee

P
P

n
n 5

===
−×  . 

 
At the end of 0.01 s, n/n0 would rise to e2 = 7.40; by 0.1 s it would be e20 = 4.85×108; and in 
1 s it would become e200 = 7.23×1086! This means that without delayed neutrons, the reactor 
response is very rapid. Clearly, a power increase of 2×1086 in one second is difficult to 
control. When δk is ≥ βeff, as in this example, the reactor is critical on prompt neutrons alone 
and is, therefore, said to be prompt critical. Uncontrolled prompt criticalities should obviously 
be avoided. However, with specially designed fuel like in the TRIGA reactors they are 
initiated deliberately in pulsing the reactor. 
 
An alternative convenient expression for the power change comes from the introduction of the 
reactor period T = l/δk. 
 

 T
t

0
e

P
P

=  . 

 
The reactor period, T, is defined as the length of time required to change reactor power (or 
neutron density) by a factor of e. T is sometimes called the "e folding time", meaning that 
every T seconds of operation, n/n0 increases by a factor e = 2.718. For the previous example, 
T is 0.005 s. 
 
The estimates just made did not take the effect of delayed neutrons into account. About 0.7% 
(βeff) of the 2.43 neutrons per fission are emitted by fission product decay, which come off 
statistically rather than instantaneously. The characteristic half-lives of the emitters are known 
and range from 0.23 to 55.7 s, as shown in Table 1. For values of δk less than 0.7% the 
average half-life of the emitters is the determining factor in the cycle lifetime rather than the 
time between thermalisation and absorption. For δk<βeff, the delayed neutrons play their role 
in slowing down the cycle, and the neutron level rises much more slowly. A reactor that is 
operating in conjunction with a δk<βeff is termed delayed critical because multiplication is 
based on both prompt and delayed neutrons. 
 
2.2.7  Inhour equation 
 
The relationship between a step change in reactivity (ρ) and the resulting reactor period (T) 
allowing for the delayed neutrons, can be derived in the form of an equation: 
 

 
T1kT i

i6

1i λ+
β

∑+=ρ
=

l  , 
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where  
 

βi ... delayed neutron fraction for group i 
λi ... decay constant of delayed neutron group i (s-1)  =  ln2/t½i 
l .... prompt neutron lifetime (s) 
T ... reactor period. 

 
This equation is often called the reactivity equation or the inhour equation, although strictly 
speaking this is not the inhour equation proper. (The term inhour comes from expressing 
reactivity in the units of inverse hours. The inhour unit is the reactivity, which will make the 
stable reactor period equal to one hour.) There are numerous different formulations of the 
reactivity equation, but this one will suffice for the purposes of this manual. 
 
For a given reactor, the quantities βi, λi, l, and k are known (often k ≅ 1 and is left out of the 
equation) so that the period can be determined when the reactivity is known and vice versa. 
This is best done numerically. The results presented in tables or as a graph. Figure 11 shows 
the results of such calculations plotted for the TRIGA reactor for positive reactivities. 
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Figure 11:  Graphical display of the inhour equation  
 
When the stable period is large (i.e., when the reactivity is very small), then unity may be 
neglected in comparison with λiT and l/kT is small compared to the summation term. The 
reactivity equation then reduces to 
 

 
i
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β
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 . 
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It can be seen that the reactivity is now independent of l, and is inversely proportional to the 
period for a given fuel. This explains why the curves on Figure 11 join together and have the 
shape they do for small reactivities. 
 
For sufficiently large values of reactivity, the period is small, and the summation term of the 
reactivity equation can be neglected in comparison with the first term. The equation then 
becomes: 
 

 
T
l

=ρ  

 
and the period is given by: 
 

 
ρ

=
lT  , 

 
which is the same if all of the fission neutrons were prompt. This is shown in the top part of 
Figure 11 where the period is clearly dependent on the prompt neutron lifetime. 
 
