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2.1 MODULE OVERVIEW 

The purpose of this module is to describe some of the more 
important reactions that neutrons can induce when they come into 
contact with nuclei of the fuel, moderator or reactor structure. 
The reactions to be considered are: 

a) Ebstic scattering: The main process by which neutrons 
are slowed to energies at whi&they will have a high 
probability of inducing fission in the fuel. The purpose 
of a moderator is to slow the neutrons down as rapidly as 
possible. A knowledge of the mechanism of elastic 
scattering is necessary if you are to understand the 
design features of the CANDU (or any other) reactor. 

b) ZneZastic scattering: While this is kss important than 
elastic scattering, it does contribute to neutron slowing 
down in the tkel, and you should be aware of how it 
operates. 

Nuclear transmutafion: This is important in the 
operation of reactor equipment such as ion chambers and 
start-up instrumentation, and in the production of certain 
radiation hazards such as nitrogen-16. 

d) ZkafMve cupture: The principal mechanism by which 
neutrons are lost before they can cause fission. The 
design of a successful reactor is crucially dependent on 
mimmizmg parasitic absorption due to radiative capture. 
From the operational poiut of view, this prolific source 
of activation products can present a serious radiation 
hazards 
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Fsdml d Fission: The importance of understanding the fission 
process is obvious, since it is this reaction that leads both 
to a release of useful energy and the possibiity of the 
chain reaction itself. Among the aspects of direct 
operational significance are: fission in U-235 and 
Pu-239, and the role of Pa-239 in extending the life of 
the fuel the production of tission products and their 
importance as neutron absorbem, prompt and delayed 
tission neutrons, which determine how reactor power 
responds to changes imposed by the control system. 

2.2 MODULE OBJECTIVES 

After studying this module, you should be able to: 

ii) 

iii) 

iv) 

v) 

vi) 

vii) 

Explain what is meant by elastic scattering, and how this 
process depends on the angle of scattering and the mass 
of the scattering nucleus. 

Describe what happens in inelastic scattering, giving an 
example of the process. 

Describe what haipens in nuclear transmutation, giving 
an example of the process. 

Describe what happens in radiative capture, giving an 
example of the process. ~ 

Diierentiate behveen spontaneous and induced fission. 

Differentiate between thermal and fast fission, and list 
the mrclides for which each type is important in CANDU 
fuel. 

h?iuthtmgbtuce bbilial bainfmnee fundamentaW22106 nuclear themykiestem~l~ 
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viii) 

ix) 

Stam iive important consequences of fission product 
production in the fuel. 

xi) Differentiate between prompt and delayed fission 
neutrons, and explain how the latter originate. 

xii) 

xiii) 

Define the quantities p and v. 

Calculate the energy released in a specified mode of 
fission, given the masses of the nuclei involved. 

xiv) List the various forms in which the energy released in 
fission may appear, and the parts of the reactor in which 
each is deposited. 

xv) Estimate. the rate at which uranium is being burnt up for 
a given reactor power level. 

xvi) Explain the process of photoneutron production and 
state why it is important in reactor operation. 

2.3 NUCLEAR REACTIONS 

Describe the process by which Pu-239 is produced in a 
CANDU reactor. 

State why fission products frequently decay by beta 
emission. 

Nuclear reactions can occur when a particle, such as a neutron, 
proton, or a gm photon, strikes a nucleus. Charged nuclear 
particles, such as protons, deutcrons (deuterium nuclei), and 
alpha particles need to have a large amount of energy (several 
MeV) before they arc able to overcome the Coulomb repulsive 
forces and enter a nucleus. 
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Neutrons, however, are not charged and are therefore able to 
interact with nuclei very effectively, even when they have very 
little energy. In fact, generally speaking, there is a greater chance 
that a reaction will occur with low rather than high energy 
neutrons, because the former are in contact with the nucleus for a 
greater length of time. 

The operation of a reactor depends on how neutrons react with 
nuclei in the reactor. It is therefore necessary to analyze these 
reactions, called neutron reactions, in some detail. Although 
there are well over a dozen known neutron reactions, we need 
only consider the five covered in the following sections. 

2.4 ELASTIC SCATTERING 

For reasons that will be discussed in ModuIe 4, it is necessary to 
incorporate in the reactor a substance called a moderator. By a 
process known as elk&c scoffer& the moderator slows high- 
speed neutrons generated in the fission process to much lower 
energies. 

In an elastic collision of a fast neutron with a nucleus, the neutron 
strikes the nucleus and rebomds with reduced kinetic energy. 
The distinguishing feature of an elastic collision, however, is that 
the total kinetic energy before the collision is equal to the total 
kinetic energy ajler the coUisiott. 
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Neutron 

\ 

Figure 2.1: Elastic Collision 

In Figure 2.1, for example, a neutron travelling at a speed v, 
strikes a stationary nucleus of mass A and bounces off with a 
s@ vz. Since some of the kinetic energy of the neutron is 
transfed to the nucleus, which rec6ils at speed v, vz must be 
less than v,. Since the collision is elastic, however, the kinetic 
energy gained by the nucleus must be equal to the kinetic energy 
lost by the neutron. 

