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[bookmark: _Toc115073358]Introduction


· Two simplifications used in Ch03:
· All neutrons are born instanteously (no delayed fission neutrons, ch05)
· Infinite size reactor with no leakage or a spatial variation (ch06-7)
· Here, you are moving neutrons population from fast to thermal using energy considerations only
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[bookmark: _Toc115073359]Nuclear Fuel Properties
· Neutron energy range is restricted to 0.001 eV- 10 MeV
· 10 MeV high limit is based on fission neutrons spectrum
· 0.001eV low limit is based on:
· Maxwell Boltzmann distribution of neutrons
· High absorption cross section of low energy neutrons
· Fission process can happen:
· Fissile nuclei (U-235 and Pu-2390) can fission with neutrons having energy over this entire range
· Fertile nuclei U-238 can only fission when the absorbed the neutron with energy>1MeV
· Fission to absorption ratio eta  is determined by:

	
	3.3


· Nu:  is the average fission neutrons created if the fission happens at E
·  must be larger than 1 to make up for:
· Non-fission absorption
· Leakage from the reactor
· After each absorption, the nucleus will either settle to a ground state by emitting a gamma ray or break up as fission:
	
	3.4



· Using the macroscopic cross section is the correct way unless you consider a single isotopic material. If a single material is considered, then 3.3 can be rewritten as:
	
	3.5


· This is useful to see how a pure U-235 or Pu-239 behave:
[image: ][image: ]
· Most power reactors use enriched fuels with an (atomic)enrichment ratio (e tilde) given by:

	
	3.6


· The fission to absorption ratio eta is given by the following formula

	
	3.7


· Note that the fertile material can also go through fission although much less and with an energy threshold
· Plotting fission to absorption ratio eta for enriched fuel, gives a clear picture:
· For 20% enriched fuel:
· Thermal region: 0.0001eV to 1 eV has large eta factor of 2
· Fast region: 1MeV and above eta is high and even higher than thermal region
· Intermediate region: 1eV-1MeV, has low ratio which cannot sustain chain reaction
· This behavior is the origin of designing:
· Thermal power reactor: 
· keep neutron population in the thermal region
· this is done by effective moderation of neutrons (born fast) toward thermal region
· Need: 1) moderators 2) coolant
· Fast reactors: 
· Reduce moderation to a minimum by eliminating low z nuclei
· Need: 1) coolant which is not moderating
· There are no intermediate energy reactors.
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[bookmark: _Toc115073360]Neutron Moderators
· Neutrons are generated at high energy distribution (chi distribution in ch02:)
· Table 1 list some key temperature land marks and shows that fission neutrons are, in some way, extremely hot particles

· Moderators are materials that reduces energy of neutrons coming from fission reaction toward thermal energy
· Three key criteria must be considered in selecting moderators:
· Large slowing down energy decrement (xi (ksee), ): Need low atomic number
· 

· 

· 
· Large scattering cross section, (sigma scattering, )
· Small relative absorption cross section, (sigma absorption, ) in thermal energy region
· Table 2 shows three common moderating nuclei.
· Heavy water can be used to moderate even natural uranium
· Light water necessitates use of enriched fuel due to thermal absorption 
· Selected moderating material affect the overall size of the reactor
· Boron 10 satisfies large decrement and large scattering cross section but has huge absorption cross section
· It forbids using it as moderator
· It is used as a control (poison) to stop the chain reaction.

· Coolants: (in all cases low absorption cross section)
· Thermal reactor: 
· The same as moderators
· Different from moderators
· Fast reactor: must have minimal moderating effect: 
· high A nuclei: low energy decrement
· low scattering cross section
· low absorption cross section

[bookmark: _Ref114951617]Table 1: Fission neutrons are born fast and very hot! Mono-atomic gas energy , k is Boltzmann constant.
	#
	Case
	Temperature (K)
	Temperature (eV)

	1
	Core of Earth
	5700 K
	0.737 eV

	2
	Surface of the Sun
	5778 K
	0.747 eV

	3
	Core of the Sun
	
	1.94 keV

	4
	ITER Tokamak Fusion reactor
	
	19.4 keV

	5
	Most probable fission neutron energy
	
	0.75 MeV

	6
	Average fission neutron energy
	
(
	2.0 MeV
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[bookmark: _Toc115073361]Neutron Energy Spectra
· Neutrons at any energy level are either born from fission into energy E or scattered from the general flux  into energy E: 

	
	3.15



[bookmark: _Toc115073362]Fast Neutrons
· In the fast (high) energy range, neutrons flux can be assumed to be totally dominated by just born fission process: 


