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SUMMARY 

 

In this dissertation, a new method for constructing probability tables in the 

Unresolved Resonance Region (URR) is presented. This new methodology is an 

extensive modification of the Single-Level Breit-Wigner (SLBW) resonance-pair 

sequence method commonly used to generate probability tables in the URR. Using a 

Monte Carlo process, many resonance-pair sequences are generated by sampling the 

average resonance parameter data for the unresolved resonance region from the ENDF 

data file. The resonance parameters are then converted to the Reich-Moore (RM) 

formalism to take advantage of the more robust R-Matrix Limited (RML) format. For 

each sampled set of resonance-pair sequences, the temperature-dependent cross sections 

are calculated on a small grid around the energy of reference using the RM formalism 

and the Leal-Hwang (LH) Doppler broadening methodology. The effective cross sections 

calculated at the energy of reference are then used to construct probability tables in the 

unresolved resonance region. The tables are then normalized to calculate the energy-

dependent cross-section factors for the various reaction types.  

The new URR probability table method reconstructs the cross section in a way 

that is consistent with the methodology used in the Resolved Resonance Region (RRR). 

By using the RM formalism, all the appropriate interference terms are captured in the 

cross section reconstruction, leading to a more physically accurate representation of the 

energy self-shielding effect. Further, the RML format removes any restriction on reaction 

type, allowing for any number and type of incoming and exiting channels to be treated 

explicitly. The new URR reconstruction method provides a physically accurate and 
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consistent way to capture the energy self-shielding effect through the cross-section 

factors calculated in the probability tables. 

The RML algorithm is implemented in C++ in the AMPX code package. This 

implementation was then tested in the RRR by performing cross section reconstructions 

for many different isotopes, including 16O, 19F, 35Cl, 56Fe, 63Cu, and 65Cu. This RML 

implementation was then used in conjunction with a resonance-pair sequence generator to 

reconstruct the URR probability tables for 238U. The modified probability tables were 

then introduced into the MCNP ENDF/B-VII.0 and ENDF/B-VII.1 continuous-energy 

neutron libraries. These libraries were then tested using a set of International Criticality 

Safety Benchmark Evaluation Project (ICSBEP) benchmarks that are known to be 

sensitive to perturbations in the 238U cross section, including the IEU-COMP-FAST-004, 

IEU-MET-FAST-003, and IEU-MET-FAST-007 (Big Ten) benchmark problems. 
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CHAPTER 1 

INTRODUCTION 

 

 Physically precise representation of neutron cross sections is vital to the accurate 

calculation of the cross-section resonance self-shielding effects, improving model 

fidelity. In the resolved resonance energy region (RRR), several approximations to the 

full R-Matrix formalism are known to accurately reconstruct the cross sections directly 

from a set of evaluated resonance parameters. In contrast to the RRR, in the unresolved 

resonance region (URR) the cross sections have historically been reconstructed from a set 

of statistical averages and a Single-Level Breit-Wigner (SLBW) approximation that is the 

least accurate among the various approximations to the R-Matrix formalism. While the 

underlying Monte Carlo routine used in the URR to generate probability tables is sound, 

the structure of the probability table is affected by the choice of the cross-section 

representation.  

 The purpose of this dissertation is to present an URR methodology that is more 

consistent with the approach used in the RRR. In contrast to the SLWB approximation 

used in many URR processing codes, a modern implementation of the most general 

approximation to the full R-Matrix theory, the R-Matrix Limited (RML) formalism, was 

expanded in the cross-section processing code AMPX [1] for use in the URR. The Reich-

Moore (RM) approximation in the RML format is used in conjunction with a statistical 

pseudo-resonance pair series generator to reconstruct the neutron cross sections in the 

URR. The reconstructed cross sections are Doppler broadened using the Leal-Hwang 

(LH) method [2], and then used to generate probability tables in the URR. The theoretical 

background for the R-Matrix theory and the probability table method is presented in 

Chapter 2. The new URR method is presented in Chapter 3. The RML algorithm and new 
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URR method are validated and benchmarked in Chapter 4. Finally, conclusions and 

future work are given in Chapter 5. 
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CHAPTER 2 

BACKGROUND 

 

 For completeness, this section presents a brief derivation of scattering theory as it 

relates to R-Matrix theory. The more industrious and interested reader is encouraged to 

read the Lane and Thomas article on the subject [3].  The derivation presented here is 

similar to the presentation given in the SAMMY manual, which is based on publications 

by Fröhner and Foderaro [4 - 6]. For the general derivation, the reader is again 

encouraged to review the Lane and Thomas publication. The derivation presented here is 

only valid in the case of spinless projectiles and targets, and only considers elastic 

scattering. Still, in light of the research presented here (neutron projectiles impending on 

238U nuclei), the derivation is relevant and worthwhile.  

 In principle, one can directly calculate the neutron cross section from the wave 

functions of the nuclear system in question, provided the incoming and outgoing wave 

functions are well known. Unfortunately, in practice this is not possible; it is possible to 

know the incoming wave functions very well, but the reaction generally changes the 

outgoing wave functions in an unpredictable way. The driving force behind the R-Matrix 

theory is to circumvent this dilemma by instead using the wave function of the system 

when the two particles become close enough to form a compound nucleus. Even though 

the resulting wave function is complicated, it can be expanded in terms of its associated 

eigenstates. This internal wave function can then be matched to the incoming and 

outgoing wave functions in order to describe the cross section. The matching is 

performed through the properties of the eigenstates of the compound nucleus, namely 

through things such as the eigenvalues (energies), spin, parity, and reaction widths.  

 The real beauty of the R-Matrix formulation is that it only requires knowledge of 

the properties of the nuclear excitation levels, and does not require explicit knowledge of 
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physics of the underlying interaction between the neutron and the nucleus. The nucleus is 

treated as a black box, so that only the aforementioned eigenstate properties need to be 

prescribed in order to define the cross section. So, while we are unable to glean 

information about the forces inside the nucleus from this method, the information is not 

needed for our formalism.  

Relating the Schrödinger Equation to the R-Matrix 

 As previously mentioned, the derivation presented here is only valid for spinless 

projectiles and targets (e.g., neutrons and 238U) assuming only elastic scattering and 

absorption. For a real potential, the Schrödinger equation can be written as 

 

 (
−ħ2

2𝑚
∇2 + 𝑉)𝛹 = 𝐸𝛹. (1) 

 

It is worth noting that if we allow 𝑉 to be complex, then the real part of the potential 

causes scattering and the imaginary part of the potential would correspond to absorption. 

We can then expand the wave function in partial waves as 

 

 𝛹(𝑟, cos 𝜃) = ∑
𝜑𝑙(𝑟)

𝑟
𝑃𝑙(cos 𝜃

∞

𝑙=0

). (2) 

 

In the radial domain, each of the partial waves then obeys the equation 

 

 {
𝑑2

𝑑𝑟2
+

2𝑚

ħ2
[𝐸 − 𝑉(𝑟) −

𝑙(𝑙 + 1)ħ2

2𝑚𝑟2
]} 𝜑𝑙(𝐸, 𝑟) = 0. (3) 
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These partial waves can be expressed in terms of their eigenfunctions by 

 

 𝜑𝑙(𝐸, 𝑟) = ∑𝐴𝑙𝜆𝜑𝑙(𝐸𝜆, 𝑟)

𝜆

. (4) 

 

These eigenfunctions must also obey Eq. (3), that is 

 

 {
𝑑2

𝑑𝑟2
+

2𝑚

ħ2
[𝐸𝜆 − 𝑉(𝑟) −

𝑙(𝑙 + 1)ħ2

2𝑚𝑟2
]} 𝜑𝑙(𝐸𝜆, 𝑟) = 0. (5) 

 

We require the eigenfunctions to be finite, and thus require that 

 

 𝜑𝑙(𝐸𝜆, 𝑟 = 0) = 0, (6) 

 

and 

 

 
𝑑𝜑𝑙(𝐸𝜆, 𝑟)

𝑑𝑟
]
𝑟=𝑎

=
𝐵𝑙𝜑𝑙(𝐸𝜆, 𝑎)

𝑎
, (7) 

 

where 𝐵𝑙 is real and 𝑎 represents the position of the nuclear surface. 

The eigenfunctions form a basis set, and can be normalized such that 

 

 ∫𝜑𝑙(𝐸𝜆, 𝑟)𝜑𝑙(𝐸𝜆′ , 𝑟)𝑑𝑟 = 𝛿𝜆𝜆′

𝑎

0

, (8) 

 

where 𝛿𝜆𝜆′ is the Kronecker delta function. 
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Using this property of our basis set, we can express the expansion coefficients 𝐴𝑙𝜆 as 

 

 𝐴𝑙𝜆 = ∫𝜑𝑙(𝐸𝜆, 𝑟)𝜑𝑙(𝐸, 𝑟)𝑑𝑟

𝑎

0

. (9) 

 

We now eliminate the potential, 𝑉(𝑟). Multiplying Eq. (5) by the eigenfunction 𝜑𝑙(𝐸𝜆, 𝑟) 

and multiplying Eq. (3) by the partial wave 𝜑𝑙(𝐸, 𝑟) and subtracting, we obtain 

 

 𝜑𝑙(𝐸, 𝑟)
𝑑2𝜑𝑙(𝐸𝜆, 𝑟)

𝑑𝑟2
− 𝜑𝑙(𝐸𝜆, 𝑟)

𝑑2𝜑𝑙(𝐸, 𝑟)

𝑑𝑟2
+

2𝑚

ħ2
(𝐸𝜆 − 𝐸) = 0. (10) 

 

Integrating Eq. (10) from 0 to 𝑎 and applying integration by parts yields 

 

 

𝜑𝑙(𝐸, 𝑟)
𝑑𝜑𝑙(𝐸𝜆, 𝑟)

𝑑𝑟
]
𝑟=𝑎

− ∫
𝑑𝜑𝑙(𝐸, 𝑟)

𝑑𝑟

𝑑𝜑𝑙(𝐸𝜆, 𝑟)

𝑑𝑟
𝑑𝑟 −

𝑎

0

𝜑𝑙(𝐸𝜆, 𝑟)
𝑑𝜑𝑙(𝐸, 𝑟)

𝑑𝑟
]
𝑟=𝑎

 

+∫
𝑑𝜑𝑙(𝐸, 𝑟)

𝑑𝑟

𝑑𝜑𝑙(𝐸𝜆, 𝑟)

𝑑𝑟
𝑑𝑟

𝑎

0

+
2𝑚

ħ2
(𝐸𝜆 − 𝐸)∫𝜑𝑙(𝐸𝜆, 𝑟)𝜑𝑙(𝐸, 𝑟)𝑑𝑟

𝑎

0

= 0. 

(11) 

 

The last integral in Eq. (11) is the definition of the expansion coefficient 𝐴𝑙𝜆, so that  

 

 𝐴𝑙𝜆 =
ħ2

2𝑚
(𝐸𝜆 − 𝐸)−1 {𝜑𝑙(𝐸𝜆, 𝑟)

𝑑𝜑𝑙(𝐸, 𝑟)

𝑑𝑟
]
𝑟=𝑎

− 𝜑𝑙(𝐸, 𝑟)
𝑑𝜑𝑙(𝐸𝜆, 𝑟)

𝑑𝑟
]
𝑟=𝑎

}. (12) 

 

Applying our boundary conditions allows us express the partial waves at 𝑟 = 𝑎 as 

 

 𝜑𝑙(𝐸, 𝑎) =
ħ2

2𝑚𝑎
∑[

𝜑𝑙(𝐸𝜆, 𝑎)𝜑𝑙(𝐸𝜆, 𝑎)

𝐸𝜆 − 𝐸
]

𝜆

[𝑟
𝑑𝜑𝑙(𝐸, 𝑟)

𝑑𝑟
− 𝐵𝑙𝜑𝑙(𝐸, 𝑟)]

𝑟=𝑎

. (13) 
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From Eq. (13) we can directly extract the R-Matrix, given by 

 

 𝑅𝑙 =
ħ2

2𝑚𝑎
∑[

𝜑𝑙(𝐸𝜆, 𝑎)𝜑𝑙(𝐸𝜆, 𝑎)

𝐸𝜆 − 𝐸
]

𝜆

. (14) 

 

The R-Matrix is more commonly written as 

 

 𝑅𝑙 = ∑
𝛾𝜆𝑙𝛾𝜆𝑙

𝐸𝜆 − 𝐸
,

𝜆

 (15) 

 

where 𝛾𝜆𝑙 is given by 

 

 𝛾𝜆𝑙 = √
ħ2

2𝑚𝑎
𝜑𝑙(𝐸𝜆, 𝑎). (16) 

 

At this point, we can identify properties that are directly related to the nuclear 

data. A resonance at level 𝜆 is located at 𝐸𝜆 and has reduced-width amplitudes of 𝛾𝜆𝑙. 