The fraction of the initial energy that a neutron transfers in such a 
collision c@pends on two factors: 

i) the angle through which the neutron is deflecti, 

ii) tie mass, A, of the target nucleus. 
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El&c Kallefing Maximum energy transfer occurswhen the neutron hits the 
nucleus head-on, and the minimum amount of energy is 
transferred when the collision is a glancing one. The pool sharks 
among you will be well aware of how one can select the amount 
of energy transfer by choosing the angle of collision 
appropriately. When neutrons bounce around in a reactor, of 
course, the angles at which they hit the nuclei are quite random. 
That is why we say that the neutron is mzitered in the process. 
Collisions in which Et&c energy ti conserved are therefore 
instances of ehtic scmering. 

The lighter the target nucleus, the greater (on average) the 
fraction of energy that a neutron will lose in these collisions. 
This is the reaction by which fast neutrons are slowed down in 
the moderator. Thus, the moderator nuclei should be light (that is 
m atomic mass number iess than 16 or so) in order to slow the 
neutrons in as few collisions as possible. Otherwise the neutrons 
must travel large distances before they are slowed down and the 
reactor must therefore be larger. To emphasize this point, 
Table 2.1 shows the average nmber of elastic collisions neutrons 
must make in various materials to slow down from 2 MeV (the 
average energy with which they are produced at fission) to 
thermal energy, that is, the energy at which the neutrons have the 
same average kinetic energy as the atoms or molecules with 
which they are colliding. At room temperature, thermal energy is 
about 0.025 eV. Neutrons at this energy are known as &eti 
neutrons, in contrast to those produced in the tission process, 
which are called fast neutrons. 

Note that for a heavy nucleus, such as U-238, a very large 
mrmber of elastic collisions would have to occur before the 
neutron would be slowed down to thermal energy. For heavy 
water on the other hand, the neutron loses on average about 40% 
of its kinetic energy in each collision, and so an average of only 
36 collisions is requhed to tbermalize neutrons (that is, to slow 
them down to 0.025 eV). 

wda2 Pa2s2 
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Table 2.1 

Average neutron energy lass per collision during thermakation. 

Average energy loss Average number of 
Material per colliiion(%) collisions to 

thermalize 

‘H 65 16 

*H (deuterium) 52 25 

Hz0 (light water) 6g 20 

DzO (heavy water) 40 36 

‘t (graphite) 15 115 

=tJ 0.6 2172 

2.5 INELASTIC SCAlTERlNG 

This is a more complicated process than elastic scattering 
because, instead of simply bouncing off the nucleus, the neutron 
actually enters the nucleus to form, for a very brief period (about 
l~“seconds), what is called u coq~ound nu&us. For a 
collision of a neutron with U-238, as shown in Figure 2.2, the 
short-lived compound nucleus is U-239. This immediately emits 
a neutron (any one) and u gtzmmuphoton, reverting to U-238. 
The process still results in a slotig down of the neutroc since 
the energy associated w$b the gamma ray must,be obtained at the 
expense of the kinetic energy of the neutron. 

July, lgg7 (R-l) 
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N o t e s  &  R e f e r e n c e s  

0  
N e u t r o n  

““.--.“.“.__.-.“-._“.-.“__-“.__...~._.”.”_~.”__._,--..__ . . . . . .._. _ . . . . . . . . . “ . . . “ . _ _ . “ “ ”  . _ . . . . .  _ . _ . . . “ ”  .  .  “ _  .  .  .  .  .  .  “ .  

T h e  w o r d  ‘ k c a t t e t i g ”  i s  a g a i n  a p p r o p r i a t e  b e c a u s e  t h e  d i r e c t i o n  
o f  t h e  e m i t t e d  n e u t r o n  i s  q u i t e  a r b i t r a r y .  A n  i m p o r t a n t  d i s t i n c t i o n  
b e t w e e n  e l a s t i c  a n d  i n e l a s t i c  s c a t t e r i n g  i s  t h a t  t h e  f o r m e r  c a n  
o c c u r  a t  a n y  n e u t r o n  e n e r g y ,  w h e r e a s  i n e l a s t i c  s c a t t e r i n g  c a n  o n l y  
t a k e  p l a c e  i f  t h e  i n i t i a l  k i n e t i c  e n e r g y  o f  t h e  n e u t r o n  e x c e e d s  
s o m e  t h r e s h o l d  e n e r g y  ( + 4  k e V  f o r  U - 2 3 8  a n d  1 4  k e V  f o r  
U - 2 3 5 ) .  F o r  h e a v y  n u c l e i ,  t h e  t h r e s h o l d  e n e r g y  t e n d s  t o  b e  
a r o t m d  0 . 1  M e V  o r  l e s s ,  b u t  f o r  l i g h t  n u c l e i  i t  c a n  b e  i n  t h e  o r d e r  
o f  s e v e r a l  M e V .  T h e  r e a s o n  f o r  t h e  e x i s t e n c e  o f  a  t h r e s h o l d  l e v e l  
i s  t h a t  t h e  n e u t r o n  m u s t  c o n t r i b u t e  a t  l e a s t  e n o u g h  e n e r g y  t o  r a i s e  
t h e  n u c l e u s  t o  i t s  f i r s t  e x c i t e d  s t a t e  f o r  a  g a m m a  r a y  t o  b e  e m i t t e d .  
T h e  e x c i t e d  l e v e l s  i n  a  h e a v y  n u c l e u s  a r e  r e l a t i v e l y  c l o s e l y  
s p a c e d  a n d  c o n s e q u e n t l y  i t  h a s  a  l o w e r  t h r e s h o l d  e n e r g y  t h a n  
l i g h t  n u c l e i .  