	
	3.16



[bookmark: _Toc115073363]Neutron Slowing Down
· Scattering can only decrease the energy of neutrons for energies greater than 1 eV
· Up scattering can happen only bellow 1 eV (where energy of the neutron is increased due to scattering)

[bookmark: _Toc115073364]The Slowing Down Density
· Any neutron produced by fission that is not absorbed at a higher energy must slow down past that energy (kind of check point)

	
	3.17



· Thus, for energies above 1 eV:
	,  E > 1.0 eV
	3.18



· Bellow 0.1MeV, the integral is approximately unity:
	,  1.0 eV< E < 0.1 MeV
	3.19



· In this formula, there are two terms:
· The first is proportional to absorption cross section
· The second term is constant and energy independent

· Thus, after a few steps of spectral manipulation, we reach the following approximation, where q in the intermediate region is a constant dependent on the material
	
	3.25



	
	3.26



· This flux is “one over E” flux
· Higher E less flux
· Lower E higher flux (1/x behavior)
· This is the general behavior of the flux (expected behavior)
· The slowing down decrement, ksee or , is obtained using atomic weighting between the fuel and the moderator. As shown in equation 3.27:
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[bookmark: _Toc115073365]Energy Self-Shielding
· U-238 has resonance absorption peaks with higher than the general behavior absorption curve
· These absorption peaks cause depression or self-shielding in the flux per energy spectrum around the absorption peaks
· Such phenomena only exist in the epithermal region and is not observed in thermal or fast regions
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[bookmark: _Toc115073366]Thermal Neutrons
· 

	
	3.15



· Maxwell distribution of energy scaled to kT is stated as:

	
	3.35


· It integrates to unity: 

· There is absorption that removes the low energy neutrons preferentially. This moves the average toward higher energy
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[bookmark: _Toc115073367]Fast and Thermal Reactor Spectra

[image: ]
[image: ]











[bookmark: _Toc115073368]Energy-Averaged Reaction Rates
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· For example, average microscopic cross section can be computed for a known atomic composition:

	
	3.40



· Similarly, the average speed of neutrons can be averaged over the population of neutrons:

	
	3.44



· Most importantly, the energy range can be broken into regions and cross section evaluated over individual regions:

	
	3.45




	Range Name
	Value

	Thermal
	0.001eV – 1.0 eV

	Intermediate/Resonance
	1.0 eV – 0.1 MeV

	Fast
	0.1 MeV – 10 MeV (or )



	
	3.48



· Advanced studies, break the energy range into finer groups (multi-group) but the above ranges are adequate to our basic purposes



[bookmark: _Toc115073369]Fast Cross Section Averages
· Existence of resonance scattering in MeV region is responsible for rugged appearance
· A simplified approximation of the flux is the fast spectrum distribution thus:
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[bookmark: _Toc115073370]Resonance Cross Section Averages

	
	3.26
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[bookmark: _Toc115073371]Thermal Cross Section Averages

[image: ]
· The most often used value of evaluation is E=0.0253 eV equivalent to 2200 m/s speed both correspond to 
· The exact thermal spectrum is not well determined.
· The cross section is also function of the binding energy of the crystals (solid state chemistry!)
· Cross section depends on density, which is temperature dependent! 
· 
· Thermal expansion causes cross section decrease!

· (Sidenote: this is how the sun as a fusion reactor regulates its thermal output!)
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[bookmark: _Toc115073372]Infinite Medium Multiplication

· Infinite medium multiplication can be approximated using macroscopic fission to absorption ratio. 
· The macroscopic cross section is found by averaging over all nuclei constituting the reactor core material including fuel, structural and coolant/moderator materials.
· It should be noted too that averaging process over the entire energy range should be done.
	
	3.60



	
	3.61


· It should be noted too that averaging process over the entire energy range should be done.
· The formula assumes that the flux is the same over the entire core and materials are well mixed
· This is not true and some spatial variations exist in the reactors as the fuel rods, moderators and coolant are separate spatially and thus spatial averaging should be considered
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where �s ¼ N�s is the macroscopic scattering cross section. Note
that the number density N must not be too small. Thus gases are
eliminated. Helium, for example, has sufficiently large values of �
and �s to be a good moderator but its number density is too small to
have a significant impact on the energy distribution of neutrons in a
reactor. Conversely, for the same reason gases such as helium may be
considered as coolants for fast reactors since they do not degrade the
neutron spectrum appreciably.