These parameters are useful since they can be evaluated by fitting to cross-section 

measurements. 
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R-Matrix Formalism  

 The R-Matrix theory is the main methodology used to describe the nuclear 

reaction cross sections in the resolved resonance region. The R-Matrix theory is derived 

from the Schrodinger equation, treating the complicated nuclear potential inside the 

nucleus as a black box. The derivation of the R-Matrix is long, arduous, and well 

documented in several texts, including the “Handbook of Nuclear Engineering” [7]. 

Hence, only the final results of the derivation are presented here. 

 R-matrix theory is most easily expressed in terms of channels, where we have 

defined a channel to include a complete description of the particle pair (both incoming 

and outgoing) as well as the other information pertaining to interaction between the two 

particles. In accordance with the SAMMY notation, a channel is completely defined as 

𝑐 = (𝛼, 𝑙, 𝑠, 𝐽), where 𝛼 defines the particle-pair for the channel (including masses, 

charges, spins, parities, Q-value, etc.), 𝑙 is associated with the angular momentum and its 

associated parity of the particle pair defined by 𝛼, 𝑠 represents the channel spin (sum of 

the incoming particle spin and the target spin, and 𝐽 is the total angular momentum (sum 

of the angular momentum and the channel spin).  

 With the definitions above, we can define the angle-integrated cross section for a 

reaction from entrance channel 𝑐 to exit channel 𝑐′ with total angular momentum 𝐽 as: 

 

 𝜎𝑐𝑐′ =
𝜋

𝑘𝑎
2
𝑔𝐽𝛼|𝑒2𝑖𝑤𝑐𝛿𝑐𝑐′ − 𝑈𝑐𝑐′|

2
𝛿𝐽𝐽′ (17) 

 

where 𝑘𝛼 is the wave number in the center-of-mass system of the incident particle pair 𝛼, 

𝑔𝐽𝛼 is the spin statistical factor, and 𝑤𝑐 is the Coulomb phase-shift difference, and 𝑈𝑐𝑐′ is 

the collision matrix connecting the incoming and outgoing channels.  
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The spin-statistical factor is defined as: 

 

 𝑔𝐽𝛼 =
2𝐽 + 1

(2𝑖𝑝 + 1)(2𝐼 + 1)
, (18) 

 

where 𝑖𝑝 and 𝐼 are the intrinsic spins of the projectile and target, respectively. 

The wave number is given by: 

 

 (ℏ𝑘𝛼)2 =
2𝑚𝑀2

(𝑚 + 𝑀)2
𝐸, (19) 

 

where 𝑚 and 𝑀 are the masses of the projectile and target, respectively, and 𝐸 is the 

laboratory kinetic energy of the projectile. 

 From the cross section equation, we now identify the collision matrix 𝑈, whose 

elements are given by: 

 

 𝑈𝑐𝑐′ = ΩcW𝑐𝑐′Ω𝑐′ . (20) 

 

The matrix 𝑊, contains the elusive R-Matrix, and may be written as: 

 

 𝑊 = 𝑃
1
2(𝐼 − 𝑅𝐿)−1(𝐼 − 𝑅𝐿∗)𝑃

−1
2 . (21) 
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The R-Matrix is defined as: 

 

 𝑅𝑐𝑐′ = ∑
𝛾𝜆𝑐𝛾𝜆𝑐′

𝐸𝜆 − 𝐸
𝜆

𝛿𝐽𝐽′ , (22) 

 

where 𝜆 refers to a particular resonance, 𝐸𝜆 is the energy of that resonance, and 𝛾𝜆𝑐 is the 

reduced width amplitude, given by: 

 

 Γ𝜆𝑐 = 2𝑃𝑐𝛾𝜆𝑐
2 , (23) 

 

where Γ𝜆𝑐 is the channel width of that resonance and 𝑃𝑐 is the energy dependent 

penetrability for that channel. The definition of the R-Matrix given above provides 

insight into why this formulation is much more powerful than the SLBW formulae. The 

SLBW formalism is a crude approximation made to the R-Matrix in which all 

interference effects, including level-level interference and channel-channel interference 

are ignored. Both types of interference effects are captured in the R-Matrix formulation 

since the formalism is rigorous. The channel-channel interference effects are immediately 

obvious, as can be seen by the appearance of the reduced width amplitudes in the 

numerator of the summation. While the level-level interference effects are not so easily 

seen, they are captured since varying the resonance parameters of one particular 

resonance can interfere with the cross section shape locally and globally, possibly 

changing the shape of the cross section near another resonance. 

 As we have seen, the R-matrix defines the collision matrix, the potential 

scattering phase shifts (accounted for in 𝛺), the penetrability 𝑃, and 𝐿, a matrix defined in 

terms of the penetrability, shift factor, and arbitrary boundary constant at the channel 

radius. However, in practice, the presented formulation is computationally unstable. A 

more computationally stable formulation consists of substituting another matrix, 𝑋, for 
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the matrix 𝑊 such that 

 

 𝑊 = 𝐼 + 2𝑖𝑋. (24) 

 

Making the appropriate substitution, we find that 𝑋 is given by 

 

 X = P
1
2L−1(L−1 − R)−1RP

1
2. (25) 

 

More explicitly, the elements of X are given by 

 

 𝑋𝑐𝑐′ = 𝑃𝑐

1
2𝐿𝑐

−1 ∑[(𝐿−1 − 𝑅)−1]𝑐𝑐′′𝑅𝑐′′𝑐′𝑃
𝑐′

1
2 𝛿𝐽𝐽′

𝑐′′

. (26) 

 

The elastic scattering cross section is then given by 

 

 

𝜎𝛼,𝛼 =
4𝜋

𝑘𝛼
2
∑𝑔𝐽𝛼

𝐽

∑[𝑠𝑖𝑛2(𝜑𝑐)(1 − 2𝐼𝑚(𝑋𝑐𝑐)) − 𝑅𝑒(𝑋𝑐𝑐)

𝑐

𝑠𝑖𝑛(2𝜑𝑐)

+ ∑|𝑋𝑐𝑐′|2]

𝑐′

. 

(27) 

 

Similarly, the total cross section is given by 

 

 

𝜎𝛼,𝑡𝑜𝑡𝑎𝑙 =
4𝜋

𝑘𝛼
2
∑𝑔𝐽𝛼

𝐽

∑[
1

2
𝑠𝑖𝑛2(𝜑𝑐) + 𝐼𝑚(𝑋𝑐𝑐)𝑐𝑜𝑠(2𝜑𝑐)

𝑐

− 𝑅𝑒(𝑋𝑐𝑐)𝑠𝑖𝑛(2𝜑𝑐)]. 

(28) 
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Lastly, all other reaction channels from pair 𝛼 to 𝛼′ can be written as 

 

 

𝜎𝛼,𝛼′ =
4𝜋

𝑘𝛼
2
∑𝑔𝐽𝛼

𝐽

∑[𝑠𝑖𝑛2(𝜑𝑐)(1 − 2𝐼𝑚(𝑋𝑐𝑐))

𝑐

− 2𝐼𝑚(𝑋𝑐𝑐)𝑠𝑖𝑛(2𝜑𝑐)]𝛿𝛼𝛼′ + ∑|𝑋𝑐𝑐′|2

𝑐′

. 

(29) 

 

 Furthermore, using the same matrices and definitions from above, we can define 

the angular dependent cross section in the center-of-mass system in terms of the product 

of Legendre polynomials and their associated collision-matrix dependent coefficients [8]: 

 

 
𝑑𝜎𝛼𝛼′(𝐸)

𝑑𝛺𝐶𝑀
= ∑𝐵𝐿𝛼𝛼′(𝐸)𝑃𝐿(𝑐𝑜𝑠𝛽)

𝐿

 (30) 

 

 Here, 𝛼𝛼′ identifies that the reaction is proceeding from particle-pair 𝛼 to 

particle-pair 𝛼′, 𝑃𝐿 is the Legendre polynomial of degree 𝐿, 𝛽 is the angle of the outgoing 

particle relative to the incident particle in the center-of-mass system.  The associated 

coefficients 𝐵𝐿𝛼𝛼′  are defined by an expression which is dependent on the collision 

matrix, the intrinsic spins of the projectile and target under consideration, the wave 

number associated with particle-pair 𝛼, and a geometric factor that is a function of 

several quantum numbers and the chosen Legendre degree:  

 

 

BLαα′(E) = 

1

4kα
2

∑
G{l1s1l1

′ s1
′ J1}{l2s2l2

′ s2
′ J2}L

(2i + 1)(2I + 1)
Re[(δc1c1

′ − Uc1c1
′ (E))(δc2c2

′ − Uc2c2
′ (E))]

J1,l1,s1,l1
′ ,s1

′

J2,l2,s2,l2
′ ,s2

′

. (31) 

 

 



 13 

Doppler Broadening  

 The thermal motion of bound target nuclei gives rise to Doppler broadening. In 

practice, the system is above 0 K, and so incoming neutrons will be impending on target 

samples whose nuclei exhibit a distribution of velocities. This thermal motion must be 

accounted for in two critical instances. At low energy, when the neutron speed is 

comparable to the thermal energy of the system, the target nuclei can no longer be treated 

as being at rest. The temperature broadening is also very important in the resonance 

regions, where the cross section can exhibit tall but narrow peaks. In this region the 

neutron energy is much greater than thermal energy of the target, but the target motion 

must be accounted for since the cross section often has resonance peaks with widths 

significantly smaller than the thermal energy. A brief overview of the equations for 

Doppler broadening and approximations of the target velocity distribution are presented 

here for completeness. A complete derivation is outside of the scope of this work, and 

can be found in several texts [9]. 

 

Definition of Doppler Broadening 

The neutron cross section is a function of the relative speed between the target 

nucleus and the impending neutron. If we were interested in the neutron cross section as 

it relates to single target nuclei, this could easily be calculated by determining the relative 

velocity between the two. However, we are not interested in the cross section of a single 

target nucleus, but instead seek the cross section as it relates to the interaction rate with 

targets in a medium. In this medium, there is not a single target velocity, but a 

distribution of velocities driven by the temperature of the medium. Hence, the thermal 

motion of the target nuclei will give rise to an effective temperature-dependent cross 

section, 𝜎𝐷𝑜𝑝𝑝𝑙𝑒𝑟(𝑚𝑣2 2⁄ ). 
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 The temperature-dependent cross section can be defined as 

 

 𝑣𝜎𝐷𝑜𝑝𝑝𝑙𝑒𝑟(𝑚𝑣2 2⁄ ) ≡ ∫𝑑3𝑉𝑝(𝑉⃗ )|𝑣 − 𝑉⃗ | 𝜎 (𝑚|𝑣 − 𝑉⃗ |
2

2⁄ ), (32) 

 

where 𝑣  is the velocity of the neutron in the laboratory system, 𝜎 (𝑚|𝑣 − 𝑉⃗ |
2

2⁄ ) is the 

unbroadened cross section, 𝑉⃗  is the velocity of the target nuclei, and 𝑝(𝑉⃗ )𝑑3𝑉 is the 

fraction of the nuclei with velocities within 𝑑3𝑉 about 𝑉⃗  [10]. It should be noted that the 

above expression allows us to write an averaged cross section that depends only on the 

neutron speed.   