W e  c a n  i g n o r e  i n e l a s t i c  s c a t t e r i n g  e v e r y w h e r e  e x c e p t  i n  t h e  f u e l  
i t s e l f ,  s i n c e  o n l y  t h e r e  w i l l  t h e  n e u t r o n  e n e r g i e s  b e  l a r g e  e n o u g h  
f o r  i t  t o  o c c u r .  

J u f y ,  1 0 9 7  ( R - l )  
1 - b ~  b W t i a l  t r a i n h g k c i e n c e  f m d a m e n t a & ~ O 6  t i u c i e a r  t h s o @ m a s t e r s ~ u & 2 1 0 6 & -  
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2.6 NUCLEAR TRANSMUTATION 

Instead of re-emitting a neutron as in inelastic scattering, the 
compound nucleus formed by neutron capture may emit a proton 

- or an alpha particle. Since the nucleus loses one proton in the 
fmt case and two in the second, the residual nucleus is that of a 
different element. The process is therefore known as nz&eur 
transmm’utiim. As an example, the transmutation of oxygen-16 
to nitrogen-16 by high-energy neutrons is shown in Figure 2.3. 

. . _..““““” . . . “_ .._... _-_.___ ..-. “.“_.” -.--- “-___-“...“_““.-“-“.” . . . ___“.____ . . . 

0 -& 
becomes 

@S-o 

l neutron + ‘:O ‘;N + : proton 

Figure 2.3: Transmutation (n,p) 

.._..__-._..._- ----- “~--~~“~~~-._-~~-_“--__..__ 

This reaction may be written as 

&t+‘@+‘~N-i-~p 

or, more briefly, by the notation 

“0 (n,p) “N 
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This reaction is of some importance in the operation of the 
reactor since the nitrogen-16 emits beta particles and associated 
high-energy gamma radiation (up to 7 MeV). The resulting 
radiation hazard is present in any region containing oxygen-16 
that has recently been exposed to high-energy neutrons. For 
example, oxygen-16 is present in water (either KO or D*O), and 
if this water has recently flowed through the reactor, some of the 
oxygen-16 will have been changed to nitrogen-16. Fortunately, 
the half-life of nitrogen-16 is only about 7 seconds, so that its 
activity decays rather rapidly. 

Although transmutation reactions+t,p) or (n&-are relatively 
rare, two other examples are of particular interest to us: 

B - l 0  ( n ,  c c )  L b 7 :  Reactor instrumentation (ion chambers) which 
monitors the neutron population in a reactor utilizes this reaction. 
The reaction releases 2.5 MeV of energy, which appears as 
kinetic energy of the lithium nucleus and the alpha particle. The 
nuclear and alpha particles lose this energy by pmducing a large 
amount of ionization in the counter-ionization that can easily be 
detected, even in the high gamma radiation background of a 
reactor environment. Boron is also used for reactivity control, 
and allowance has to be made for the gradual change in the 
proportions of the boron isotopes since boron-10 is burnt up by 
this reaction. 

He-3 (n,p) H - 3 :  T h i s  is an almmative to the boron reaction and 
is used as the basis for high-sensitivity instrumentation 
sometimes employed for the initial start-up of a reactor. , ,  

J u l y ,  l g g 7  ( R - l )  



_~ 2.7 RADIATIVE CAPTURE 

The most common neutron reaction of all is rudtive capture, 
abbreviated as (n,$. Here, the compound nucleus (formed when 

’ the neutron is captured) gets rid of ail its excitation energy by 
emitting a gamma ray. Since, in contrast to the inelastic 
scattering case, the neutron is not re-emitted, the nucleus k 
converted into a higher ibotope of the same element. Radiative 
capture can occur for practically all types of nuclei and at all 
neutron energies. Generally speaking, this is more probable for 
slow neutrons than for fast neutrons. 

An example of this type of reaction is shown in Figure 2.4, which 
explains how tritium (hydmgen-3) is produced in heavy water 
reactors. 

_._.-.-- ---.- ------_-- _“__..__...“_.._” 

fH 
Figure 2.4 Radiative Capture (by) 



Radiative capture is important for three reasoi~s: 

a) Parasitic absorption 

Many substances absorb neutrons fairly readily by this 
process. Non-fuel matetials used in a reactor must be 
restricted to those which have very low probabilities of 
radiative capture, otherwise too many neutrons would be 
lost and the chain reaction could not be maintained. 

bl Conversion of U-238 to Pu-239 

Generally, non-fission neutron capture in core materials 
is undesirable. Howkver, if the non-fission capture is by 
U-238 (producitig U-239), there is a bonus in the 
subsequent transformation of the U-239 to Pu-239 by 
two successive beta decays, as shown in Figure 2.5. 
Pu-239 is a fissile nuclide and its creation extends the 
life of the fuel. 

=U 
92 

+” -2=lJ +y 
92 

Half life = 24m 

.\ 

.==NP +b 

Half life = 2.4d 

.\ 

2GPu +b 

Figure 2.5: Production of Pa-239 

‘. 
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cl Activation of materials in core 

The nucleus formed by radiative capture is usually 
radioactive and may present a radiation hazard. For 
example, corrosion products circulated by the heat 
transport system will be activated as they pass through 
the reactor core. When they later plate out, the entire 
heat transport system becomes a radioactive hazard and 
will temain so even if the reactor is shut down (that is, if 
the neutron source is mmoved). In CANJXJ reactors, 
cobalt-60, manganese-56, and copper-64 are the three 
most troublesome of these plated-out activation 
products. 