When the delayed neutrons are taken into account, the average neutron lifetime is increased 
considerably. Therefore, an effective lifetime (le) can be defined and approximated by: 
 

 
λ

ρ−β
+=

)(
e ll  . 

 
And the stable period becomes 
 

 
ρ

λρ−β+
=

/)(T l  . 

 
Using parameter values applicable to a typical TRIGA reactor and a reactivity change of 
0.0025 ($0.357), the period can be calculated as: 
 

βeff  =  0.0070  
  λ  =  0.0813 s-1 
   l  =  1.7×10-5 s 
  δk  =  ρ  =  0.0025 
 

 
0025.0

0813.0/)0025.00070.0(107.1T
5 −+×

=
−

 

 T  =  22.1 s . 
 
Using P/P0 = et/T this means that in one second the power would increase by a factor of 1.05. 
This is much slower than that for δk = 0.012 when there is no effect from delayed neutrons. If 
it were not for delayed neutrons, reactors would be very difficult to control. 
 
 
NOTE: 
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It is important to realize that the inhour equation is only valid at low power levels where 
there are no temperature effects in progress. As the reactor power level increases and 
the negative temperature coefficient begins to exert its influence, the inhour equation 
will no longer hold true. 

 
2.2.8  Prompt jump or drop 
 
It is important to note that when reactivity (either positive or negative) is inserted into any 
critical reactor, for a very short time the reactor behaves as if all of the additional neutrons 
were prompt. There is a sudden dramatic change in the neutron density or power, during a 
transient period followed by a steady, constant rate of change governed by the stable reactor 
period. This is illustrated in Figure 12. 
 
If a reactor is operating at a high power level (P) and suddenly the reactivity is decreased by a 
relatively large amount, there will be a large power drop, followed by a similar decrease in 
neutron density. For an extremely short period of time (fraction of a second) this drop follows 
the expression 
 

 
$1

1
$)1(
$)1()1(

P
P0

−
≅

−
β−

=
ρ−β
ρ−β

=  , 

 
where P = power or neutron density, and ρ = the reactivity used ($ in dollars). After this initial 
prompt drop, the power will decrease much more slowly due to the delayed neutrons. Delayed 
neutrons, from those fissions that occurred before this decrease in reactivity, will appear for 
quite some time. Neutron emitters with extremely short half-lives soon disappear so that the 
only neutrons still remaining are those contributed by the neutron emitter with a 55.6 second 
half-life. Under these conditions the period is given by 
 

 
 

Figure 12:  Prompt drop following a large negative reactivity insertion. 
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If a TRIGA is operating at 1 MW and is scrammed by the insertion of a control rod 
worth $2, what is the power level 10 minutes later? 

 
 eff$ β×=ρ  

 014.0007.02 −=×−=ρ  

→ 
ρ−β
ρ−β

=
P)1(P0  

  MW
014.0007.0

1)014.01(007.0
+

×+
=  

 MW338.0P0 =  (0.333 using 
$1

1
−

) . 

 
This is the power after the initial prompt drop, then: 
 

T/t
01 1ePP −=  t1  =  600 s T  =  80 s 

  80
6010

e338.0
×

=   =  8
60

338.0
−

 

watts9.186P1 =  . 

 
2.2.9  Neutron sources 
 
It is particularly important to have a sufficient number of neutrons in a reactor when it is sub-
critical or critical at a very low power. This is to ensure that the instrumentation can detect 
small changes in the neutron population (and hence keff), and that the operator always has a 
positive indication of the state of the reactor. 
 
Typically, there are a number of inherent sources of neutrons in a nuclear reactor: 
 
1. Spontaneous fission of 238U occurs, but it is generally a small source of neutrons and 

insufficient for the purposes mentioned above except in a few reactors. 
 
2. Another source of neutrons is a (γ, n) or photo-neutron reaction. One such reaction is 
 
 HnH 1

1
1
0

0
0

2
1 +→γ+  . 
 