 

Free Gas Model 

The target velocity distribution is often approximated as a monoatomic free gas in 

three dimensions. This is the well-known Maxwell-Boltzmann distribution [11], which 

can be written as 

 

 𝑝(𝑉⃗ )𝑑3𝑉 = (√𝜋𝑢)
−3

𝑒−(
𝑉
𝑢
)
2

𝑑3𝑉, (33) 

 

where 𝑢 is given by 

 

 𝑢2 =
2𝑘𝑇

𝑀
, (34) 

 

with 𝑀 representing the target mass and 𝑘𝑇 is the temperature in energy units.  
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If we combine the approximation for the target velocity distribution in Eq. (33) with the 

definition of the Doppler-broadened cross section in Eq. (32), we find that 

 

 𝑣𝜎𝐷𝑜𝑝𝑝𝑙𝑒𝑟(𝑚𝑣2 2⁄ ) = (√𝜋𝑢)
−3

∫𝑑3𝑉𝑒−(
𝑉
𝑢
)
2

|𝑣 − 𝑉⃗ | 𝜎 (𝑚|𝑣 − 𝑉⃗ |
2

2⁄ ). (35) 

 

Now, we can change the integration variable from 𝑉⃗  to 𝑟 = 𝑣 − 𝑉⃗ , so our equation 

becomes 

 

 𝑣𝜎𝐷𝑜𝑝𝑝𝑙𝑒𝑟(𝑚𝑣2 2⁄ ) = (√𝜋𝑢)
−3

∫𝑑3𝑟𝑒
−(

𝑣2−2𝑣𝑟𝑐𝑜𝑠𝜃+𝑟2

𝑢2 )
𝑟 𝜎(𝑚𝑟2 2⁄ ). (36) 

 

The Doppler-broadened cross section can then be represented in spherical coordinates as: 

 

 

𝑣𝜎𝐷𝑜𝑝𝑝𝑙𝑒𝑟(𝑚𝑣2 2⁄ )

= (√𝜋𝑢)
−3

∫ 𝑑𝜑

2𝜋

0

∫ 𝑟2

∞

0

𝑑𝑟 ∫ 𝑠𝑖𝑛𝜃𝑒
−(

𝑣2−2𝑣𝑟𝑐𝑜𝑠𝜃+𝑟2

𝑢2 )
𝑟

𝜋

0

𝜎(𝑚𝑟2 2⁄ )𝑑𝜃. 

 

(37) 

 

Making the substitution 𝜇 = 𝑐𝑜𝑠𝜃 and evaluating the outermost integral, we find that 

 

 𝑣𝜎𝐷𝑜𝑝𝑝𝑙𝑒𝑟(𝑚𝑣2 2⁄ ) =
2

√𝜋𝑢3
∫ 𝑑𝑟 𝑟3𝑒

−(
𝑣2+𝑟2

𝑢2 )
𝜎(𝑚𝑟2 2⁄ ) ∫𝑑𝜇𝑒

(
2𝑣𝑟𝜇
𝑢2 )

1

−1

∞

0

. (38) 

 

 

The innermost integral can be evaluated to yield 

 

 𝜎𝐷𝑜𝑝𝑝𝑙𝑒𝑟(𝑚𝑣2 2⁄ ) =
1

√𝜋𝑣2 𝑢
∫ 𝑑𝑟 𝑟2𝜎(𝑚𝑟2 2⁄ ) [𝑒−(

𝑣−𝑟
𝑢

)
2

− 𝑒−(
𝑣+𝑟
𝑢

)
2

]

∞

0

. (39) 
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To further simplify the equation, we make the following substitution: 

 

 
𝑠(𝑟) = 𝜎(𝑚𝑟2 2⁄ ),                𝑟 > 0 
𝑠(𝑟) = −𝜎(𝑚(−𝑟)2 2⁄ ),      𝑟 < 0. 

(40) 

 

Inserting the substitution for the unbroadened cross section, we find that 

 

 𝜎𝐷𝑜𝑝𝑝𝑙𝑒𝑟(𝑚𝑣2 2⁄ ) =
1

√𝜋𝑣2 𝑢
∫ 𝑑𝑟 𝑟2𝑠(𝑟)𝑒−(

𝑣−𝑟
𝑢

)
2

∞

−∞

. (41) 

 

We will now apply this form of the approximate Doppler-broadened cross section to a 

particular case of interest, namely, when the cross section exhibits a 1/𝑣 behavior.  

 

𝟏/𝒗 Cross Section 

The 1/𝑣 form of the cross section is important since, at sufficiently low energies, 

far beneath the lowest resonance, the cross section is generally assumed to exhibit 1/𝑣 

behavior [12]. In this case, we can write 

 

 
𝑠(𝑟) = 𝜎(𝑚𝑟2 2⁄ ) =

𝜎0𝑣0

𝑟
,                                    𝑟 > 0 

𝑠(𝑟) = −𝜎(𝑚(−𝑟)2 2⁄ ) = −
𝜎0𝑣0

−𝑟
=

𝜎0𝑣0

𝑟
,      𝑟 < 0. 

(42) 

 

Performing the substitution, we find that  

 𝜎𝐷𝑜𝑝𝑝𝑙𝑒𝑟(𝑚𝑣2 2⁄ ) =
𝜎0𝑣0

√𝜋𝑣2 𝑢
∫ 𝑑𝑟 𝑟𝑒−(

𝑣−𝑟
𝑢

)
2

∞

−∞

=
𝜎0𝑣0

𝑣
. (43) 

 

This exact result shows that, under the free gas model assumption, the cross section is 

conserved under Doppler broadening.  
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PURM Method 

 This section serves as an overview of the AMPX module PURM [13]. This 

material is presented here as PURM is the current AMPX module used to construct the 

probability tables in the URR. A more detailed description of the PURM methodology 

can be found in the AMPX manual. 

 

Sampling Procedure 

PURM reconstructs the URR cross sections on a grid defined by the ENDF 

evaluation using a Monte Carlo sampling procedure. In contrast to the ladder approach 

[14], PURM builds the sequence of resonance pairs around an energy of reference for 

which probability tables are desired. For each history, a set of resonance-pair sequences 

are created around each energy of reference by sampling from representative 

distributions, and then the sequence is used to reconstruct the temperature-broadened 

cross section at the energy of reference. As with the resonance ladder method, the 

resonance spacing is sampled from a Wigner distribution given by: 

 

 𝑊(𝑥) =
𝜋

2
𝑥𝑒

−𝜋𝑥2

4 , (44) 

 

where 𝑥 is the ratio of the sampled level spacing to the average level spacing. The 

average level spacing is dependent on the orbital angular momentum, 𝑙, and the total 

angular momentum, 𝐽, and so there are typically several resonance-pair sequences 

constructed per history. For example, in the case of 238U, there are five (𝑙, 𝐽) pairs 

provided in the ENDF evaluation, and so five independent resonance-pair sequences are 

generated for each PURM history, one for each pair.   
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The first pair of resonances in each (𝑙, 𝐽) dependent sequence is determined by first 

sampling the average level spacing, 〈𝐷𝑙,𝐽〉, and a random number, 𝜌 ∈ [0,1). Then, the 

first resonance is placed at 

 

 𝐸𝜆=1 = 𝐸𝑟𝑒𝑓 + 𝜌𝐷𝑙,𝐽, (45) 

 

and the second resonance in the pair is placed at 

 

 𝐸𝜆=2 = 𝐸𝑟𝑒𝑓 + (𝜌 − 1)𝐷𝑙,𝐽, (46) 

 

where 𝐸𝑟𝑒𝑓 is the energy of reference, and 𝐷𝑙,𝐽 is the sampled level spacing. The 

stochastic nature of the resonance placement is captured through the introduction of the 

random number 𝜌, which allows the starting point for each sequence to shift about the 

energy of reference, while maintaining the correct level spacing. The rest of the 

resonances are then added to the sequence in a similar manner; the level spacing is 

sampled, and the new resonance is placed at  

 

 𝐸𝜆=𝑛 = {
𝐸𝜆=𝑛−2 + 𝐷𝑙,𝐽, 𝑛 𝑜𝑑𝑑 

𝐸𝜆=𝑛−2 − 𝐷𝑙,𝐽, 𝑛 𝑒𝑣𝑒𝑛
. (47) 

 

Once the locations of the energy levels are determined, the reaction widths are 

sampled for each resonance in the sequence. In the URR, the average resonance widths 

for each energy of reference are prescribed in the ENDF evaluation [15]. PURM 

determines how many resonance pairs are needed for each (𝑙, 𝐽) sequence using theΔ3-

statistics test developed by Dyson and Mehta [16].  
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The Δ3-statistics test quantifies the mean-square deviation between the number of 

observed energy levels between 𝐸𝑙 and 𝐸ℎ:  

 

 Δ3 = 𝑀𝑖𝑛(𝑎, 𝑏) [
1

2𝐿
∫ (𝑁(𝐸) − 𝑎𝐸 − 𝑏)2𝑑𝐸

𝐸ℎ

𝐸𝑙

], (48) 

 

where 2𝐿 is the total number of levels and 𝑁(𝐸) is the observed cumulative number of 

resonances. The values of 𝑎 and 𝑏 are constants that are determined on-the-fly by 

applying a linear fit to the cumulative number of levels, a requirement for the 

minimization of the Δ3 value. The theoretical average value of the Δ3-statistics test is 

given by: 

 

 〈Δ3〉 =
1

𝜋2
[ln(𝑛) − 0.0687], (49) 

 

where 𝑛 is the number of energy levels observed in the interval. The purpose of the Δ3-

statistics test is to ensure that the sampled level-spacing distributions are a sufficient 

representation of the resonance behavior in the neighborhood of the energy of reference.  

Once the resonance-pair sequence is determined, the reaction widths for each resonance 

are sampled from Chi-square distributions according to the number of degrees of freedom 

prescribed for each reaction type. The Chi-square distribution with 𝜈 degrees of freedom 

can be written as 

 

 𝜒2(𝑥, 𝜐) =
𝑥

𝜐
2
−1𝑒

−𝑥
2

2
𝜐
2𝐺 (

𝜐
2)

, (50) 

 

where 𝐺 has been used to represent the mathematical gamma function in order to avoid 

confusion with the resonance reaction widths, typically denoted by Γ. Except in the case 
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of elastic scattering, 𝑥 is given by 

 

 𝑥 =
Γ𝜆𝑐

〈Γ𝜆𝑐〉
, (51) 

 

where 𝑐 represents the channel under consideration, Γ𝜆𝑐 is the sampled resonance width 

for channel 𝑐 for level 𝜆, and 〈Γ𝜆𝑐〉 is the average channel width for channel 𝑐 in the 

vicinity of level 𝜆. In the case of elastic scattering, 𝑥 is instead defined to be 

 

 𝑥 =
Γ𝜆𝑛

𝑙

〈Γ𝜆𝑛
𝑙 〉

, (52) 

 

where Γ𝜆𝑛
𝑙 is the sampled reduced neutron width for angular momentum 𝑙 for level 𝜆, and 

〈Γ𝜆𝑛
𝑙 〉 is the average reduced neutron width for angular momentum 𝑙 around resonance 𝜆. 