2.8 FISSION 

The final reaction we will consider is calkdji.rsior~ The word is 
borrowed from the biologists, who use it to describe the breaking 
up of a cell into two new ones. FVoduction of nuclear power 
relies on the fact that some nuclei will undergo fission, and that 
energy is released during this ftssion process because some mass 
is converted to energy and then released (see Section 1.7). There 
are two types of fission: qonfuneous and k&ced. 

bWtial trainin~nce fundarnentals~l06 nudear 
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2.8.1 Spontaneous Fission 

In this reaction, a nucleus breaks up entirely spontaneously, 
without any external cause. It is quite a rare reaction, generahy 
only possible for nuclei with atomic masses of aromd 232 II or 
more. As the atomic mass number, and therefore the charge on 
the nucleus increases, spontaneous fission becomes more and 
more probable. (One could argue that there is an infinite number 
of heavy elements which do not exist, because they are not stable 
against spontaneous fission decay). Table 2.2 shows the 
spontaneous fission and, for comparison, the alpha decay rates of 
the U-23.5 and U-238 isotopes. 

U-235 

u-239 

Half-life (a) 

(Yaars) 

7.1 x lti 

4.5x IO’ 

TABLE 2.2 

Half-life (s.f.) a decay rate s.f. decay rate 

(years) (atomskkg) (atoms/s/kg) 

1.9 x 10” 79x10’ 0.3 

9.0 x 1 O’$ 12x10’ 6.9 

The rate of spontaneous fission is so low that it plays an 
insignificant part in the production of power (it contributes only 
about lOen% of the full power output of a typical reactor). 
Nevertheless, it is of some importance because the spontaneous 
fission of a uranium nucleus is usually accompanied by the 
emission of a few neutrons, which constitute a small neutron 
source which is always present, even when the reactor is shut 
down. This has implications for processes such as the flit fuel 
loading of a reactor core. If the system were inadvertently to 
become sqrercritical (see Section 4.3). the spontaneous fission 
neutrons would provide a source which could be multi&ied to 
give a large and rapid power excursion. A similar situation’could 
occur if supercriticality were attained in a fuel storage facility for 
enriched fuel. 

Mod&2 P&f&f6 
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On the other hand, the presence of a neutron source from 
spontaneous tission can be useful in maintaining a sufficient 
fission level to preserve a reading on the power-monitoring 
instrumentation in the shutdown condition, an important safety 
feature. 

2.8.2 Neutron-Induced Fission 

Certain heavy nuclei can be induced to undergo fission as a result 
of capturing a neutron. When a neutron is captured, the 
compound nucleus formed acquires an internal excitation energy 
(see Section 1.7) equal to the sum of the binding energy of the. 
neutron to that nucleus and any kinetic energy the neutron 
possessed before its capture. If this internal excitation energy 
exceeds a threshold value known as the cri!ical eneqy, the 
nucleus will undergo fission. 

For most heavy nuclei, the kinetic energy of the incoming 
neutron must be very high before fission can occur. We will 
therefore restrict our discussion to those nuclei which can 
undergo fission with neutrons having the sort of kinetic energy 
typical of a reactor neutron. In practice, we are then dealing with 
neutrons ranging from 10 MeV down to thermal energies. 

July, lQS7 (I+11 
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2.8.3 Practical Fission’ Fuels 

The only nuclei of practical importance to us are the U-235 and 
U-238 isotopes of uranium and the Pu-239 and Pu-241 isotopes 
of plutonium. U-235 will undergo fission with neutrons of uny 
energy; in fact, fission of U-235 with thermal neutrons (&TIP& 
fisk~n) is much more probable than rission with fast neutrons 
(fast fission). Pu-239 and Pu-241 also undergo fission with 
neutrons of any energy. These three nuclides are said to be 
jT.rriZe. U-238, on the other hand, will only undergo rission with 
neutrons whose kinetic energy is greater than about 1.2 MeV; 
U-238 and other nuclides with a similar threshold energy are said 
to bejks&ubZe. U-238 makes only a small direct contribution 
(about 3%) to the power produced in a CANDU reactor. 

Note: Fissile describes a nucleus that cau be fwioned 
by thermal neutrons. A fissiie nucleus can aIso be 
throned by neutrons of any eneqy. 

Natural uranium contains only U-235 (0.72%) and U-238 
(99.28%). Over a period of reactor operation, F’u-239 as well as 
some Pu-241 will be built up in the fuel as a result of neutron 
CaphUe. 

Pu-239 is tissile like U-235. If it does not undergo fission, it may 
capture a neutron to form Pu-240. Although this is fissionable, it 
is much more likely to capture another neutron to form fissile 
Pu-241. A significant fraction of the total power produced by 
fuel during its life in our reactors is due to tission of the tissile 
plutonium isotopes. We will deal with this in more detail later in 
the course. 