Table 3.1 lists values of the slowing down decrement and power
for the three most common moderators. The table also includes the
slowing down ratio: the ratio of the material’s slowing down power to
its thermal absorption cross section. If the thermal absorption cross
section �a Ethermalð Þ is large, a material cannot be used as a moderator;
even though it may be effective in slowing down neutrons to thermal
energy, it will then absorb too many of those same neutrons before
they can make collisions with the fuel and cause fission. Note that
heavy water has by far the largest slowing down ratio, followed by
graphite and then by ordinary water. Power reactors fueled by natural
uranium can be built using D2O as the moderator. Because graphite
has poorer moderating properties, the design of natural uranium
fueled power reactors moderated by graphite is a more difficult under-
taking. Reactors using a light water moderator and fueled with
natural uranium are not possible; some enrichment of the uranium
is required to compensate for the larger thermal absorption cross
section of the H2O.



Large thermal absorption cross sections eliminate other materials
as possible moderators. For example, boron-10 has reasonable values of
the slowing down decrement and power. Its thermal absorption cross
section, however, is nearly 4000 b. As a result boron cannot be used as
a moderator but is, in fact, one of the more common neutron
‘‘poisons,’’ which are used to control or shut down the chain reactions.



The foregoing discussion focuses on elastic scattering, since
inelastic scattering tends to be of much less importance in determin-
ing the energy distribution of neutrons in thermal reactors. The
lighter weight materials either have no inelastic scattering cross



TABLE 3.1
Slowing Down Properties of Common Moderators



Slowing Down
Decrement



Slowing Down
Power



Slowing Down
Ratio



Moderator � ��s ��s=�aðthermalÞ
H2O 0.93 1.28 58
D2O 0.51 0.18 21,000
C 0.158 0.056 200
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Noting that the bracketed term is identical to �, the slowing down
decrement defined by Eq. (2.56), we may combine Eqs. (3.23) and
(3.25) to represent the flux in terms of the slowing down density



’ðEÞ ¼ q



��sðEÞE
: ð3:26Þ



This expression may be extended to situations where more than
one scattering nuclide is present by adding their contributions to
Eqs. (3.22) and (3.24). Suppose both fuel and moderator are present.
Equation (3.26) still holds, where the scattering cross section becomes
the sum over fuel and moderator, and the slowing down decrement is
replaced by the weighted average defined by Eq. (2.61):



�� ¼ �
f�f



sðEÞ þ �m�m
s ðEÞ



�f
sðEÞ þ �m



s ðEÞ
: ð3:27Þ



Between resonances the fuel and moderator scattering cross sec-
tions are nearly independent of energy. The flux is then proportional
to 1/E—and referred to as a ‘‘one-over-E’’ flux. Since the moderator is
much lighter than the fuel, �f� �m, the fuel contribution to Eq. (3.26)
is much less than that of the moderator.



Energy Self-Shielding



In the presence of resonance absorber, the flux is no longer propor-
tional to 1=E. However, we may obtain a rough estimate of its energy
dependence by making some reasonable approximations. We assume
that only fuel and moderator are present, and that only elastic scat-
tering takes place. Equation (3.14) then reduces to



�tðEÞ’ðEÞ ¼
Z E=�f



E



1



ð1� �fÞE0
�f



sðE0Þ’ðE0ÞdE0



þ
Z E=�m



E



1



ð1� �mÞE0�
m
s ðE0Þ’ðE0ÞdE0;



ð3:28Þ



where for the energy range of resonance absorbers we have set
�ðEÞ ¼ 0. Recall from Chapter 2 that a resonance is characterized by
a width �. If the resonances are widely spaced, then the bulk of the
resonance absorption will take place within about �� of the reso-
nance energy. Moreover, outside this interval absorption can be
ignored and the flux approximated as /1=E.



Scattering into the energy interval where absorption is most
pronounced originates over a larger energy interval: between E and
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EþE=�f for the fuel, and between E and EþE=�m for the moderator.
In the narrow resonance approximation, which is valid for all but a
few resonances, we assume both of these intervals to be much larger
than the resonance width, as shown schematically in Fig. 3.4. In this
case the preponderance of the areas under the integrals in Eq. (3.28)
are occupied by the 1/E flux between resonances where absorption
can be ignored and the scattering cross sections are energy indepen-
dent. Thus we may insert Eq. (3.26) into the right side of Eq. (3.28)
without much loss of accuracy. We evaluate the integrals with
energy-independent constant cross section to obtain



’ðEÞ ¼ q



��tðEÞE
; ð3:29Þ



where q is the neutron slowing down density above the resonance.
Note that the only difference from Eq. (3.26) is that in the denomi-
nator the scattering has been replaced by the total cross section.