It should be noted that reduced neutron width prescribed here is not related to the neutron 

width by the theoretical definition, but obeys the experimental definition, given by 

 

 Γ𝜆𝑐 = Γ𝜆𝑛
𝑙 √𝐸𝑉𝑙(𝜌), (53) 

 

where 𝐸 is the resonance energy, 𝜌 is the product of the channel radius and wave number, 

and 𝑉𝑙 is given in terms of the penetrability, 𝑃𝑙,  as 

 

 𝑉𝑙(𝜌) =
𝑃𝑙

𝜌
. (54) 
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The number of degrees of freedom varies for each reaction. When the neutron width is 

assigned only one degree of freedom, the Chi-square distribution is equivalent to the 

Porter-Thomas distribution, given by 

 

 𝑃𝑇(𝑥) =
𝑒

−𝑥
2

√2𝜋𝑥
. (55) 

 

Once PURM has a complete resonance-pair sequence for history, the various 

cross sections are calculated at the energy of reference. The temperature-dependent cross 

sections are calculated by Doppler broadening the SLBW cross section directly using the 

psi-chi method [17]. In the psi-chi method, the temperature-dependent scattering cross 

section can be written, in a modified NJOY notation [18], as 

 

 𝜎𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 = ∑
4𝜋

𝑘2
(2𝑙 + 1) sin2 𝜙𝑙

𝑙

, (56) 

 

 𝜎𝑚𝜆 =
4𝜋

𝑘2
(

2𝐽 + 1

2(2𝐼 + 1)
)
Γ𝑛,𝜆

Γ𝜆
, (57) 

 

 

𝜎𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝜎𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙

+ ∑∑𝜎𝑚𝜆 {[cos 2𝜙𝑙 − (1 −
Γ𝑛,𝜆

Γ𝜆
)]𝜓(𝜃, 𝑥)

𝜆𝑙

+ sin(2𝜙𝑙) 𝜒(𝜃, 𝑥)} , 

(58) 

 

 𝜎𝑐𝑎𝑝𝑡𝑢𝑟𝑒 = ∑∑𝜎𝑚𝜆

Γ𝑐𝑎𝑝,𝜆

Γ𝜆
𝜓(𝜃, 𝑥),

𝜆𝑙

 (59) 

 

 𝜎𝑓𝑖𝑠𝑠𝑖𝑜𝑛 = ∑∑𝜎𝑚𝜆

Γ𝑓𝑖𝑠𝑠,𝜆

Γ𝜆
𝜓(𝜃, 𝑥),

𝜆𝑙

 (60) 
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where again 𝑘 is the neutron wave number, 𝑙 denotes the orbital angular momentum, 𝜙𝑙 

is the phase shift, 𝜆 indicates the resonance under consideration, 𝐽 is the total angular 

momentum, 𝐼 is the spin of the target nucleus, and the Doppler line-shape functions are 

represented by 𝜓(𝜃, 𝑥) and  𝜒(𝜃, 𝑥). The temperature-dependent variable 𝜃 is given by 

 

 
𝜃 =

Γ𝜆

√4𝑘𝐵𝑇𝐸
𝐴

, 
(61) 

 

where 𝑘𝐵 is the Boltzmann constant, 𝑇 is the absolute temperature, and 𝐴 is the atomic 

weight ratio. The temperature-independent variable 𝑥 is given by 

 

 𝑥 =
2

Γ𝜆
[𝐸 − (𝐸𝜆 +

𝑆𝑙(𝐸𝜆) − 𝑆𝑙(𝐸)

2𝑃𝑙(𝐸𝜆)
Γ𝑛,𝜆(𝐸𝜆))], (62) 

 

where we have introduced the energy-dependent shift factor and the penetrability factor, 

𝑆𝑙 and  𝑃𝑙, respectively. The line-shape functions can then be written as 

 

 𝜓(𝜃, 𝑥) =
√𝜋

2
𝜃𝑅𝑒 [

𝑖

𝜋
∫

𝑒−𝑡2

𝜃
2

(𝑥 + 𝑖) − 𝑡
𝑑𝑡

∞

−∞

] (63) 

 

and 

 

 𝜒(𝜃, 𝑥) =
√𝜋

2
𝜃𝐼𝑚 [

𝑖

𝜋
∫

𝑒−𝑡2

𝜃
2

(𝑥 + 𝑖) − 𝑡
𝑑𝑡

∞

−∞

]. (64) 

 

Even though it is not as accurate as some other methods [19], the psi-chi method 

is a powerful tool for generating Doppler-broadened cross sections. The method allows 
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for the direct computation of the Doppler-broadened cross section at a desired energy, 

without the need to reconstruct the cross section in the surrounding area. Since the 

module PURM only needs the cross sections to be tabulated at a small set of energy 

points (namely, the energies of reference), this method is well-suited to the task. 

However, this cross section formulation can also lead to negative elastic cross section 

values. If PURM encounters a negative cross section, it will resample the resonance 

parameters and recalculate all cross sections for that set. For a given history, all desired 

temperature-dependent cross sections could be calculated using the same set of resonance 

parameters by varying the temperature parameter,  𝑇, in Eq. (61).  

This entire sampling procedure is carried out for many histories, and used to 

create the temperature-dependent probability tables at the energy of reference. A simple 

flowchart illustrating the PURM procedure is given in Fig. 1. 

 

 

Figure 1. Flowchart depicting the PURM reconstruction procedure. 
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CHAPTER 3 

NEW URR METHOD 

 

 In this chapter, the new URR method is presented. The methodology works in a 

way similar to PURM, but utilizes the more rigorous RML cross-section format. 

Appropriate modifications have been made to the sampling routine to include the 

additional channels that were previously unavailable under the SLBW approximation. 

Necessarily, the LH Doppler broadening routine has replaced the psi-chi method, as the 

psi-chi method relies on the SLBW cross-section representation. The probability table 

generation has been implemented in a way that is nearly identical to PURM, generating 

normalized cross-section factors at the ENDF prescribed energies of reference. 

 

Generating the Resonance-Pair Sequence 

 The new AMPX module developed in this dissertation generates a resonance-pair 

sequence in a way similar to the PURM method outlined in Chapter 2. The resonance 

energy level spacings are distributed according to a Wigner distribution, which can be 

integrated to yield an explicit cumulative distribution function: 

 

 𝑊𝐶𝐷𝐹(𝑥) = 1 − 𝑒
−𝜋𝑥2

4 . (65) 

 

This cumulative distribution function can be inverted to yield a straightforward way to 

sample 𝑥. If we let 𝜌 represent a random number in the range (0,1), we find that 𝑥 is 

given by 

 

 𝑥 = √
−4

𝜋
ln 𝜌. (66) 
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The sampled spacing, 𝐷𝑙,𝐽, is given by the product of 𝑥 and the average level spacing 

〈𝐷𝑙,𝐽〉. After the spacing has been sampled, the first two resonances are then placed 

around one of the energies of reference. This is done by first sampling a random number 

𝜌′ uniformly from the range (0,1). The first resonance is then placed at  

 

 𝐸𝜆=1 = 𝐸𝑟𝑒𝑓 + 𝜌′𝐷𝑙,𝐽, (67) 

 

and the second resonance is placed at 

 

 𝐸𝜆=0 = 𝐸𝑟𝑒𝑓 + (𝜌′ − 1)𝐷𝑙,𝐽. (68) 

 

This allows the starting point of the resonance-pair sequences to shift around the energy 

of reference while still maintaining the appropriate level spacing. These two resonances 

serve as the starting point to build the rest of the sequence. The sequence begins by 

climbing up from the starting resonance at 𝐸𝜆=1, with the location of each new resonance 

given by 

 

 𝐸𝜆=𝑛+1 = 𝐸𝜆=𝑛 + 𝐷𝑙,𝐽,𝑛+1, 𝑛 > 0, (69) 

 

where 𝐷𝑙,𝐽,𝑛+1 represents the 𝑛th sampling of the level spacing. In a similar fashion, the 

bottom of the sequence is then generated by descending from 𝐸𝜆=0, with the location of 

each new resonance given by 

 

 𝐸𝜆=𝑛−1 = 𝐸𝜆=𝑛 − 𝐷𝑙,𝐽,𝑛−1, 𝑛 ≤ 0, (70) 

 

where 𝐷𝑙,𝐽,𝑛−1 represents the 𝑛th sampling of the level spacing during the climb down. In 

contrast to PURM, the energy-dependent average level spacing is updated to reflect the 

correct parameter set.  
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During the construction of the resonance-pair sequence, the sampled resonance 

energies will appear increasingly further away from the energy of reference. In fact, it is 

typical that a large portion of the sampled energy levels will be so far from the original 

energy of reference, that they are being placed near a new energy of reference, which has 

its own set of average parameters. The new methodology will update the average 

parameters to reflect this change in energy position. There are a few options for 

determining which set of average parameters to use, including linear interpolation 

between neighboring sets or simply using the closest set. The default choice for 

determining the appropriate parameter set is to use the nearest energy of reference to the 

last sampled resonance energy. This default choice is in agreement with the ENDF 

prescription for cross section reconstruction, which dictates that any interpolation is 

carried out on the cross sections, and not the parameter sets. However, interpolation on 

parameters seems more appropriate than on the cross section. The data evaluation should 

make sure that the results obtained by energy and parameter interpolations coincide.  

Once the resonance locations are determined, a set of resonance reaction widths 

are sampled from appropriate Chi-square distributions according to the number of 

degrees of freedom in a manner analogous to the PURM sampling technique. As with the 

average level spacing, the average reaction widths are updated to use the parameter set at 

the nearest energy of reference. 

It is worth noting that the shape of the Porter-Thomas distribution leads to most of 

the sampled neutron widths falling far below the average value; in fact, the distribution is 

skewed so that a fair sampling will lead to nearly 70% of the widths falling below the 

average width. By contrast, the fission reaction is typically assumed to be a multi-channel 

process, and is typically assigned two or three degrees of freedom. In the case of neutron 

capture, it is assumed a very large number of capture channels are available, such that 

𝜐 → ∞, and the associated Chi-square distribution then becomes a Dirac delta function 

centered at 〈Γ𝜆𝛾〉. Hence, each sampled capture width is identical to the average capture 
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width, meaning 〈Γ𝜆𝛾〉 = Γ𝜆𝛾 for all 𝜆. The Chi-square distributions are sampled using a 

rejection technique and the definition of the Chi-square distribution, namely 

 

 𝑥 = ∑𝜌𝑖
2

𝜐

𝑖=1

, (71) 

 

where 𝑥 is the sample following a Chi-square distribution with 𝜈 degrees of freedom, and 

the 𝜌𝑖 are independent, standard normal random variables. 

The PURM sampling procedure only generates SLBW resonance parameters, 

which do not allow for the inclusion of multiple channels per spin-group definition. 

However, the new URR methodology does allow for the inclusion of multiple channels. 

Unfortunately, since ENDF only allows the use of the SLBW format in the URR, the 

higher-order channel terms are not included in the evaluation. 

Since the RML format allows all channels, they should all be included in the 

computation. While the URR ENDF evaluations do not provide all of the channels 

explicitly, the missing channels can be determined using vector algebra from the neutron 

spin, intrinsic target spin, orbital angular momentum, and total angular momentum. The 

given ENDF parameters and user-defined particle-pair definitions are given to the 

program SAMQUA [20], which then provides the appropriate (𝑙, 𝑠) channel definitions 

for each spin group and particle pair. Once the new channels are determined, they are 

assigned a reaction width by sampling from the appropriate distribution in the same way 

that the original sets of reaction widths were determined. After any necessary additional 

sampling is complete, the resonance-pair sequence is now defined in a set of RML 

parameters instead of the SLBW parameters that PURM would generate. 

 

 

 



 28 

Cross-Section Reconstruction 

As with the resolved resonance region, great care must be taken in constructing 

the grid so that it reflects the true cross-section behavior in the region. The grid is 

typically much easier to construct in the resolved resonance region, and most code 

packages will form an energy grid that places more points around resonances and fewer 

points when the cross section is varying much less rapidly. In most cases, the cross-

section data is reconstructed so that linear interpolation between points is accurate to 

0.1% or better. This is a perfectly sound way to reconstruct the cross section, as it avoids 

providing inconsequential information in the slowly-varying areas, but still provides an 

excellent picture of the resonance peaks. 

 In the resolved resonance region, the aforementioned general energy grid 

construction procedure works very well, as it has been made in a way that will provide 

excellent behavior for both temperature broadening routines and Riemann integration 

schemes. When determining average values from these Riemann integration routines, the 

spacing between points governs how much each point contributes to the total integral. In 

effect, regardless of the complexity of the integration routine chosen, the contribution of 

the change of the function between points in each region is weighted by the spacing 

between the points.  So, even though there are fewer points in the slowly varying regions, 

their contribution to the average is weighted much more than the contribution from the 

rapid change over the resonance peaks.  