2 . 8 . 4  F i s s i o n  P r o d u c t s  

A  t y p i c a l  neutron-induced f i s s i o n  i s  s h o w n  i n  F i g u r e  2 . 6 .  A  
n e u t r o n  i s  c a p t u r e d  b y  a  n u c l e u s  o f  U - 2 3 5 ,  f o r m i n g  t h e  
c o m p o u n d  n u c l e u s  U - 2 3 6  w h i c h ,  i n  t h i s  p a r t i c u l a r  c a s e ,  s p l i t s  u p  
i m m e d i a t e l y  t o  y i e l d  a  n u c l e u s  o f  X e - 1 4 0  a n d  a  n u c l e u s  o f  S r - 9 6 .  
T h e  p a r t i c u l a r  m o d e  o f  f f i s i o n  i l l u s t r a t e d  i s  o n l y  o n e  o f  m a n y  
p o s s i b l e  w a y s  i n  w h i c h  t h e  n u c l e u s  m a y  s p l i t  u p .  T h e j Z . r s t i n  
j k r g m e n t s  X e - 1 4 0  a n d  S r - 9 6  a r e  t w o  o f  a b o u t  3 0 0  n u c l i d e s  t h a t  
a r e  k n o w n  t o  b e  f o r m e d  i n  f i s s i o n .  F i g u r e  2 . 7  s h o w s  t h e  r e l a t i v e  
f r e q u e n c y  o f  o c c u r r e n c e  f o r  n u c l i d e s  o f  s p e c i t i c  m a s s  n u m b e r s .  
p r o d u c e d  a s  f i s s i o n  f r a g m e n t s .  S u c h  a  c u r v e  i s  k n o w n  a s  a  
j ? , r s k ~ ~  y k r k f  c u r v e  ( a s  t w o  f r a g m e n t s  a r e  p r o d u c e d  p e r  f i s s i o n ,  
t h e  a r e a  u n d e r  t h e  c u r v e  a d d s  u p  t o  2 0 0 % ) .  Y o u  c a n  s e e  t h a t  b o t h  
f i s s i o n  f r a g m e n t s  a r e  l i k e l y  t o  c o n s i s t  o f  a  s u b s t a n t i a l  p i e c e  o f  t h e  
o r i g i n a l  n u c l e u s .  T h e y  a r e  l i k e l y  t o  h a v e  m a s s  n u m b e r s  b e t w e e n  
7 0  a n d  1 6 0 ,  w i t h  t h o s e  a r o u n d  9 5  a n d  M O  t h e  m o s t  p r o b a b l e .  N o t e  
t h a t  s y m m e t r i c a l  f i s s i o n  ( e q u a l  f r a g m e n t s )  i s  q u i t e  r a r e .  

F i g u r e  2 . 6 :  O n e  o f  m a n y  p o s s i b l e  w a y s  i n  w h i c h  a  U - 2 3 5  
n u c l e u s  c a n  s p l i t  a s  a  r e s u l t  o f  f i s s i o n  

N o t e e  &  R e l e r e n o e e  
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Figure 2.7 Fission Yield of U-235 and ti-239 
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The fission fragments are ahnost invariably radioactive. The 
reason for this is that the neutron/proton ratio of the fragments is 
about the same as that of the fissioned nucleus: and this is too 
high for stabi@ at medium mass numbers (see Figure 1 S). The 
fragments will therefore try to reduce their N/Z ratio by 
successive beta decays (accompanied by gamma emissiofi) until 
stability is reached. A typical decay chain is shown in Figure 2.8. 
(Ignore the two neutrons resulting from the fission for the 
moment - we will deal with these in the next section). 

July, 1997 (R-l) 
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- “+*gll - E + n + y (from precuwxs of Xe-139 and/or SF95) 

Figure 2.g: Fission F’roduct Decay Chains 

, 
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All members of the decay chains (including the original fission 
fragments) are known asfi&on produefi. The great majority of 
fission products have half-lives in the range from fractions of a 
second up to about 30 years. (It is this activity that causes so 
much concern in atomic bomb fallout). There are five important 
consequences of the production of fission products in the fuek 

a) Fission products must be held in the fuel by an encasing 
sheath, so that they do not enter the heat transport 
system and hence leave the reactor core. As long as the 
fission products remain in the fuel and the tie1 remains 
adequately shielded, there is no biological risk. Since 
many fission products have long half-lives, their 
presence in the heat transport system would be a 
radiation haxard which would prevent access to 
equipment even when the teactor is shut down; 

Heavy shielding is required around the reactor to avoid 
exposure to gamma radiation emitted by the fission 
products; 

July, lQ97 (R-l) 
huthfmgUxuce bWtial fraini~nce fundamenfalsk2106 nuclear 
~vaanuas221 o6-trn-024 .dac 
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Fuel must be changed remotely and special precautions 
must be taken in handling and storing spent fuel; 

d) Some of the fission products have a high aftlnity for 
neutrons and thereby potion the reactor. The two most 
important poisons are Xe-135 and Sm-149. They are 
produced in a relatively high percentage of tissions, and 
capture a significant number of neutrons; 

e) The creation of delayed neutron precursors (see next 
section). 

2.8.5 Prompt and Delayed Neutron Emission 

The fission fragments are produced in an excited state and will 
tend to get rid of their excitation energy by emitting gamma rays 
and neutrons (known asfision netins). When fission takes 
place in a reactor, most of the tission neutrons will be emitted 
almost immediately (-W’ set) after the tission takes place; 
these are known asprompt ner&one, while the gamma rays are 
CaUed prompt galtunas. The numbfx of neutrons emitted 
following fission is variable, but the most probable yields are 2 or 
3 neutrons per fission. It is the existence of these fission neutrons 
that makes it possible to maintain a self-sustaining ckuk 
reaction, in which the fission neutrons from one generation of 
iissions are used to cause the next gene&n offisions. 

The energy distribution of prompt neutrons is shown in . 