Now, heavy water (D20) is always present (~0.0016%) in the light water (H20) of a water 
cooled reactor. Also the capture of neutrons in the hydrogen nucleus of the water 
molecules in the reactor cooling H20 yields small amounts of D20. This enhances the 
heavy water concentration. It is the D20 that makes an appreciable source of neutrons 
when there is a strong source of gamma radiation present. 
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After a reactor has been running for some time there will be a considerable build-up of 
gamma radiation from the fission products. This high gamma flux will decrease rapidly 
after shutdown because the half life of many fission products is very short. However, for 
several hours after shutdown the (γ, n) reaction with the D20 will provide a significant 
number of photo-neutrons. The amount of active fission products present in the fuel 
elements depends on how long the reactor has been operated before shut-down. 
Consequently, the number of photo-neutrons present depends upon the duration and 
power level before shutdown. This may be sufficient for reactor start-up purposes under 
some circumstances, but it is clearly not suitable for all situations. Figure 13 compares 
the relative flux from photo-neutrons after shutdown for two cases. 

 
3. A significant short-term source of neutrons is the delayed neutron emitters. The half lives 

of these fission product emitters are all less than one minute, so this source rapidly dies 
out. Fifteen to twenty minutes after shutdown the delayed neutrons are no longer 
significant. 

 

 
 

Figure 13:  Relative photo-neutron flux after shutdown. 
 
It is clear that some of the inherent sources of neutrons are useful for starting up the reactor 
soon after shutdown, however, they are not sufficient for most situations. It is for this reason 
that auxiliary neutron sources are used in most reactors. 
 
Auxiliary neutron sources usually are made by mixing an alpha or gamma emitter with 
beryllium. The reactions that produce the neutron are the (α, n) or the (γ, n) reactions with 
9Be. The binding energy of the last neutron in 9Be is sufficiently low to enable it to be ejected 
relatively easily. 
 
2.2.10  Subcritical multiplication 
 
In a sub-critical reactor, the neutron density will increase a certain amount if a neutron source 
is present. Over a period of time the sub-critical neutron density will reach a maximum value, 
which is dependent on both the source strength and the value of keff. This maximum value is 
given by 
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 MAnmax ⋅=  , 
 
where  
 
 A ... constant, which is proportional to the strength of the neutron source 
 M ... sub-critical multiplication. 
 

 
sourcetoduefluxneutronthermal

)fissionsource(fluxneutronthermaltotalM +
=  . 

 
It can be shown that after many generations the sub-critical multiplication approaches 
 

 
effk1

1M
−

=  . 

 
If the source were removed, the neutron density would approach zero. Notice, in the above 
equation, that as keff approaches 1, the denominator approaches zero, and consequently nmax, 
the maximum neutron density, and M approaches infinity, since A/0 → ∞. Notice that for keff 
to approach 1 it would require additional reactivity and that the addition of reactivity always 
increases the neutron density regardless of keff. 
 
If the reactor is almost critical, it may happen that this sub-critical multiplication of the source 
will provide enough neutrons to make the reactor appear critical. This condition is termed 
source critical. 
 
2.2.11  Sub-criticality with auxiliary neutron sources 
 
It has been said that, (1) the neutron flux in a reactor approaches an equilibrium if the reactor 
is kept critical (keff = 1, ρ = 0), and (2) that the neutron flux in a sub-critical reactor 
experiences a continued decrease, such that the neutron flux approaches zero as time goes on. 
These two statements hold true only under the (hypothetical) assumption that neutrons are 
provided from the chain reaction only (prompt + delayed), and no other (auxiliary) neutron 
sources are available. However, with the effect of the ever present auxiliary neutron sources 
the initial statement must be modified as follows: 
 
The neutron flux in a sub-critical reactor (with a constant reactivity, or constant shutdown 
margin) decreases and approaches a constant (low) level. This level is determined by: 
 

1.  Strength of the auxiliary neutron source(s) 
2.  Location of the auxiliary neutron source(s) 
3.  Value of the (negative) reactivity (shutdown margin). 