In contrast to the RRR, in which the cross section is well represented by a discrete 

set of explicit resonance parameters, most codes do not attempt to directly reconstruct the 

cross section over the entire URR. In the URR, the resonance widths have become 

smaller than the experimental resolution, and therefore individual resonance parameters 

can no longer be fit to the data. For this reason, cross section processing codes base their 

URR reconstruction technique by sampling from the averages of the physical quantities. 

The cross sections are calculated at the energies of reference prescribed in the ENDF 
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evaluation using the SLBW approximation, which can be Doppler broadened directly 

without reconstructing the surrounding energy grid. 

While the statistical resonance parameter sampling procedure for the new 

methodology is similar to those used for SLBW calculations, the RML approximation 

does not allow the same single-point Doppler broadening. Hence, in order to obtain the 

temperature-broadened cross section at each energy of reference, the 0K cross sections 

must be accurately reconstructed in the neighborhood of the energies of reference. 

Therefore, the cross section reconstruction necessary for the new URR methodology 

requires an approach identical to those used in the RRR.  

In order for the reconstruction to accurately represent the cross section behavior, 

the energy grid must be defined so that the resonance peaks are not masked by the 

smooth cross section behavior. If the energy grid spacing is too large, the reconstruction 

will miss the resonance peaks entirely, and only capture the smoothly varying 

background cross-section. For example, in the case of 238U, if an energy spacing of 0.01 

eV is used, roughly 75% of the resonance contribution to the elastic scattering cross 

section is not represented on the grid at all. This is due to the resonance not falling 

haphazardly onto a grid point, or not being close enough to a grid point, since the elastic 

width of 238U in the unresolved resonance region is on the order of 0.001 eV.  

If one were to attempt to use a hyper-fine mesh, then the driving force behind the 

energy grid spacing must be the minimum non-zero, contributing reaction width found 

amongst all the sampled resonances. Using 238U as an example, the minimum reaction 

width is likely to be the elastic scattering channel, which is computed using a sample 

taken from a Porter-Thomas distribution. Due to the nature of the Porter-Thomas 

distribution, it is not uncommon for the minimum elastic scattering width to be on the 

order of 10-12 eV. For an evenly meshed energy grid over the unresolved resonance 

region of 238U, the grid would require on the order of 1017 points. Hence, in the case of 

238U, this makes creating an evenly meshed energy grid an intractable problem. 
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Since using an evenly spaced energy grid is effectively impossible, one might 

consider using a different metric to balance the contribution from the resonant and non-

resonant cross-section behavior. Considering that most of the resonance peaks have very 

small widths, most of them will be missed on a coarse mesh. However, since those peaks 

are being missed, this means that the coarse mesh is effectively only capturing the non-

resonant behavior of the cross section.  

One might try to balance the contribution from the resonant and non-resonant 

behavior equally by using an equal number of points in the two regions. In order to 

capture the resonance peaks, one could construct a fine grid about each resonance energy. 

For convenience, this locally fine grid will be referred to as the resonance grid. Once the 

resonance grid has been constructed, an evenly spaced coarse mesh would then be 

determined, spanning the entire unresolved resonance region. To balance between the 

two behaviors, the coarse grid would be created using an equal number of points as the 

resonance grid. These two grids would then be combined to form the complete energy 

grid used in the calculation of the probability tables. By construction, the resonant and 

non-resonant cross-section behavior would have equal weighting through the number of 

points. Unfortunately, this approach will ultimately fail for very small resonance widths 

because the peak will be effectively non-existent. If there is no peak, then the region is 

effectively exhibiting non-resonant behavior, and will be more than double-counting the 

non-resonant behavior. 

Some older codes have attempted to avoid this grid-density problem by using a 

halving-iteration scheme. These halving schemes start with a coarse grid, and add points 

to the grid when the cross section at the mid-point can’t be accurately interpolated from 

the neighboring points. Unfortunately, these routines will also sometimes lead to 

inaccurate cross section representations, especially near inflection points. The new URR 

methodology avoids all of these issue by using the AMPX module POLIDENT [21] to 
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perform the energy-grid construction. For completeness, a brief description of the 

POLIDENT mesh-generation scheme is provided. 

POLIDENT starts the reconstruction by first determining an initial fine-energy 

mesh. The initial spacing between grid points is estimated from the average level spacing 

and average neutron width, and is given by  

 

 ∆𝐸 = 𝐶√
〈Γ𝑛〉

〈𝐷〉
. (72) 

 

The cross sections are then reconstructed on the fine mesh using the desired cross-section 

formalism. For the new URR methodology, POLIDENT calls the modern RML 

algorithm implementation. POLIDENT then numerically determines the location of the 

critical points of the functions, and adds them to the energy grid. The cross section is then 

evaluated at each resonance energy to ensure the peaks have been captured, and are 

added to the fine grid as necessary. A number of points are then added to the grid 

between the points of inflection and resonance peak; the number of points added 

increases with increasing value of the slope between the peak and the inflection point, 

with up to twenty points inserted between them. At this point, a halving-scheme is then 

used to ensure that the grid sufficiently represents all cross section values in the given 

energy range. 

While a resonance-pair sequence can be generated to span the entire URR, the 

entire sequence can’t be included in the cross section reconstruction at each point due to 

computational limitations. In order for the temperature broadening to be carried out, the 

cross section must be constructed on a grid surrounding the energy of reference. In the 

case of 238U, a typical resonance-pair sequence will consist of over sixty thousand 

resonances over the span of the URR. If a similar evaluation were provided for the RRR, 

the number of resonances could feasibly be included in the calculation of the cross 



 32 

section at every grid point. However, the RRR reconstruction only requires the cross 

section calculation to be carried out one time at each point on the energy grid. In contrast, 

in the URR, the cross section must be calculated at every point in the grid for many 

unique resonance-pair sequences. If every resonance in the sampled sequences were 

included, the reconstruction on even a relatively small energy grid would require tens of 

seconds of computation time for each sequence at each energy of reference. If the entire 

resonance-pair sequence is used for each point on the grid, it would take one the order of 

CPU-months to reconstruct probability tables in the URR. 

Fortunately, it is not necessary to include every resonance in the reconstruction at 

every point on the energy grid, only the resonances that are near to the energy under 

consideration. Of course, this requires the definition of what it means for a resonance to 

be “near” to the grid point. To determine if a resonance is near, we start by examining the 

R-Matrix, given by 

 

 𝑅𝑐𝑐′ = ∑
𝛾𝜆𝑐𝛾𝜆𝑐′

𝐸𝜆 − 𝐸
𝛿𝐽𝐽′

𝜆

, (73) 

 

where 𝛾𝜆𝑐 is the reduced width amplitude for channel 𝑐 and resonance 𝜆, 𝐸𝜆 is the 

resonance energy, 𝐸 is the energy under consideration, 𝛿 is the Kronecker delta function, 

and 𝐽 and 𝐽′ are the total angular momentum for channels 𝑐 and 𝑐′, respectively. We will 

further only consider the elastic scattering cross section, as it is the dominant reaction 

type for 238U in the URR. For neutrons interacting with 238U, there is only one channel 

available for elastic scattering in each spin group. Hence, for elastic scattering, our R-

Matrix becomes 

 

 𝑅𝑐𝑐′(𝐸) = 𝑅𝑐𝑐(𝐸) = 𝑅(𝐸) = ∑
𝛾𝜆

2

𝐸𝜆 − 𝐸
𝜆

, (74) 
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where 𝛾𝜆
2 is related to the elastic width by 

 

 Γ𝑛𝜆 = 2𝑃𝑙𝛾𝜆
2, (75) 

 

and 𝑃𝑙 is the penetration factor. 

We can then write 

 

 𝑅(𝐸) = ∑
Γ𝑛𝜆

2𝑃𝑙(𝐸𝜆 − 𝐸)
𝜆

. (76) 

 

The Γ𝑛𝜆 are calculated from the sampled partial elastic widths according to the relation 

 

 Γ𝑛𝜆 = Γ𝑛𝜆
𝑙 √𝐸𝜆

𝑃𝑙(𝜌)

𝜌
, (77) 

 

where 𝜌 is given by 

 

 𝜌 =
1

ℏ
√

2𝑀2𝐸

(𝑀 + 1)2
𝑎𝑐, (78) 

 

and 𝑎𝑐 is the channel radius. We then find that 

 

 𝑅(𝐸) = ∑
Γ𝑛𝜆√𝐸𝜆𝑃𝑙(𝜌𝜆)

2𝜌𝜆𝑃𝑙(𝜌𝐸)(𝐸𝜆 − 𝐸)
𝜆

, (79) 

 

where 𝜌𝜆 is evaluated at 𝐸𝜆 and 𝜌𝐸 is evaluated at 𝐸. 
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We can now define a resonance as being far from the energy under consideration if 

 

 ∑
Γ𝑛𝜆√𝐸𝜆𝑃𝑙(𝜌𝜆)

2𝜌𝜆𝑃𝑙(𝜌𝐸)(𝐸𝜆 − 𝐸)
≫

Γ𝑛,𝑓𝑎𝑟√𝐸𝑓𝑎𝑟𝑃𝑙(𝜌𝑓𝑎𝑟)

2𝜌𝑓𝑎𝑟𝑃𝑙(𝜌𝐸)(𝐸𝑓𝑎𝑟 − 𝐸)
= 𝜖𝑓𝑎𝑟

𝜆𝑛𝑒𝑎𝑟

. (80) 

 

Since 𝜌 does not vary greatly over the URR of 238U, we can further simplify the 

expression for 𝜖𝑓𝑎𝑟 to 

 

 𝜖𝑓𝑎𝑟 ≈
Γ𝑛,𝑓𝑎𝑟√𝐸𝑓𝑎𝑟

𝐸𝑓𝑎𝑟 − 𝐸
. (81) 

 

For 238U, the product Γ𝑛𝜆√𝐸𝜆 is on the order of a few eV, so that the contribution 

is minimal when divided by 𝐸𝜆 − 𝐸, which will be on the order of keV. Computational 

experience has shown that most resonances (those more than a few thousand eV away) 

can be ignored, leading to a drastic reduction in computational time, so that each 238U 

probability table can be calculated within a few days CPU-time.   
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Doppler Broadening Treatment 

The temperature-corrected cross sections are calculated using the Leal-Hwang 

method, in which the Doppler-broadened cross section is given by [2]: 

 

 𝜎𝐷𝑜𝑝𝑝𝑙𝑒𝑟(𝐸) = 𝐹(𝑣, 𝑡)/𝐸, (82) 

 

where 𝑣 is the square root of the energy 𝐸, and 𝐹(𝑣, 𝑡) is the solution of a partial 

differential equation of the same form as a one-dimensional time-dependent heat 

equation, given by  

 

 
𝜕2𝐹

𝜕𝑣2
=

𝜕𝐹

𝜕𝑡
, (83) 

 

where 𝑡 is related to the temperature of the sample, 𝑇, by 

 

 𝑡 =
𝑘𝐵𝑇

2𝑀
, (84) 

 

with 𝑘𝐵 denoting Boltzmann’s constant and 𝑀 representing the target mass. This is the 

equivalent differential form of the free-gas model integral equation.  