Figure 2.9. The average kinetic energy with which these are 
emitted is about 2 IvIeV, although the most probable energy is 
only 0.72 MeV. 

iAmW&@bm bMtial trainingkhce fundamentals~ig6 nuclear theo@masteshm~~~~Og-tm- 
gg-rl .doc 
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Fignre 2.9: Energy distribution of prompt fission neutrons 

In most cases, a nucleus formed by fusion does not have 
sufficient excitation energy to throw off a neutron, but instead 
decays by beta emission (as mentioned earlier, this method of 
changing one neutron into a proton is an alternative way for the 
nucleus to reduce its complement of neutrons). In a few cases, a 
neutron may be emitted by the nucleus created by the be&a 
decoy. One sequence which can lead to this process starts witb 
Br-87, which decays with a half-life of 55 s to form Kr-87 
(Figure 2.10). The excitation energy of the fi-87 nucleus 
resulting from the beta decay may be high enough to allow it to 
decay by emitting a neutron. Although this will happen virtually 
instantaneously with the formation of the Kr-87, there will 
obviously be a delay between the occurrence of theJ?ssion and 
the emission of the neutron. Neutrons produced by this process, 
in fact, will appear at times governed by the 55second half-life 
of the Br-87. Nuclides such as Br-87 are therefore known as 
delayed neubvn precureore. The neutrons which are produced 
by nuclides such as Kr-87 are called delayed neutrons. 

July, 1997 (R-l) 
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g Br (55s) 

Figure 2.10: Production of delayed neutron from BP87 (normsl 
beta-gamma decay mode also shown) 

Thus far, only about a dozen of the delayed neutron precursors 
have been identilkd. Among those most well known, irraddition 
to Br-87, are Br-88 (half-life 16 s) and I-137 (h&life %I s). -As we 
will see in Module 8, the kinetic response of the reactor depends 
strongly on the ptqortions and half-lives of the various delayed 
neutron precursors. Fortunately, although it has not been 
possible to identify all of these, it turns out that their overall 
behavior can be approximated well enough by an empirical 
division into six group$, each with a single half-life. The half- 
lives and percentage yields of the six groups assumed for the 
fission qf U-235 are given in Table 2.3. 
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T a b l e  2 . 3  

D e l a y e d  f i e u t r o n  p r e c u r s o r  g r o u p s  f o r  U - 2 3 5  f i s s i o n  

P r e c u r s o r  g r o u p  H a l f - f i f e  ( s e c o n d s )  R e l a t i v e  y i e l d  ( % )  

1  5 5  4  

2  2 2  2 1  

3  6  1 9  

4  2 . 2  4 0  

5  0 . 5  1 3  

6  0 . 1 3  3  

N o t e :  A v e r a g e  h a l f - M e  i s  a p p r o x i m a t e l y  9 . 9  s ,  c o r r e s p o n d i n g  t o  a n  

a v e r a g e  d e c a y  c o n s t a n t  ( k )  o f  a p p r o x i m a t e l y  0 . 0 9  6 ’ .  

F o r  t h e r m a l  f i s s i o n  o f  U - 2 3 5 ,  t h e  t o t a l  c o n t r i b u t i o n  o f  a l l  t b e  
d e l a y e d  n e u t r o n s  ( c a l l e d  t h e  delizyed neutron&&m, fl i s  o n l y  
0 . 7 0 %  o f  t h e  t o t a l  n e u t r o n s  p r o d u c e d  i n  f i s s i o n .  F o r  P u - 2 3 9 ,  t h e  
d e l a y e d  n e u t r o n  f r a c t i o n  i s  e v e n  s m a l l e r ,  a t  0 . 2 3 % .  D e s p i t e  t h e  
f a c t  t h a t  t h e s e  f r a c t i o n s  a r e  s o  s m a l l ,  t h e  v e r y  e x i s t e n c e  o f  
d e l a y e d  n e u t r o n s  i s  t h e  f a c t o r  t h a t  m & e s  i t  p o s s i b l e  t o  c o n t r o l  a  
n u c l e a r  r e a c t o r  a t  a l l ,  a s  w i l l  b e  s e e n  i n  M o d u l e  8 .  

A s  m e n t i o n e d  e a r l i e r ,  t h e  n u m b e r  o f  n e u t r o n s  e m i t t e d  f o l l o w i n g  a  
f i s s i o n  i s  a  v a r i a b l e  q u a n t i t y .  T a b l e  2 . 4  p r o v i d e s  t h e  p r o b a b i l i t y  
o f  a  p a r t i c u l a r  n u m b e r  o f  n e u t r o n s  b e m g  e m i t t e d  i n  t h e  t h e r m a l  
f i s s i o n  o f  a  n u c l e u s  o f  U - 2 3 5 .  T h e s e  n u m b e r s  i n c l u d e  b o t h  
p r o m p t  a n d  d e l a y e d  n e u t r o n s .  
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T a b l e  2 . 4  

N e u t m n  e m i s s i o n  i n  t h e m a l  f i s s i o n  o f  U - 2 3 5  

N u m b e r  o f  n e u t r o n s  N u m b a r  o f  c a s e s  p a r  1 0 0 0  f i s s i o n s  

e m i t t e d  ( a p p r o x i m a t e )  

0  3 2  

1  1 5 4  

2  3 4 1  

3  3 2 1  

4  1 2 6  

5  2 2  

6  i  

The average number of neutrons emittedperjission is a very 
important quantity in reactor physics (Table 2.5). It is usually 
denoted by the Greek letter v (pronounced “new”). For thermal 
fissions of U-235, ~2.43: (Fast fissions, i.e., fissions caused by 
fast neutmns, usually produce marginally more fission neutrons.) 
It is also interesting to cornpa the number of neutrons releasd 
per thermal fission of Pu-239 and Pu-241 since both of these 
plutonium isotopes build up in our fuel after a while. 