The total cross section, of course, includes both resonance
absorption and scattering cross sections. Thus it increases greatly,
causing the flux to decrease correspondingly, at energies where reso-
nance absorption takes place. Such flux depression—illustrated
in Fig. 3.4—is referred to as energy self-shielding. According to
Eqs. (3.19) and (3.20), as neutrons slow down through a resonance
the slowing down density is reduced by



Z
’ðEÞ�aðEÞdE �



Z
�aðEÞ
�tðEÞE



dE
q



�:
ð3:30Þ



Since self-shielding reduces the flux where the absorption cross
section is large, it reduces overall neutron losses to absorption, and
thus aids the propagation of the chain reaction. In the following chapter
we will see that by lumping the fuel spatial self-shielding of the reso-
nances serves further to reduce the absorption losses of neutrons. Other
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E r /αƒ
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FIGURE 3.4 Energy loss from elastic scattering from energy to E0=E00.
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�sðE! E0Þ’MðEÞ ¼ �sðE0 ! EÞ’MðE0Þ; ð3:34Þ



no matter what scattering law is applicable. Equally important,
the principle states that in these circumstances the flux that
satisfied this condition is the form found by multiplying the famed
Maxwell-Boltzmann distribution, given by Eq. (2.34), by the neutron
speed to obtain



’MðEÞ ¼
1



ðkTÞ2
E expð�E=kTÞ ð3:35Þ



following normalization to



Z 1
0
’MðEÞdE ¼ 1: ð3:36Þ



In reality some absorption is always present. Absorption shifts
the thermal neutron spectrum upward in energy from the Maxwell-
Boltzmann distribution, since complete equilibrium is never reached
before neutron absorption takes place. Figure 3.5 illustrates the
upward shift, called spectral hardening, which increases with the
size of the absorption cross section. Nevertheless, Eq. (3.35) provides
a rough approximation to a reactor’s thermal neutron distribution.
A somewhat better fit to hardened spectra, such as those in Fig. 3.5,
may be obtained by artificially increasing the temperature T by an
amount that is proportional to �a=��s.



kT E
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distribution
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Thermal spectrum
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FIGURE 3.5 Thermal spectra compared to a Maxwell-Boltzmann
distribution (adapted from A. F. Henry, Nuclear-Reactor Analysis, 1975,
by permission of the MIT Press).
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Fast and Thermal Reactor Spectra



Figure 3.6 shows typical neutron spectra plotted as E’ðEÞ for a
sodium-cooled fast reactor and for a water-cooled thermal reactor.
Several features are noteworthy. Fast reactor spectra are concentrated
in the keV and MeV range with nearly all of the neutrons absorbed
before slowing down to energies less than a keV. Fast reactor cores
contain intermediate weight elements, such as sodium coolant and
iron used for structural purposes. These intermediate atomic weight
elements have large resonances in their elastic scattering cross sec-
tions in the keV and MeV energy range. Thus the fast spectra are
quite jagged in appearance, resulting from the energy self-shielding
phenomenon, illustrated by Eqs. (3.16) and (3.29), in which the flux is
inversely proportional to the total cross section.



Thermal reactor spectra have a more modest peak in the MeV
range where fission neutrons are born. The spectra over higher ener-
gies are somewhat smoother as a result of the prominent role played
by the lightweight moderator materials; moderators have no reso-
nances at those energies, and therefore the cross sections in the
denominators of Eqs. (3.16) and (3.29) are smoother functions of
energy. Moving downward through the keV range, we see that the
spectrum is nearly flat. Here there is very little absorption, resulting
in a nearly 1/E [or constant E’ðEÞ] spectrum with the constant
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FIGURE 3.6 Neutron flux spectra from thermal (pressurized water) and
fast (sodium-cooled) reactors (courtesy of W. S. Yang, Argonne National
Laboratory).
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slowing down density as given by Eq. (3.26). The thermal reactor
spectra do decrease with decreasing energy going from 100 and
1.0 eV, accentuated by sharp dips in the flux. Although barely visible
in the figure, resonance absorption in uranium over this energy range
causes the slowing down density to decrease and the self-shielding
indicated in Eq. (3.29) to become more pronounced. Below 1.0 eV, the
characteristic thermal peak occurs. As a result of thermal neutron
absorption in the fuel and moderator, the peak in the thermal spec-
trum is at an energy somewhat higher than would be indicated by the
Maxwell-Boltzmann distribution given by Eq. (3.35). Finally, note
that if we had plotted ’ðEÞ instead of E’ðEÞ for the thermal reactor,
the thermal flux peak would be millions of times larger than the peak
of fission energy neutrons.



3.5 Energy-Averaged Reaction Rates



As the foregoing sections indicate, the ability to sustain a chain
reaction depends a great deal on the distribution of neutrons in
energy, which in turn is determined by the composition of nonfissile
materials in the core and their effectiveness in slowing down the
neutrons from fission toward thermal energies. To determine the
overall characteristics of a reactor core, we must average cross sec-
tions and other data over the energy spectrum of neutrons. We accom-
plish this through the use of Eq. (3.13), which is termed the reaction
rate for collisions of type x and has units of collisions/s/cm3.