 
The purpose of the auxiliary neutron source(s) in a reactor is for safety reasons. As discussed 
before, it is desired that the minimum neutron flux in the core is large enough to be clearly 
measurable by suitably positioned detectors. 
 
It should be noted that the neutron flux distribution in a sub-critical reactor with one or more 
neutron sources is quite different from the flux distribution in a critical reactor.
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2.2.12  Initial start-up 
 
There are two general types of reactor start-up. The first necessarily consists of an initial start-
up where there is essentially no past operating history of the reactor. The second occurs when 
subsequent start-ups are made, and many of the various core parameters are known., In later 
start-ups there are in addition typically a number of other influences such as fission product 
poisons and fuel burn-up. 
 
For the initial start-up, it is very important that the approach to criticality be performed very 
slowly and carefully, as the actual mass, or number of fuel elements required for criticality is 
unknown. For this purpose, use is made of the sub-critical multiplication relationship 
discussed earlier: 
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By placing a number of additional sensitive neutron detectors around the core, such that the 
detectors are measuring source neutrons multiplied by the sub-critical fissions in the core, a 
measure of the multiplication can be obtained from the following relationship: 
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where A is a constant which is dependent on detector efficiency, etc. 
 

 
 

Figure 14:  Change of reciprocal counting rate as fuel is added. 
 
The approach to criticality then consists of loading fuel elements in steps, measuring the count 
rates on the detectors after each step and plotting 1/M as a function of the fuel mass or 
number of elements. As discussed earlier, as keff approaches unity then 1/M or S/R approaches 
zero. Figure 14 shows an ideal approach to critical curve, which enables the critical mass to 
be predicted by extrapolating the curve to the horizontal axis. 
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In practice, straight line approaches are rarely found. The exact shape of the curve depends, 
among other things, on the location of the detectors. In order to get a good measure of the 
multiplication, it is important that the line of sight between the source and the detector pass 
through as much fuel as possible. If the detector is too close to the source, the top curve of 
Figure 15 is obtained due to the fact that the detector is mainly counting source neutrons. It 
can be seen that this type of approach is dangerous because it can give unsafe estimates of 
critical mass. If the detector is far away, then the bottom curve of Figure 15 is obtained. 
Although this also produces inaccurate estimates of the critical mass, they are underestimates 
and therefore conservative. 
 

 
 

Figure 15:  Potential false predictions of critical mass due to incorrect detector placement. 
 
When this approach to critical experiment is performed, long time lapses between the step 
increases in reactivity are required in order to permit the equilibrium state to be reached. This 
is particularly important when the reactor gets close to critical. When the reactor is just 
critical, a small addition of reactivity will cause the flux or power level to continue to rise. 
The reactor is then super-critical. 
 
It should be noted that the procedure for the fuel approach to the critical experiment just 
described can also be used in a control rod approach to critical; the only difference being that 
the rod withdrawal is plotted instead of the number of fuel elements. In this case, to determine 
an exact critical position of the rods, the neutron level should be allowed to increase to a 
sufficiently high value to give accurate instrument indication, and then levelled off. As stated 
before, the critical position of the rods should be the same for all power levels, if all other 
factors remain the same. 
 
As hinted before, there are a number of reasons, other than detector location, why actual plots 
obtained with the approach to critical experiment deviate from the ideal straight line. These 
fall into one or more of the following categories: 
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1. The count rate R is not always a true measure of the reactor flux level. For example, 
counter saturation may occur when M gets to be very large. 
 
2. The horizontal coordinate may not be proportional to the real reactivity change when the 

added fuel elements have significantly different worths due to different enrichments or 
configurations into which they are inserted. 

 
3. The increase in reactivity by control rod withdrawal, or fuel addition, may constitute a 

significant change in the basic geometry involving core, source, and detector and also 
may affect the flux distribution. In particular, addition of a fuel element may bring the 
core closer to, or remove the core farther from, the source or detector. 