Table 2 . 5  

V a l u e  o f  v  f o r  t h e r m a l  f i s s i o n s  

F s s i l e  N u o l e u s  ”  

u - 2 3 5  2 . 4 3  

P u - 2 3 9  2 . 6 9  

P u - 2 4 1  2 . 9 3  

- 2 ~ w *  
J u t y ,  1 9 9 7  ( R - l )  
k k M m g % r u c a  b W t i a l  W a f n i n g W e n c a  
g 2 - r l  . d o c  
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Table 2.4 

Neutmn emission in themal fission of U-235 

Number of neutrons Numbar of cases par 1000 fissions 

emitted (approximate) 

0 32 

1 154 

2 341 

3 321 

4 126 

5 22 

6 i 

The average number of neutrons emittedperjission is a very 
important quantity in reactor physics (Table 2.5). It is usually 
denoted by the Greek letter v (pronounced “new”). For thermal 
fissions of U-235, ~2.43: (Fast fissions, i.e., fissions caused by 
fast neutmns, usually produce marginally more fission neutrons.) 
It is also interesting to cornpa the number of neutrons releasd 
per thermal fission of Pu-239 and Pu-241 since both of these 
plutonium isotopes build up in our fuel after a while. 

Table 2.5 

Value of v for thermal fissions 

Fssile Nuoleus ” 

u-235 2.43 

Pu-239 2.69 

Pu-241 2.93 

-2~w* 
Juty, 1997 (R-l) 
kkMmg%ruca bWtial WafningWenca 
g2-rl .doc 



2.8.6 Energy Release in Fission 

A little over 200 MeV of energy is liberated, on average, when a 
U-235 nucleus undergoes fission. We can ilhtstrate this by 

. considering the typical fission described in Figure 2.6: 

~U+~n+$%+‘~Xe +2Jz 

We can find the energy release in the fission by calculating the 
total mass on each side, subtracting the final mass from the initial 
one, and converting to MeV. The masses of the nudei involved 
(obtained from standard tables of utomic masses by subtracting 
the total mass of the electrons in each case) are: 

=%J * 234.9934 u 

$Zr 94g984 u 

‘ZXe 138.8890 II 

Taking the mass of a neutron to be 1.0087 u, the masses involved 
are: 

Total mass before fission = 234.9934 + 1.0087 

=236,0021 u 

Total mass after fission = 94.8984 +138.8890 + 2.0174 

= 235gO4g u 

Hence, mass loss =0.1973 u 

Energy released when fission occurs =0.1973x931.5 

= lg4 MeV 
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What we have calculated is the energy released immediately ufier 
thefission occurs. This energy appears in the form of recoil 
kinetic energy of the fission fragments, kinetic energy of the 
prompt neutrons, and energy of the prompt gammas. In order to 
find the totaZ energy generated as a result of the fission having 
occurred, we have to add in the energy that is gradually released 
in subsequent beta decays of the fission products. This energy 
appears in the form of the kinetic energy of the beta particles and 
neutrinos produced in the decays, together with any gamma rays 
emitted in the process. In the example considered here, it can be 
shown that the amount of energy generated by the subsequent 
radioactivity of the fission products amounts to about 24 MeV. 
The total energy released as a result of the fission is therefore 1 g4 
+ 24 = 208 MeV. 

When averaged over all the various possible modes of 
disintegration, the meun energy release from U-235 fission is 
approximately 205 MeV. 

The way this energy is partitioned among the various components 
of the fission process is shown in Table 2.6. 

Table 2.6 

Appmximate disttibution of fission energy release in U-235 

Kinetic energy of lights+ fiiion fragmsnt 1OgMeV 

Kinetic energy of heavier fission fragmsnt 69 MeV 

Kinetic energy of fmion neutmns 5 MeV 

Energy of prompt gamma rays 6 MeV 

Beta patticfe eneqy grad&y released from fissbn 6 MeV 

Pmducts 

Gamma ray eneqy gradually refeased from f&ion 

pmducts 

6 MeV 

Neutrinos (energy escapes from reactor) 11 MeV 

Total 2g5 MeV 

July, lQQ7 (FM) 
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Although the neutrinos escape without depositing any energy in 
the reactor, this is partly compensated by the fact tbat some of the 
fission neutrons, even after losing all their kinetic energy, 
produce (n, y) reactions with materials in the reactor. An average 
energy per fission of about 8 MeV is released in such reactions. 

* Consequently, the total amotmt of energy produced in a reactor 
per fission is always within a few MeV of 200 MeV. 

Not all of the energy generated by tissions in the reactor is 
available as u s e f u l  heat, since some of it is not deposited in the 
fuel or coolant. The way in which the energy from the various 
sources is distributed in the reactor is summark below. 

Source 

Fission fragments 

Kinetic energy of fission 
neutrons 

Beta particles from fission 
product decay 

F’tompt gammas, and gammas 
from fission product decay 

L o c a t i o n  of heatfug 

Fuel pellets (fragments slow 
down in a distance of a few pm). 

Mostly transferred to moderator 
by collisions with moderator 
atoms. 

Fuel pellets and cladding. 