Reaction rates are commonly expressed as products of energy-
averaged cross sections and the neutron flux:Z 1



0
�xðEÞ’ðEÞdE ¼ ��x	; ð3:37Þ



where the cross section is



��x ¼
Z 1



0
�xðEÞ’ðEÞdE



,Z 1
0
’ðEÞdE; ð3:38Þ



and the flux, integrated over energy, is



	 ¼
Z 1



0
’ðEÞdE: ð3:39Þ



For a known neutron flux distribution, microscopic cross sections may
also be averaged over energy. We simply make the replacement
�x ¼ N�x in Eqs. (3.37) and (3.38) to eliminate the atom density and
obtain
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��x	 ¼ ��xT	T þ ��xI	I þ ��xF	F: ð3:46Þ



Each of the terms on the right results from multiplying and dividing
the corresponding integral of Eq. (3.45) by



	� ¼
Z



�



’ðEÞdE; � ¼ T; I; F; ð3:47Þ



and defining the energy averaged cross sections as



��x� ¼
Z



�



�xðEÞ’ðEÞdE



�Z
�



’ðEÞdE; � ¼ T; I; F: ð3:48Þ



More advanced so-called multigroup methods divide the energy
spectrum into more than the three intervals shown here, and con-
siderable effort is expended in determining the flux spectra in each
group as accurately as possible. For our purposes, however, the divi-
sion into thermal, intermediate, and fast energy segments is ade-
quate. We perform cross section averaging by selecting appropriate
flux approximations for use in Eqs. (3.46) through (3.48). We begin
with the fast neutrons and work our way downward in energy.



Fast Cross Section Averages



Even though it includes only uncollided neutrons, Eq. (3.16) provides a
first approximation to the flux distribution for fast neutrons. The total
macroscopic cross section in the denominator, however, includes all of
the nuclides present—fuel, coolant, and so on. Thus it is likely to be a
strong and complex function of energy, particularly if significant concen-
trations of iron, sodium, or other elements that have scattering reso-
nances in the MeV range are present. In Fig. 3.6 these effects are
apparent in the jagged appearance of the fast flux for both thermal and
fast reactors. To preclude the cross sections tabulated for individual ele-
ments from being dependent on the other elements present, we must
further simplify Eq. (3.16) by taking �tðEÞ as energy independent. Then
normalizing to s000f =�t ¼ 1:0, we have’ðEÞ � �ðEÞ. Since only a very small
fraction of fission neutrons are produced with energies less than 0.1 MeV
we can extend the limits on the integrals in Eq. (3.48) from zero to infinity
without loss of generality. With this proviso, the normalization condition
of Eq. (2.32) sets the denominator equal to one, and Eq. (3.48) reduces to



��xF ¼
Z
�xðEÞ�ðEÞdE: ð3:49Þ



Table 3.2 lists fast cross sections averaged over the fission spec-
trum for several of the isotopes that appear most prominently in
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power reactor cores. Such cross sections, however, provide only a
smoothed approximation to what the cross sections would be if
averaged over the actual flux distribution.



Resonance Cross Section Averages



Often the terms intermediate and resonance are used interchangeably
in describing the energy range between 1.0 eV and 0.1 MeV because as
neutrons slow down from fast to thermal energy the large cross sec-
tions caused by the resonances in uranium, plutonium, and other
heavy elements account for the nearly all of the neutron absorption
in this energy range. Equation (3.29) provides a reasonable approxima-
tion to the flux distribution in this energy range. However, as in the
fast spectrum, the �tðEÞ term in the denominator is dependent on all
of the constituents present in the reactor and thus must be eliminated
in order to obtain cross sections that are independent of core composi-
tion. Ignoring the energy dependence of the total cross section, we
simplify the flux to ’ðEÞ � 1=E. Equation (3.48) then becomes



��xI ¼
Z



I



�xðEÞ
dE



E



�Z
I



dE



E
: ð3:50Þ



For capture and fission reactions intermediate range cross sec-
tions are frequently expressed as



��xI ¼ Ix



�Z
I



dE



E
; ð3:51Þ



where



Ix ¼
Z
�xðEÞ



dE



E
ð3:52Þ



defines the resonance integral. Since the predominate contributions to Ix



(x ¼ a; f) arise from resonance peaks—such as those shown in Figs. 2.6,
2.9, and 2.10—that lie well within the range 1:0 eV � E � 0:1 MeV, the
values of resonance integrals are relatively insensitive to the limits of
integration. The denominator of Eq. (3.51), however, depends strongly on
those limits. Evaluating it between 1.0 eV and 0.1 MeV, then, yields



��xI ¼ 0:0869Ix: ð3:53Þ



Table 3.2 includes the resonance integrals for common reactor
constituents.