 
The approach-to-critical experiment when loading fuel can be carried out such that count rates 
are obtained at each reactivity insertion step, both with control rods inserted as well as with 
rods withdrawn. Theoretically, two parallel lines should be obtained, with the horizontal off-
set between the lines being a measure of the approximate reactivity worth of the control rods. 
Lines not running parallel signify a relative change in rod worth as reactivity is added (see 
Fig. 16). 
 
It should be noted that no absolute measure of reactivity, worths (control rod worth, fuel 
element worth) can be extracted from the information on the S/R-plot. 
 

 
 

Figure 16:  Reciprocal counting rate vs. fuel loading with an approximate control rod worth 
assessment. 

 
2.2.13  Criticality in the presence of a neutron source 
 
If a reactor is just critical and contains no source, it will maintain the same neutron density 
over a long period of time. If a source is added, the neutron density will rise at a constant rate. 
The increase for each second is constant and is equal to the number of neutrons contributed by 
the source in 1 second. When the source makes a substantial contribution to the total flux, 
e.g., at very low neutron levels, it’s presence cannot be disregarded. With the neutron levels 
commonly encountered in power operation the contribution of the source is insignificant 
when compared to that of fission and may, therefore, be disregarded. 
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It is neither necessary nor practical to abandon the concept of criticality as defined earlier 
(keff = 1) in the case that an external neutron source is present in the reactor core. However, 
some modifications must be made in earlier statements concerning flux-reactivity relations 
even though these modifications often remain of more academic interest in the light of 
practical reactor operation. 
 
Strictly speaking, the neutron flux in a critical reactor with an external neutron source 
increases steadily and monotonically. This is due to each neutron generation reproducing 
itself exactly (as by the definition of criticality) while the neutron source keeps on adding new 
neutrons into the chain reaction. However, the increase in neutron flux will not have an 
exponential character like a supercritical reactor, but will be closer to a linear rise. 
 
Again, strictly speaking, a reactor operating at a steady level with a neutron source is always 
(slightly) sub-critical. This is understood when considering that the deficiency in neutrons due 
to incomplete reproduction (keff < 1) is just compensated by the neutrons injected from the 
external source.  
 
Criticality plays a key role in reactor operations and safety. The reactor operator should have 
a clear understanding of the concepts discussed in this section of the manual. For example, 
consider the following two questions: 
 

 
 

Figure 17:  Effect of rod withdrawal rate on critical flux level. 
 
Question:  

If the initial start-up flux level is the same for each start-up, will the flux always be the 
same when the reactor just becomes critical? 

 
Answer:  

A definite "no". Imagine two extreme cases: one case in which the rods are withdrawn 
immediately to the point that will make the reactor critical, and another case in which 
the rods are withdrawn slowly. In the first case the flux will barely have time to change 
during rod withdrawal, so that the reactor will be critical at an extremely low flux level. 
In the second case the sub-critical multiplication will have time to increase the flux as 
the rods are slowly withdrawn. The flux when the reactor is just critical will thus be 
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considerably larger than in the first case. In other words, the rate at which the rods are 
removed will affect the flux level at which the reactor goes critical. This behaviour is 
graphed in Figure 17, which shows the flux level for two different rates of rod removal. 

 
Question:  

When a reactor is being started up, how can you tell exactly when the reactor becomes 
critical? 

 
Answer:  

You cannot! You can tell when the reactor is just super-critical by a slow but steady, 
continual exponential increase in the power (i.e., a straight line on the log power chart). 
As described before as criticality is approached, the multiplication increases and the 
flux takes longer and longer to reach equilibrium (i.e., level off on the power chart). So 
it is possible to tell when the reactor is just sub-critical, and it is possible to tell when 
the reactor is super-critical, but strictly speaking you cannot say when the reactor is 
exactly critical. 
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