This heat-like equation is subject to the initial condition 

 

 𝐹(𝑣, 0), −∞ ≤ 𝑣 ≤ ∞, (85) 

 

with boundary conditions 

 

 

𝐹(−∞, 𝑡) = 𝐹(−∞, 0), 

𝐹(∞, 𝑡) = 𝐹(∞, 0). 
(86) 
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The function 𝐹(𝑣, 𝑡) can then be calculated using a finite-difference method. If a constant 

mesh size is used, the explicit finite difference equation for 𝐹 at 𝑣𝑖 and 𝑡𝑗 is given by 

 

 𝐹𝑖
𝑗+1

= 𝑠(𝐹𝑖+1
𝑗

+ 𝑎𝐹𝑖
𝑗
+ 𝐹𝑖−1

𝑗
), (87) 

 

where 

 

 𝑠 =
𝛿𝑡

(𝛿𝑣)2
, (88) 

 

and 

 

 𝑎 =
1 − 2𝑠

𝑠
. (89) 

 

As with many finite-difference formulations, the coefficient 𝑠 must be no greater than 0.5 

to ensure numerical stability. By representing 𝐹 as a Taylor series expansion and 

choosing 𝑠 = 1 6⁄ , it can be shown that the expected error is on the order of 

 

 𝜖 ∝
(𝛿𝑣)4

360

𝜕6𝐹

𝜕𝑣6
−

(𝛿𝑡)2

6

𝜕3𝐹

𝜕𝑡3
. (90) 

 

If the mesh size is non-uniform, 𝐹 can be expressed as [22]: 

 

 𝐹𝑖
𝑗+1

= 𝑠𝑛𝑐 (𝑎𝑛𝑐𝐹𝑖
𝑗
+

2(𝐹𝑖−1
𝑗

𝛿𝑣𝑟 + 𝐹𝑖+1
𝑗

𝛿𝑣𝑙)

𝛿𝑣𝑟 + 𝛿𝑣𝑙
), (91) 
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where 𝑠 and 𝑎 are now grid-dependent variables, given by 

 

 𝑠𝑛𝑐 =
𝛿𝑡

𝛿𝑣𝑟𝛿𝑣𝑙
, (92) 

 

and 

 𝑎𝑛𝑐 =
1 − 2𝑠

𝑠
, (93) 

 

with  

 𝛿𝑣𝑟 = 𝑣𝑖+1 − 𝑣𝑖 (94) 

 

and  

 𝛿𝑣𝑙 = 𝑣𝑖 − 𝑣𝑖−1. (95) 

 

 

Energy Grid Justification 

Since the RM approximation does not allow for single-point Doppler broadening, 

the new URR methodology requires that the 0K cross sections are reconstructed on an 

energy grid surrounding the energy of reference. In general, the LH Doppler-broadening 

method provides accurate temperature-corrected cross sections. However, the finite-

difference formulation can lead to significant errors near the edge of the energy mesh, 

which are more pronounced at very high and very low energies [22]; this error is not an 

issue in the URR, as the energy range does not span very high or very low energies. 

Below the URR, adding points past the edges of the grid can help alleviate this error. If 

no additional points are added, the edge error will be substantial, but the grid points far 

from the energy boundaries will still be very close to the edge-corrected values. 

When performing the reconstruction, the best-case scenario occurs when the 

sampled parameters produce resonances that are substantially different from the energy 
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of reference. In this case, the LH Doppler broadening will produce cross sections that are 

effectively identical at the energy of reference, provided that the choice of energy grid 

includes the resonances closest to the energy of reference. An example of this best-case 

scenario is given in Fig. 2. For this set of resonance parameters, the total cross section at 

the energy of reference on each grid differs by less than 10-6. 

 

 

Figure 2. Best-case scenario for LH temperature broadening routine. 

 

The worst-case scenario occurs when the sampled resonance-pair sequence places 

a resonance very close to the energy of reference and resonances near the edge of the 

grid. In this case the grid size and center point do have some marginal effect on the 

temperature-broadened cross section at the energy of reference. These differences are 

typically very small, with a maximum difference of a few percent between the highest 
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and lowest reconstructed values. An example of this worst-case scenario is given in Fig. 3 

and Fig. 4, with Fig. 3 showing the 0K total cross section and Fig. 4 showing the 300K 

broadened total cross section on a variety of energy grids. The difference between the 

highest and lowest estimate of the total cross section is approximately 2.5%. However, 

this behavior is also not monotonic; a larger grid size might produce a slightly lower or 

higher value at the energy of reference than a smaller grid. Since the average cross 

section in each bin of the probability table differs by a much larger percentage, the slight 

difference in value has a very minimal impact on the results.  The graph in Fig. 5 

demonstrates the grid’s impact on the reconstruction; the reconstructions are much 

different at their respective end points, but are otherwise in very good agreement with 

one another. 

  
Figure 3. Graph showing 0K total cross section in worst-case scenario for LH 

temperature-broadening routine. 
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Figure 4. Graph showing impact of grid choice in worst-case scenario for LH 

temperature-broadening routine near the energy of reference. 
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Figure 5. Graph emphasizing the minimal impact the edge-error has on the temperature-

broadened cross section near the energy of reference. 
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As a further justification for the energy grid, let us consider the approximate 

expression for the SLBW form of the temperature-dependent capture cross section 

proposed by Bethe and Placzek [23], which can be written as 

 

 𝜎𝑐𝑎𝑝(𝐸, 𝑇)~𝜎0

Γ𝑐𝑎𝑝

Γ
(
𝐸𝑟𝑒𝑠

𝐸
)
1 2⁄

ψ(𝑥, 𝜉), (96) 

 

where  

 ψ(𝑥, 𝜉) =
𝜉

2√𝜋
∫ 𝑑𝑦

𝑒−((𝑥−𝑦) 𝜉⁄ )2

1 + 𝑦2

∞

−∞

, (97) 

  

with  

 𝑥 =
2(𝐸 − 𝐸𝑟𝑒𝑠)

Γ
 (98) 

 

and  

 𝜉 =
Γ

Γ𝐷
. (99) 

 

In the last equation, Γ𝐷 is known as the Doppler width, and is given by 

 

 Γ𝐷 = (
4𝐸𝑟𝑒𝑠𝑘𝑇

𝐴
)
1 2⁄

. (100) 

 

In the case of 238U, the Doppler width in the URR will be relatively small. The 

URR spans from 20 keV to just above 149 keV, so that all of the sampled 𝐸𝑟𝑒𝑠 will be 

more than 10 keV and much less than 200 keV. Even for large values of the thermal 

energy 𝑘𝑇, the Γ𝐷 will be on the order of a few to tens of eV. In the URR of 238U, the 

total width Γ will typically on the order of 0.1 eV, and in rare cases on the order of 1 eV.  
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The contribution of the resonance at 𝐸𝑟𝑒𝑠 is only important to the cross section 

calculation at 𝐸 when the value of the ψ function is large. In the rare case of a large Γ on 

the order of eV,  𝜉 will be between 0.5 and 1, depending on whether we are in the lower 

or upper end of the URR. If the resonance is located right at the edge of the energy grid, 

then for the proposed choice of a 20 eV grid,  𝑥 will have a magnitude of about 20. If we 

evaluate ψ for these values of 𝜉 and 𝑥, we find that the resonance contributes only 0.25% 

of its peak value at 𝐸. In the more typical case, 𝜉  would be on the order of 10-2 or 10-3, 

and 𝑥 will have a magnitude much larger than 50, leading to a ψ of less than 0.1%. This 

is why it is acceptable to Doppler broaden the cross section onto a small grid around the 

reference energy, as the far away resonances will have increasingly smaller impact on the 

Doppler broadening at  𝐸, provided that the resonances in question have small widths in 

comparison to the Doppler width and are located at an  𝐸𝑟𝑒𝑠 substantially far from 𝐸. 
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Probability Table Construction 

Once the cross section has been reconstructed and temperature broadened, the 

probability tables can be created. Here, a probability table is a tabular representation of 

the average behavior of the cross section for each reaction type over a well-defined 

energy range. This approach is used in the unresolved resonance region out of necessity; 

in this region, the resonance behavior has surpassed detector resolution, and is thus 

unable to have the same parameters fit to the data as in the resolved resonance region. 

Hence, the probability table approach allows for the average behavior, as taken from 

detection measurements, to be reflected by some average set of parameters, as prescribed 

by the evaluator. One could use this same approach in the resolved resonance region, but 

it is unnecessary and ill-advised, as the true cross section can be reconstructed on an 

arbitrarily fine grid with excellent accuracy. 

The probability table is divided up by cross section value limits in order to create 

unique bins for tallying. The bin limits can be set in a variety of ways; in order for 

interpolation between probability tables to be valid, equi-probable bins are chosen. In 

order to calculate the bin tallies, the cross section values are typically sorted in order of 

increasing total cross section. It should be noted that this choice ensures that the bins of 

each individual probability table will increase monotonically in total cross section, but 

allows for non-monotonic behavior of all other cross sections. It is necessary for the cross 

sections to be sorted in increasing order by one of the cross section values to calculate the 

bin tallies.  
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Since the individual resonances can’t be resolved experimentally, the reaction 

cross sections must be expressed as an average value at the energy of reference. This 

gives rise to a Lebesgue expression of the reaction cross section, where we write the 

expected cross section as [24] 

 

 〈𝜎𝑥(𝐸𝑟𝑒𝑓)〉 = ∫ 𝑑𝜎𝑥
′𝑝(𝜎𝑥

′ |𝐸𝑟𝑒𝑓)

𝜎𝑚𝑎𝑥

𝜎𝑚𝑖𝑛

𝜎𝑥
′ , (101) 

 

where 𝜎𝑚𝑖𝑛 and 𝜎𝑚𝑎𝑥 are the minimum and maximum values for reaction cross section 

𝜎𝑥, and 𝑝(𝜎𝑥
′ |𝐸𝑟𝑒𝑓) is the probability distribution function of 𝜎𝑥 at the energy of 

reference, 𝐸𝑟𝑒𝑓. The average value, 〈𝜎𝑥(𝐸𝑟𝑒𝑓)〉, is also referred to as the infinite-dilution 

cross section. The infinite-dilution cross section will not exhibit the same resonance 

structure present in the URR, but the energy self-shielding effect can be recaptured 

through the use of probability tables. 

 Once the bin limits have been set and the cross section values have been sorted, 

the bin probabilities and average values are calculated. For each batch, the probability 

assigned to each bin is set as 

 

 𝑃𝑖,𝑏 =
𝑛𝑖,𝑏

𝑛𝑏
, (102) 

 

where 𝑃𝑖,𝑏 is the probability assigned to bin 𝑖 for batch 𝑏, 𝑛𝑖,𝑏 is the number of points 

falling within the bin limits of bin 𝑖 for batch 𝑏, and 𝑛𝑏 is the total number of grid points 

used in batch b.  
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The average cross section for reaction 𝑐 within bin 𝑖 for batch 𝑏 is calculated as 

 

 𝜎𝑖,𝑏
𝑐̅̅ ̅̅ =

1

𝑛𝑖,𝑏
∑𝜎𝑗,𝑏

𝑐

𝑛𝑖,𝑏

𝑗=1

, (103) 

 

where 𝜎𝑖,𝑏
𝑐̅̅ ̅̅  is the average cross section for reaction 𝑐 within bin 𝑖 for batch 𝑏, 𝑛𝑖,𝑏 is again 

the number of points falling within bin 𝑖 for batch 𝑏, and the 𝜎𝑗,𝑏
𝑐  are the cross section 

values for reaction 𝑐 falling within the bin limits of bin 𝑖 for batch 𝑏. 

After the appropriate number of batches has been tallied, the “grand mean” values 

are calculated. The final probability assigned to bin 𝑖, 𝑃𝑖, is given by 

 

 𝑃𝑖 =
1

𝑛
∑ 𝑃𝑖,𝑏

𝑛

𝑏=1

, (104) 

 

where 𝑃𝑖,𝑏 is the probability assigned to bin 𝑖 for batch 𝑏 and 𝑛 is the total number of 

batches processed. The variance for bin 𝑖, 𝑉𝑖
2, is then computed as 

 

 𝑉𝑖
2 =

1

𝑛(𝑛 − 1)
∑(𝑃𝑖 − 𝑃𝑖,𝑏)

2

𝑛

𝑏=1

. (105) 

 

Similarly, the final average cross sections for bin 𝑖 and reaction 𝑐, 𝜎𝑖
𝑐̅̅ ̅, is given by 

 

 𝜎𝑖
𝑐̅̅ ̅ =

1

𝑛
∑ 𝜎𝑖,𝑏

𝑐̅̅ ̅̅
𝑛

𝑏=1

. (106) 

 

The variance in the cross section for bin 𝑖 and reaction 𝑐, Δ𝑖,𝑐
2 , is calculated as 

 Δ𝑖,𝑐
2 =

1

𝑛(𝑛 − 1)
∑(𝜎𝑖

𝑐̅̅ ̅ − 𝜎𝑖,𝑏
𝑐̅̅ ̅̅ )2

𝑛

𝑏=1

. (107) 
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CHAPTER 4 

RESULTS 

 

 In this chapter, several numerical results are presented in order to validate the new 

URR methodology. First, the cross-section reconstructions of several isotopes are 

presented to verify that the RML algorithm generates the correct 0K values. Then, the 

new 238U probability tables are presented and compared to the PURM results. Finally, 

several benchmark problems are presented to verify that the new URR methodology 

creates accurate cross-section factor probability tables.   