As the thermal reactor spectrum in Fig. 3.6 indicates, the 1/E—
that is, the E’ðEÞ= constant—spectrum is a reasonable approximation
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through the slowing down region. However, the dips that appear represent
the resonance self-shielding that decreases the number of neutrons that
are lost to absorption. Since Eq. (3.52) does not include the effects of self-
shielding, numbers listed in Table 3.2 only provide an upper bound on
resonance absorption, which would only be obtained in the limit of an
infinitely dilute mixture of the resonance absorber in a purely scattering
material. In reactor cores self-shielding dramatically reduces the
amount of absorption. Advanced methods for calculating resonance
absorption accurately are beyond the scope of this text. However,
Chapter 4 includes empirical formulas that provide reasonable approx-
imations to resonance absorption with the effects of self-shielding
included.



Thermal Cross Section Averages



Although accurate determination of the thermal spectrum also
requires advanced computational methods, averages over simplified
spectra often serve as a reasonable first approximation in performing
rudimentary reactor calculations. We approximate the thermal flux
with the Maxwell-Boltzmann distribution, ’ðEÞ � ’MðEÞ, given by
Eq. (3.35). With the normalization proved by Eq. (3.36), Eq. (3.48)
thus reduces to



��xT ¼
Z
�xðEÞ’MðEÞdE: ð3:54Þ



Since ’MðEÞ is vanishingly small for energies greater than an
electron volt, the upper limit on this integral can be increased
from 1.0 eV to infinity without affecting its value. Thermal neu-
tron cross sections averaged over the Maxwell-Boltzmann distri-
bution at room temperature of 20 �C (i.e., 293 K) are tabulated for
common reactor materials in Table 3.2. Appendix E provides a
more comprehensive table of microscopic thermal cross sections
integrated over the Maxwell-Boltzmann flux distribution as in Eq.
(3.54), along with molecular weights and densities. The table
includes all naturally occurring elements and some molecules
relevant to reactor physics.



Frequently the cross sections are measured at 0.0253 eV, which
corresponds to a neutron speed of 2200 m/s. The convention is based
on what follows. The maximum—or most probable—value of ’MðEÞ
may easily be shown to be



E ¼ kT ¼ 8:62� 10�5T eV; ð3:55Þ
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TABLE 3.2
Energy Averaged Microscopic Cross Sections (barns)



Thermal Spectrum Cross Sections Resonance Integrals Fast (Fission Spectrum) Cross Sections



Nuclide �f �a �s If Ia �f �a �s



1



1
H 0 0.295 47.7 0 0.149 0 3.92� 10�5 3.93



2



1
H 0 5.06� 10�4 5.37 0 2.28� 10�4 0 5.34� 10�6 2.55



10



5
B 0 3409 2.25 0 1722 0 0.491 2.12



12



6
C 0 3.00� 10�3 4.81 0 1.53� 10�3 0 1.23� 10�3 2.36



16



8
O 0 1.69� 10�4 4.01 0 8.53� 10�5 0 1.20� 10�2 2.76



23



11
Na 0 0.472 3.09 0 0.310 0 2.34� 10�4 3.13



56



26
Fe 0 2.29 11.3 0 1.32 0 9.22� 10�3 3.20



91



40
Zr 0 0.16 6.45 0 0.746 0 3.35� 10�3 5.89



135



54
Xe 0 2.64� 106 — 0 7.65� 103 0 7.43� 10�4 —



149
62 Sm 0 6.15� 104 — 0 3.49� 103 0 0.234 —
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Table 3.2
(continued)



Thermal Spectrum Cross Sections Resonance Integrals Fast (Fission Spectrum) Cross Sections



Nuclide �f �a �s If Ia �f �a �s



157



64 Gd 0 1.92� 105 1422 0 762 0 0.201 6.51
232



90 Th 0 6.54 11.8 0 84.9 7.13� 10�2 0.155 7.08
233



92 U 464 506 14.2 752 886 1.84 1.89 5.37
235



92 U 505 591 15.0 272 404 1.22 1.29 6.33
238



92 U 1.05� 10�5 2.42 9.37 2� 10�3 278 0.304 0.361 7.42
239



94 Pu 698 973 8.62 289 474 1.81 1.86 7.42
240



94 Pu 6.13� 10�2 263 1.39 3.74 8452 1.36 1.42 6.38
241



94 Pu 946 1273 11.0 571 740 1.62 1.83 6.24
242



94 Pu 1.30� 10�2 16.6 8.30 0.94 1117 1.14 1.22 6.62



Source: R. J. Perry and C. J. Dean, The WIMS9 Nuclear Data Library, Winfrith Technology Center Report ANSWERS/WIMS/TR.24, Sept. 2004.
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flux magnitudes and then to obtain expressions for k1 explicitly in
terms of the various core constituents.