Throughout reactor and its 
shielding. (About one third 
deposited in moderator). 

c o w s e  W l W  

t o t e a  i t  R s f e r s n o s s  
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The energy transferred to the moderator is essentially waste heat 
which has to be rejected. Once the reactor has been running 
steadily for some time, the fission products will have built up to a 
level such that approximately 7% of the heat in the reactor is 
generated by tission product decay. This has a major effect on 
reactor design since, even when the fission reaction is shut down, 
there is a substantial heat source in the core which decays 
relatively slowly over a long period of time. The cooling system 
must be adequate to cope with this decay heat under normal 
shutdown conditions: In addition, it is essential that in the event 
of a loss of the normal cooling, a reliable emergency core cooling 
system is available to prevent damage to the fuel from this decay 
heating. It was a faihue to maintain this emergency core cooling 
that led to extensive damage to the core of the Three Mile Island 
PWR in 1979. 

2.8.7 Reactor Power and Fuel Consumption 

Taking the useful energy release per fission of a U-235 nucleus to 
be 200 MeV, it can be deduced that the rate of fissioning required 
to maintain each watt of power is 

I wurr + 3.1 X Wjissiods 

A convenient practical unit for specifying heat energy production 
is the megawattday (MWd). Using the above conversion, it can 
be shown that the production of 1 MWd of heat energy requires 
the fissioning of approximately lg of U-235. 

Assume that we have a CANDU reactor which, at full power, 
generates 1,744 MW from fusion (540 MW gross electrical 
power). The quantity of U-235 that would have to undergo 
fission to maintain the reactor at full power for a day would 
therefore be 1,744 g or 1.74 kg. 



Since the proportion of U-235 in natural uranium is only 0.72%, 
it might, at fmt sight, seem that the rate of consumption of 
natural uranium for the reactor would be 1.74/0.0072 or 242 kg 
per day (about 13 bundles per day). Two factors mod@ this 
estimate, however: 

As we shah see later, only about 86% of the neutron 
absorptions by U-235 lead to fission; the remainder lead 
to the production of U-236 by radiative capture. The 
rate of destruction of U-235 is therefore greater than the 
fission rate by a factor of 110.86 = 1.16. The total rate at 
which natural uranium is being burnt up if it produces 
power at the given rate is therefore 242 x 1.16 = 280 kg 
per day (about 15 bundles per day). 

ii) The second factor affecting the rate at which new duel 
must be supplied to the reactor is the build-up of F?t-239 
in the fuel as a result of neutron capture in U-238. As 
time goes on, an increasing proportion of the power is 
generated from tission of Pu-239 rather than U-235. This 
effect reduces the rate at which uranium must be 
supplied to the reactor. Typically, as about 40% of the 
energy output is obtained from Pu~239 fission, the 
natural uranium requitement would drop to about 
0.60 x 280 = 168 kg per day (9 bundles per day). 
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2.9 PRODUCTION .OF 
PHOTONEUTRONS 

Another source of neutrons exists in an operating reactor in 
addition to those produced by fission. This source is particularly 
important because it persists for quite a long time after the reactor 
is shut down. (Production of prompt fission neutrons ceases 
immediately upon shutdown and the delayed neutron production 
dies out after a few minutes as their precursors decay.) The 
neutrons which comprise the long-lived source are known as 
photoneutrons. 

Photoneutrons are unique to reactors which use heavy water as a 
moderator or heat transport fluid. They are produced when 
photons with energies greater than 2.2 MeV are captured by 
deuterium nuclei causing the break-up of the deuterium nucleus 
@hotdktiegr&n): 

After the reactor has been operating for a while, it will have built 
up an inventory of fission products in the fuel, some of which 
emit gamma rays with an energy greater than 2.2 MeV. When 
the reactor is shut down, this photoneutron source will persist 
because gamma rays from decaying fission products can still 
produce photoneutrons in heavy water present in the core. Even 
if the moderator has been dumped, heavy water will always be 
found in the core as heat transport fluid. Therefore, in our heavy 
water cooled reactors, owe always have a relatively large neutron 
source (compared to the spontaneous fission souree) with which 
to start the reactor up again after a shutdown. 

July, lgg7 (R-l) 
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* 1. Explain what is meant by an elastic coUision of a fast 
neutron with a nucleus. In any individual collision, 
which two factors determine the fractional loss of kinetic 
energy of the neutron? 

2. Explain what happens in an inelastic coUision of a fast 
neutron with a nucleus, and give an example of the 
process. Why is it not possible for inelastic scattering to 
take place unless the neutron has a certain threshold 
energy? In general, will the threshold energy be higher 
for low-mass or high-mass rmclei? Why? 

3. Explain what is meant by (a) r~&ur 
bwnsmuttation and (b) radiative capture reactions 
by neutrons, and give an example of each. Give 
three reasons why the radiative capture reaction is 
important in the operation of nuclear reactors. 

4. a) Why are fmion products nearly always 
radioactive? 

b) Explain the process leading to the production of 
a%k+ni nem?ons from fission. 
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5. For each of the following reactions, give the nuclide X 
and briefly explain the significance of each reaction in 
the operation of a CANDU plant. 

6. Taking the mass of one atom of U-235 as 235 u, 
calculate the total energy (in MWd) released by the 
fission of all the U-235 atoms in 1 kg of natural uranium. 
(Take I atomic mass unit = 1.66 x lOen kg and 
energytfission = 200 MeV). 

July, 1997 (FIIl) 
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