 

Resolved Resonance Region 

Before implementing the RML algorithm into the new URR methodology, it was 

first tested by reconstructing the cross sections of several isotopes in the RRR. The 0K 

reconstruction was performed for several isotopes by both the SAMRML code [4] and 

the new implementation, and the results were compared. For rigorous testing, the isotopes 

chosen for testing represent a wide range of masses and reaction types. Here, the 0K RRR 

reconstructions are presented for 16O, 19F, 35Cl, 56Fe, 63Cu, and 65Cu. For the energy-

differential cross sections, the reconstructions were performed on an energy grid 

determined by SAMMY. For the double-differential cross sections, the reconstruction 

was performed on the same energy grid with an evenly spaced twenty-point angular grid. 

The new RML algorithm produced energy- and double-differential reconstructions in 

excellent agreement with the SAMRML results.  

16O Cross Sections  

One of the advantages of the RML format is its ability to make appropriate 

Coulomb corrections to handle charged-particle channels. Since an (𝑛, 𝛼) reaction opens 
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for 16O in the RRR above 2.4 MeV, it was a prime candidate for testing the Coulomb-

corrected functions used in the calculation. The 16O reconstruction was performed over 

its entire RRR, spanning from 10-5 eV to 6.2 MeV. The 0K energy-differential 

reconstruction was found to be in excellent agreement with the SAMRML results, 

displaying a relative difference of less than 10-6 at all points, except near the (𝑛, 𝛼) 

threshold. This difference is due to instability in the computation induced by the 

prohibitively small penetrability. However, this difference is of no concern, as the (𝑛, 𝛼) 

cross section is less than 10-10 barns near the threshold; once the cross section rises above 

10-8 barns, the two reconstructions are always in agreement to within a relative difference 

of 10-6. The ENDF formatted resonance parameter set used to perform the 16O cross-

section reconstruction is given in Appendix A, and is a preliminary update of the 16O 

resonance parameters as part of the Collaborative International Evaluated Library 

Organization (CIELO) project [25]. 

In the plotted reconstructions, the smoothly varying cross-sections in the low-

energy region have been omitted to provide a clearer image of the resonant peaks in the 

RRR. The 16O total cross section reconstruction is plotted in Fig. 6, the capture cross 

section is plotted in Fig. 7, the elastic-scattering cross section is plotted in Fig. 8, and the 

(𝑛, 𝛼) cross section is plotted in Fig. 9. 
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Figure 6. 16O total neutron cross section. 
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Figure 7. 16O neutron capture cross section. 
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Figure 8. 16O neutron elastic scattering cross section. 
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Figure 9. 16O (𝑛, 𝛼) cross section. 

 

In addition to the energy-differential cross sections, the 16O double-differential 

cross sections were reconstructed over the RRR. The new algorithm generated double-

differential cross sections that were exactly identical to the SAMRML results. While the 

results may not be truly identical, they were identical to within the precision of the 

SAMRML output, which is only printed to four decimal places for the double-differential 

results. As expected, the 16O double-differential cross sections display non-monotonic 

behavior in both energy and angle. The double-differential reconstructions for the 16O 

double-differential elastic scattering and double-differential (𝑛, 𝛼) cross sections are 

shown for all angles at select energies in Fig. 10 and Fig. 11, respectively. 
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Figure 10. 16O double-differential elastic scattering cross section. 
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Figure 11. 16O double-differential (𝑛, 𝛼) cross section. 

 

19F Cross Sections 

Another advantage of the RML format is the capability to independently 

reconstruct multiple inelastic scattering channels. In the case of 19F, there are two 

inelastic scattering reactions open in the RRR. The first inelastic scattering reaction opens 

at threshold energy of 110 keV, and the second inelastic scattering reaction opens around 

197 keV. The 19F reconstruction was performed over its entire RRR, spanning from 10-5 

eV to 1 MeV. As with 16O, the 0K 19F energy-differential reconstruction was found to be 

in excellent agreement with the SAMRML reconstruction, with a relative difference of 

less than 10-6, except for the inelastic reactions near their respective thresholds. This 

difference is again caused by the extremely small penetration factor near the threshold 

energy. However, this difference only occurs when the cross section is vanishingly small 
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and of no consequence. The ENDF formatted resonance parameter set used to perform 

the 19F cross-section reconstruction is given in Appendix B. 

The 19F cross section reconstructions shown here omit the smoothly varying cross 

section in the low-energy region in order to better visualize the resonance peaks in the 

RRR. The 19F total cross section is depicted in Fig. 12, the capture cross section is plotted 

in Fig. 13, the elastic scattering cross section is shown in Fig. 14, the first inelastic 

scattering cross section is displayed in Fig. 15, and the second inelastic scattering cross 

section is given in Fig 16. 

 

 

Figure 12. 19F total neutron cross section. 
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Figure 13. 19F neutron capture cross section. 
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Figure 14. 19F neutron elastic scattering cross section. 
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Figure 15. 19F first inelastic scattering cross section. 
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Figure 16. 19F second inelastic scattering cross section. 

 

In addition to the energy-differential cross sections, the 19F double-differential 

cross sections were reconstructed over the RRR. The new algorithm again generated 

double-differential cross sections that were exactly identical to the SAMRML results. As 

with the 16O double-differential cross sections, the 19F double-differential cross sections 

display non-monotonic behavior in both energy and angle. The double-differential 

reconstructions for the 19F double-differential elastic scattering, first inelastic scattering, 

and second inelastic scattering cross sections are shown for all angles at select energies in 

Fig. 17, Fig. 18, and Fig. 19, respectively. 
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Figure 17. 19F double-differential elastic scattering cross section. 
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Figure 18. 19F double-differential first inelastic scattering cross section. 
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Figure 19. 19F double-differential second inelastic scattering cross section. 

 

 

35Cl Cross Sections 

The isotope 35Cl was chosen to test the ability of the RML implementation to 

handle a different type of charged particle interaction, namely, the (𝑛, 𝑝) reaction. 

Further, the (𝑛, 𝑝) reaction for 35Cl is exothermic, so that there is no threshold energy for 

the reaction to proceed. The 0K 35Cl energy-differential cross sections were reconstructed 

over the entire RRR, spanning 10-5 eV to 1.2 MeV, and found to be in excellent 

agreement with the SAMRML reconstruction everywhere, with a relative difference of 

less than 10-6. Unlike the other cases, there was no slight disagreement found anywhere in 

the reconstruction, due to the exothermic nature of the (𝑛, 𝑝) reaction with 35Cl. The 
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ENDF formatted resonance parameter set used to perform the 35Cl cross-section 

reconstruction is given in Appendix C. 

The 35Cl cross section reconstructions shown here omit the smoothly varying 

cross section in the low-energy region to graphically separate the resonance peaks in the 

RRR. The 35Cl total cross section is depicted in Fig. 20, the capture cross section is 

plotted in Fig. 21, the elastic scattering cross section is shown in Fig. 22, and the (𝑛, 𝑝) 

cross section is given in Fig 23. 

 

 

Figure 20. 35Cl total neutron cross section. 
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Figure 21. 35Cl neutron capture cross section. 
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Figure 22. 35Cl neutron elastic scattering cross section. 
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Figure 23. 35Cl (𝑛, 𝑝) cross section. 

 

In addition to the energy-differential cross sections, the 35Cl double-differential 

cross sections were reconstructed over the RRR. As with the other isotopes, the new 

algorithm again generated double-differential cross sections that were exactly identical to 

the SAMRML results. The 35Cl double-differential cross sections display non-monotonic 

behavior in both energy and angle, as expected. The double-differential reconstruction for 

the 35Cl double-differential (𝑛, 𝑝) cross section is shown for all angles at select energies 

in Fig. 24. 
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Figure 24. 35Cl double-differential (𝑛, 𝑝) cross section. 

 

56Fe Cross Sections 

The energy-differential cross sections were reconstructed for 56Fe, a large 

component of many of the structural materials in a reactor environment. In contrast to 

19F, which has two inelastic reactions open in its RRR, there is only one available 

inelastic reaction in the RRR of 56Fe, spanning from 10-5 eV to 2 MeV. As in the other 

cases, the 0K reconstruction of all cross sections agreed with the SAMRML results to 

within a relative difference of 10-6, except near the inelastic threshold, where once again 

the cross section is vanishingly small. Once again, this disagreement rapidly dies off 

away from the threshold, and the reconstructions of all cross sections are found to be in 

very close agreement. The ENDF formatted resonance parameter set used to perform the 

reconstruction is not provided, as the data spans nearly two thousand lines. Furthermore, 
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the resonance parameter set used to perform this reconstruction is also part of the ongoing 

CIELO pilot project to update the 56Fe nuclear data evaluation [26]. A similar resonance 

parameter set for 56Fe can be obtained from the National Nuclear Data Center [27], but is 

only to be used up to 850 keV. 

The 56Fe cross section reconstructions shown here omit the smoothly varying 

cross section in the low-energy region in order to better visualize the resonance peaks in 

the RRR. The 56Fe total cross section is depicted in Fig. 25, the capture cross section is 

plotted in Fig. 26, the elastic scattering cross section is shown in Fig. 27, and the inelastic 

scattering cross section is provided in Fig. 28. 

 

 

Figure 25. 56Fe total neutron cross section. 



 69 

 

Figure 26. 56Fe neutron capture cross section. 
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Figure 27. 56Fe neutron elastic scattering cross section. 
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Figure 28. 56Fe neutron inelastic scattering cross section. 

 

Cu Cross Sections 

The energy-differential cross sections were reconstructed for two Cu isotopes, 

63Cu and 65Cu. While not found as prolifically as 56Fe, these copper isotopes are also 

found in reactor environments. These isotopes are unique to the test suite in that they both 

have negative-parity ground state configurations. Further, neither isotope has a threshold 

reaction in the RRR, so that there should be no disagreement between the new algorithms 

results and the SAMRML results. For both 63Cu and 65Cu, the reconstructions were 

carried out over their RRRs, which both span from 10-5 eV to 300 keV. As expected, the 

reconstructions for both isotopes agreed with their respective SAMRML results to within 

a relative difference of 10-6 everywhere. The ENDF formatted resonance parameter sets 
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used to perform the reconstruction are not provided, as each data set spans around one 

thousand lines. The copper evaluations used to perform the reconstructions can be from 

the National Nuclear Data Center [27]. 

As with the other isotopes, both the 63Cu and 65Cu cross section reconstructions 

shown here omit the smoothly varying cross section in the low-energy region in order to 

better visualize the resonance peaks in the RRR. The 63Cu total cross section is depicted 

in Fig. 29, the capture cross section is plotted in Fig. 30, and the elastic scattering cross 

section is shown in Fig. 31. The 65Cu total cross section is depicted in Fig. 32, the capture 

cross section is plotted in Fig. 33, and the elastic scattering cross section is shown in  

Fig. 34. 

 

Figure 29. 63Cu total neutron cross section. 
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Figure 30. 63Cu neutron capture cross section. 
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Figure 31. 63Cu neutron elastic scattering cross section. 
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Figure 32. 65Cu total neutron cross section. 

 

 



 76 

 

Figure 33. 65Cu neutron capture cross section. 
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Figure 34. 65Cu neutron elastic scattering cross section. 