Bibliography



Cullen, D. E., ‘‘Nuclear Cross Section Preparation,’’ CRC Handbook of
Nuclear Reactor Calculations, I, Y. Ronen, ed., CRC Press, Boca Raton, FL,
1986.



Duderstadt, James J., and Louis J. Hamilton, Nuclear Reactor Analysis,
Wiley, NY, 1976.



Henry, Allen F., Nuclear-Reactor Analysis, MIT Press, Cambridge, MA,
1975.



Jakeman, D., Physics of Nuclear Reactors, Elsevier, NY, 1966.
Mughabghab, S. F., Atlas of Neutron Resonances, Elsevier, Amsterdam,



2006.
Stacey, Weston M., Nuclear Reactor Physics, Wiley, NY, 2001.
Templin, L. J., ed., Reactor Physics Constants, 2nd ed., ANL-5,800, Argonne



National Laboratory, Argonne, IL, 1963.
Williams, M. M. R., The Slowing Down and Thermalization of Neutrons,



North-Holland, Amsterdam, 1966.



Problems



3.1. Verify Eqs. (3.23) and (3.25).



3.2. Show that in Eq. (3.31) the normalization condition
R Eo



0 sðEÞdE ¼ 1



must be obeyed. Hint: Note that
R Eo



0 pðE0 ! EÞdE ¼ 1 for E0 � Eo.



3.3. In Eq. (3.31) suppose that the neutron slowing down past Eo is due
entirely to elastic scattering from a single nuclide with A> 1, and
with no absorption for E > Eo. Show that sðEÞ then takes the form



sðEÞ ¼
1



ð1� �Þ�
1



Eo
� �



E



� �
; �Eo < E < Eo;



0; E < �Eo



8<
:



3.4. For thermal neutrons calculate �� as a function of uranium
enrichment and plot your results. Use the uranium data from
the following table:



� �f (barns) �a (barns)



Uranium-235 2.43 505 591
Plutonium-239 2.90 698 973
Uranium-238 — 0 2.42
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Moreover, since we are below the energies where fission neutrons are
produced, with no absorption, Eq. (3.14) simplifies to



�sðEÞ’ðEÞ ¼
Z



pðE0 ! EÞ�sðE0Þ’ðE0ÞdE0: ð3:21Þ



Thus we can obtain a particularly simple relationship between ’ðEÞ
and q, the constant slowing down density. We next assume that we
are below the threshold for inelastic scattering, and that only a
single scattering material—normally a moderator—is present. (We
may later modify the expression for combinations of materials.)
Equation (2.47) provides the kernel for elastic scattering. Substituting
it into Eq. (3.21) yields



�sðEÞ’ðEÞ ¼
Z E=�



E



1



ð1� �ÞE0�sðE0Þ’ðE0ÞdE0: ð3:22Þ



The solution may be shown to be



�sðEÞ’ðEÞ ¼ C=E ð3:23Þ



by simply inserting this expression into Eq. (3.22).
The normalization constant C is proportional to q, the number of



neutrons slowed down by scattering past energy E. Examining Fig. 3.3,
we observe that the number of neutrons that made their last scatter at
E0 (>E) to energies E00 (<E) will fall in the interval �E0 �E00 �E. More-
over, only neutrons with initial energies E’ between E and E=� are
capable of scattering to energies below E. Hence the number of neu-
trons slowing down past E per cm3 in one second is



q ¼
Z E=�



E



Z E



�E0



1



ð1� �ÞE0�sðE0Þ’ðE0ÞdE00
� �



dE0: ð3:24Þ



Substituting Eq. (3.23) for the flux, and performing the double inte-
gration, we obtain



q ¼ 1þ �



1� � ln�
h i



C: ð3:25Þ



E ′
E ′



EE ″α E E  /α



FIGURE 3.3 Energy loss from elastic scattering from energy E0 to E00.
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flux magnitudes and then to obtain expressions for k1 explicitly in
terms of the various core constituents.
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flux magnitudes and then to obtain expressions for k1 explicitly in
terms of the various core constituents.
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372 Neutron Slowing Down Theory, Neutron Moderators, and Reactor Coolants



which means that the energy loss is a function of the neutron scattering angle θ. Assuming a random distribution of glanc-
ing collisions, the energy loss per collision is given by
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E= + +
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(8.3)



or finally,
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(8.4)
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The fission process The fusion process



