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· 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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· 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:
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· 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:
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· This is useful to see how a pure U-235 or Pu-239 behave:
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· Most power reactors use enriched fuels with an (atomic)enrichment ratio (e tilde) given by:
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· 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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· 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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· Neutrons at any energy level are either born from fission into energy E or scattered from the general flux  into energy E: 
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· In the fast (high) energy range, neutrons flux can be assumed to be totally dominated by just born fission process: 
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[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)
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· Thus, for energies above 1 eV:
	,  E > 1.0 eV
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· 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
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· 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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· 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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· 
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· Maxwell distribution of energy scaled to kT is stated as:
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· 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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· For example, average microscopic cross section can be computed for a known atomic composition:
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· 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:
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	Range Name
	Value

	Thermal
	0.001eV – 1.0 eV

	Intermediate/Resonance
	1.0 eV – 0.1 MeV

	Fast
	0.1 MeV – 10 MeV (or )
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· Advanced studies, break the energy range into finer groups (multi-group) but the above ranges are adequate to our basic purposes
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· 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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[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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· 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.
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· 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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TABLE 3.1
Slowing Down Properties of Common Moderators

Slowing Down Slowing Down Slowing Down
Decrement Power Ratio
Moderator 3 [PIN £Xs/Y,(thermal)
H,O 0.93 1.28 58
D,0O 0.51 0.18 21,000
C 0.158 0.056 200
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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 of o4 o It 1, of o4 o
iH 0 0.295 47.7 0 0.149 0 3.92x107° 3.93
%H 0 5.06 x 1074 5.37 0 2.28 x107* 0 534 x 107 2.55
“S)B 0 3409 2.25 0 1722 0 0.491 2.12
lic 0 3.00x 1073 4.81 0 1.53x 1073 0 1.23 x 1073 2.36
lgo 0 1.69x107*  4.01 0 8.53 x 107° 0 1.20 x 1072 2.76
Na 0 0.472 3.09 0 0.310 0 2.34x10°* 3.13
“Fe 0 2.29 11.3 0 1.32 0 9.22 x 1072 3.20
20 Zr 0 0.16 6.45 0 0.746 0 3.35x 1072 5.89
¥ Xe 0 2.64 x 10° — 0 7.65 x 10° 0 7.43x10°* —
8 Sm 0 6.15 x 10* — 0 3.49 x 10° 0 0.234 —
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Table 3.2

(continued)

Thermal Spectrum Cross Sections Resonance Integrals Fast (Fission Spectrum) Cross Sections
Nuclide of o4 o Iy 1, of o4 o
P'ad o0 192x10° 1422 0 762 0 0.201 6.51
“oTh 0 6.54 11.8 0 84.9 713x102  0.155 7.08
U 464 506 142 752 886 1.84 1.89 5.37
U 505 591 150 272 404 1.22 1.29 6.33
wu o rosxi0” [N o3 2x1w0° 278 0.304 0.361 7.42
oPu 698 973 8.62 289 474 1.81 1.86 7.42
pu 613x107 263 139 374 8452 1.36 1.42 6.38
2.Pu 946 1273 1.0 571 740 1.62 1.83 6.24
Pu 130x107% 166 830 094 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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3.1. Verify Egs. (3.23) and (3.25).
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Ys(E)p(E) = C/E (3.23)
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3.2. Show that in Eq. (3.31) the normalization condition fo E)dE =1
must be obeyed. Hint: Note that fo (F'— E)dE =1 for E' <E,.










image24.emf
3.3. In Eq. (3.31) suppose that the neutron slowing down past E, is due
entirely to elastic scattering from a single nuclide with A > 1, and
with no absorption for E > E,. Show that s(E) then takes the form

1 1 a
- (2@ E,<E<E
s(E){ua)g(EO E) Ao < & < Eo,
0, E < «E,
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FIGURE 8.3 The evolution of the nuclear fission process as a function of time.
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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.