Comparing nuclear fission and nuclear fusion



FIGURE 8.4  How the process of (a) nuclear fission and (b) nuclear fusion compare when it comes to the process of neutron generation.
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FIGURE 8.3  The evolution of the nuclear fission process as a function of time.
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�ðEÞ ¼
��fðEÞ
�aðEÞ



: ð3:5Þ



From the plots of �ðEÞ shown in Fig. 3.1 for uranium-235 and pluto-
nium-239 we see that concentrating neutrons at either high or low
energies and avoiding the range between roughly 1.0 eV and 0.1 MeV
where the curves dip to their lowest values most easily achieves a
chain reaction. Except for naval propulsion systems designed for the
military, however, fuels consisting predominately of fissile material
are not employed in power reactors. Enrichment and fabrication costs
would render them uneconomical. More importantly, the fuel would
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FIGURE 3.1 �ðEÞ for fissile isotopes (courtesy of W. S. Yang, Argonne
National Laboratory). (a) Uranium-235, (b) Plutonium-249.
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FIGURE 3.1 �ðEÞ for fissile isotopes (courtesy of W. S. Yang, Argonne
National Laboratory). (a) Uranium-235, (b) Plutonium-249.
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constitute weapons grade uranium or plutonium that would com-
pound the problems of nuclear proliferation. Reactor fuels consist
primarily of uranium-238 with a smaller fraction of fissile material,
referred to as its enrichment. Depending on the design, civilian reactor
fuels normally consist of uranium with enrichments ranging from the
0.7% of natural uranium up to approximately 20% fissile material.



To determine �ðEÞ for a reactor fuel, we first define the
enrichment ~e as the atom ratio of fissile to fissionable (i.e., fertile
plus fissile) nuclei:



~e ¼
Nfi



Nfe þNfi
; ð3:6Þ



where fi and fe denote fissile and fertile. Equation (3.3) then reduces to



�ðEÞ ¼
~e�� fi



f ðEÞ þ ð1� ~eÞ�� fe
f ðEÞ



~e� fi
a ðEÞ þ ð1� ~eÞ� fe



a ðEÞ
: ð3:7Þ



Figure 3.2 provides plots of �ðEÞ for natural (0.7%) and 20%
enriched uranium. These curves illustrate the dramatic effect that
the capture cross section of uranium-238 has in deepening the valley
in �ðEÞ through the intermediate energy range. Conversely, above its
threshold value 1.0 MeV, the increasing fission cross section of ura-
nium-238 aids strongly in increasing the value of �ðEÞ. The curves
emphasize why power reactors are classified as fast or thermal
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FIGURE 3.2 �ðEÞ for natural and 20% enriched uranium (courtesy of
W. S. Yang, Argonne National Laboratory).
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3718.5  Fast Reactors versus Thermal Reactors



containing sodium that is not radioactive before the heat is passed onto a steam generator. Sometimes, the intermediate 
loop is called an intermediate heat exchanger because it transfers heat from the primary loop (which includes the core) 
to the NSSS. The steam-producing side of the NSSS is normally cooled with light water.



8.5 � Fast Reactors versus Thermal Reactors



Neutron moderation is not an important factor in fast reactors because fast reactors use high-energy neutrons rather than 
low-energy ones. The neutron energy spectrum of a fast reactor is compared to that of a thermal reactor in Figure 8.2 and 
the fission process is illustrated again in Figure 8.3. Figure 8.4 demonstrates the difference between fission and fusion. As 
of the writing of this book, a commercial fusion reactor has not been built. Notice that the energy of a neutron in a fast 
reactor rarely falls below 10 keV, while in a thermal reactor, about half the neutrons have energies below 10 keV. Because 
the average energy loss per collision depends on the atomic weight of the moderating material, some materials are more 
effective than others as a neutron moderator. In head-on elastic collisions, we learned from our previous discussion in 
Chapter 3 that the energy loss per collision ΔE is given by



	 DE = = ( )¢E E E– –1 a 	 (8.1)



where
E is the initial neutron energy
E′ is the final neutron energy
α = (A – 1)2/(A + 1)2 is a constant that depends on only the atomic weight or the atomic mass number of the target 



nucleus A



It follows directly from this equation that the lighter the target nucleus is, the smaller the value of α will be, and the greater 
the energy loss ΔE per collision will be. In glancing collisions, which are a much more common process because the 
nucleus is so small, we also found that the energy loss per collision is given by
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FIGURE 8.2  A fast reactor energy spectrum compared to a thermal reactor energy spectrum. Note that the energy of a neutron in a 
fast reactor rarely falls below 10 keV, while in a thermal reactor, approximately half of the neutrons have an energy less than this.