 

Since all of the 0K RRR energy-differential and double-differential cross-section 

reconstructions for 16O, 19F, 35Cl, 56Fe, 63Cu, and 65Cu, the new RML algorithm has been 

verified to work consistently and accurately for a wide-range of input parameters. Of 

course, as more RML evaluated data libraries become available, they will be used to 

further test the new algorithm implementation for any minor discrepancy.   
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238U Unresolved Resonance Region Probability Tables  

The new URR methodology was used to generate probability tables for 238U using 

the ENDF/B-VII.1 File-2 average resonance parameters. The URR part of File-2 is given 

in Appendix D. The probability tables presented are normalized for each reaction, in 

accordance with the evaluation’s self-shielding flag. As such, these probability tables 

represent the effective cross-section factors for 238U, and are scaled by the File-3 data 

when used in the transport calculations. To ensure that the probability tables exhibited the 

correct behavior, they were compared with the results of the AMPX module PURM. 

The URR for 238U extends from 20 keV to just over 149 keV. PURM and the new 

methodology were used to calculate probability tables at the 18 energies of reference 

provided in the evaluation. The probability tables for PURM were all generated at 293.6 

K using 60,000 histories per table. The new methodology was used to generate 

probability tables at 293.6 K, but using only 30,000 histories per table. This reduction in 

number of histories was one of practicality, as the large increase in run-time was not 

worth the decrease in uncertainty within each cross-section bin. Additional histories only 

mildly decrease the uncertainty in the most variable bins. The highest variation is always 

found in the minimum and maximum cross section bins, since they are used to tally the 

vanishingly small and wildly large fluctuations, respectively, in the sampled cross 

sections. However, this low number of histories is sufficient to obtain reasonable 

uncertainty on the cross-section bins, as the calculation is relatively well behaved.  

The normalized cross-section factors calculated by PURM and the new method 

were found to be in good agreement. The factors computed by each code are plotted 

against each other for a few select energies that span different regions of 238U’s URR. 

The new URR method’s results and PURM results are shown at 30 keV, below the 

inelastic threshold, in Fig. 35, Fig. 36, and Fig. 37 for the total, capture, and elastic cross-

section factors, respectively. Similarly, the two sets are compared at 50 keV, above the 

inelastic threshold, for the total, capture, elastic, and inelastic cross-section factors in  
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Fig. 38, Fig. 39, Fig. 40, and Fig. 41, respectively. Finally, the two sets of results are 

compared at 140 keV, near the upper end of the URR, with the total, capture, elastic, and 

inelastic cross-section factors plotted in Fig. 42, Fig. 43, Fig. 44, and Fig. 45, 

respectively.  The error bars are shown on the total cross-section factor only; this choice 

will be discussed shortly. The complete set of normalized probability tables generated by 

the new method can be found in Appendix E. 

 

 

Fig. 35 Plot of the normalized total cross-section factors generated by both methods at 30 

keV. 
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Fig. 36 Plot of the normalized capture cross-section factors generated by both methods at 

30 keV. 
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Fig. 37 Plot of the normalized elastic cross-section factors generated by both methods at 

30 keV. 
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Fig. 38 Plot of the normalized total cross-section factors generated by both methods at 50 

keV. 
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Fig. 39 Plot of the normalized capture cross-section factors generated by both methods at 

50 keV. 
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Fig. 40 Plot of the normalized elastic cross-section factors generated by both methods at 

50 keV. 
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Fig. 41 Plot of the normalized inelastic cross-section factors generated by both methods 

at 50 keV. 
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Fig. 42 Plot of the normalized total cross-section factors generated by both methods at 

140 keV. 
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Fig. 43 Plot of the normalized capture cross-section factors generated by both methods at 

140 keV. 
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Fig. 44 Plot of the normalized elastic cross-section factors generated by both methods at 

140 keV. 
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Fig. 45 Plot of the normalized inelastic cross-section factors generated by both methods 

at 140 keV. 

 

 

As evidenced in Fig. 35-45, the two sets of cross-section factors showed good 

agreement, and exhibited the same trends in behavior. Further, the total cross-section 

factors of PURM and the new method always agreed to within one sigma of one another. 

Only the total cross-section factors are plotted with error bars because it is only that 

variation that has any significance. Since the probability tables are binned according to 

increasing total cross section, we must ensure that set of factors is converging.  

Binning by the total cross section ensures small variation within the most 

dominant reaction cross section and mostly monotonically increasing cross-section 

factors for all reaction types. This also ensures that the distributions shown are physically 
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accurate. If we choose to bin by one of the individual reaction cross sections, we are 

biasing the importance of that reaction in relation to the calculation of the overall cross-

section factor. This also explains why the probability tables are not constructed for each 

individual reaction and stitched together at the end. The combination of individual 

reaction tables would not guarantee consistency, meaning that the sum of the average 

individual reactions inside a bin would not be guaranteed to produce the correct average 

total cross section for that bin. Furthermore, the combination results in a non-physical 

table, as it implies that all reaction cross sections increase simultaneously, which is not 

guaranteed.  

In addition, it is important to remember that there is no correlation between the 

different reaction widths. The reaction widths obey similar Chi-squared distribution laws, 

but there is no connection between the sampling for each reaction type. For example, let’s 

examine a sampled resonance in which only the elastic and capture channels are open. If 

the sampled elastic width is very large, this will lead to a large elastic cross section 

around the resonance energy. However, this does not guarantee anything about the 

capture cross section. The capture width is sampled independently, and may also be very 

large, very small, or anywhere in between. This accounts for the high variability of the 

individual reaction widths inside each table bin.  
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Benchmarks 

Three benchmark problems were selected from the International Handbook of 

Evaluated Criticality Safety Benchmark Experiments (ICSBEP) [28] to test the validity 

of the new URR method. The three problems investigated include the IEU-MET-FAST-

007, IEU-MET-FAST-003, and IEU-COMP-FAST-004 benchmarks. The problems were 

chosen using the Database for the International Handbook of Evaluated Criticality Safety 

Benchmark Experiments (DICE) software [29]. The problems were selected based on 

their fast spectra and large amount of 238U, so that the probability tables would have an 

impact on the benchmark solution. The 𝑘𝑒𝑓𝑓 sensitivity to the 238U total neutron cross 

section for each benchmark was plotted using the DICE software, and is shown in  

Fig. 46. The sensitivities plotted were provided in the ICSBEP handbook, which were 

generated using the SCALE [30] 238-group general purpose criticality safety library and 

TSUNAMI-3D [31]. The sensitivity profiles plotted in Fig. 46 show that perturbations to 

the 238U total neutron cross section in the URR will change the 𝑘𝑒𝑓𝑓 for each of the three 

benchmarks. In contrast, the same three benchmarks show no sensitivity to the 238U total 

neutron cross section below approximately 1 keV due to their respective fast spectrums. 
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Fig. 46 𝑘𝑒𝑓𝑓 sensitivity coefficients for the selected benchmark problems. 

 

 

  



 93 

IEU-MET-FAST-007 Benchmark 

The IEU-MET-FAST-007 benchmark is more commonly known as the BIG TEN 

benchmark. The BIG TEN benchmark is based on the Los Alamos Big Ten assembly, 

consisting of a 10% enriched 235U mixed-uranium-metal cylindrical core surrounded by a 

238U reflector.  

The benchmark setup is depicted in Fig. 47 and Fig. 48. Fig. 47 depicts an XZ 

planar cut through the center of the configuration, and Fig. 48 shows an XY planar cut 

through the axial mid-point of the setup. In both Fig. 47 and Fig. 48, the material 

composition of each region is identified by number and color. The benchmark material 

compositions and region dimensions are provided in Table 1 and Table 2, respectively, 

with the region identifier corresponding to the numbering scheme shown in Fig. 49, 

which maintains the same color shading as Fig. 47 to represent the material composition.  
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Fig. 47 XZ-view through the center of the BIG TEN benchmark configuration. The 

material definitions for the regions are given below in Table 1. 
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Fig. 48 XY-view through the center of the BIG TEN benchmark configuration. The 

material definitions for the regions are given below in Table 1. 
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Table 1 Material composition of the U-metal in the BIG TEN benchmark in atoms/barn-

cm. 

Name Number Color 234U 235U  236U  238U  

Homogenized 

HEU and 

Natural U 

1 Blue 5.4058E-5 4.9831E-3 1.3733E-5 4.3108E-2 

IEU  2 Green 2.4761E-5 4.8461E-3 4.3348E-5 4.2695E-2 

Natural U 3 Yellow 2.6518E-6 3.4701E-4 0 4.7846E-2 

Depleted U 4 Red 2.8672E-7 1.0058E-4 1.1468E-6 4.7677E-2 
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Fig. 49 XZ-view through the center of the BIG TEN benchmark configuration with 

labeled regions. The dimensions of each region are given below in Table 2. 
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Table 2 Regional dimensions and composition of the BIG TEN benchmark. 

Region Material Outer Radius (cm) Height (cm) 

1 IEU 7.62 19.34351 

2 IEU 12.54604 26.74112 

3 IEU 3.10996 19.46148 

4 IEU 2.25014 15.24 

5 Natural U 26.67 3.48717 

6 Hom. HEU + Nat. U 26.67 55.41309 

7 Natural U 26.67 6.64585 

8 Depleted U 41.91 96.52 

9 Depleted U 26.67 15.73389 

10 Depleted U 26.67 15.24 

 

 

The measured system 𝑘𝑒𝑓𝑓 was found to be 1.0062 ± 0.0003. However, the 

detailed benchmark does not include all of the experimental setup. Ignoring the 

assembly’s transfer bar leads to a change in 𝑘𝑒𝑓𝑓 of -0.0011 ± 0.0003, and ignoring the 

external environment led to a change in 𝑘𝑒𝑓𝑓 of -0.0006 ± 0.0003. This means that the 

detailed benchmark should yield a 𝑘𝑒𝑓𝑓 of 1.0045 ± 0.0007. Here, we look at the 

simplified benchmark model, which has a bias of 0.0004 ± 0.0003 relative to the 

benchmark model. So, the simplified benchmark model should provide a 𝑘𝑒𝑓𝑓 of 1.0049 

± 0.0008. 

The improved simplified MCNP benchmark model was used in conjunction with 

several sets of continuous-energy ENDF libraries to compute 𝑘𝑒𝑓𝑓. MCNP5v1.6 was 

used to calculate the system 𝑘𝑒𝑓𝑓 using the MCNP continuous-energy ENDF/BVII.0 

libraries. The MCNP5v1.6 calculations were carried out with the URR probability tables 
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turned off, as well as with them turned on. The 238U URR probability tables were then 

replaced by the new URR probability tables, and the same two cases were run again. In 

addition, MCNP6.1 was used to calculate the system 𝑘𝑒𝑓𝑓 using the MCNP continuous-

energy ENDF/BVII.0 libraries and ENDF/BVII.1 libraries. The MCNP6.1 runs were 

carried out with the URR probability tables turned off, as well as with them turned on. 

The MCNP 238U URR probability tables were then replaced by the new URR probability 

tables, and the same two cases were run again. In all cases, 𝑘𝑒𝑓𝑓 was computed using a 

total of 50 million active histories, using 100 thousand neutron histories per generation 

and 500 active generations after 100 skip cycles. The results of the calculations are 

provided in Table 3. 
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Table 3. 𝑘𝑒𝑓𝑓 results for the IEU-MET-FAST-007 benchmark using the stock MCNP 

continuous-energy ENDF/BVII.0 libraries,  238U modified ENDF/BVII.0 libraries, 

ENDF/BVII.0 libraries, and 238U modified ENDF/BVII.0 libraries. 

Library Probability Tables MCNP5v1.6 MCNP6.1 

ENDF/BVII.0 No 1.00098 ± 0.00007 1.00098 ± 

0.00007 

ENDF/BVII.0 Yes 1.00492 ± 0.00008 1.00492 ± 

0.00008 

ENDF/BVII.0+Modified 

238U 

No 1.00098 ± 0.00007   1.00098 ± 

0.00007 

ENDF/BVII.0+Modified 

238U 

Yes 1.00537 ± 0.00007 1.00537 ± 

0.00007 

ENDF/BVII.1 No 1.00089 ± 0.00007 1.00089 ± 

0.00007 

ENDF/BVII.1 Yes 1.00453 ± 0.00007 1.00453 ± 

0.00007 

ENDF/BVII.1+Modified 

238U 

No 1.00089 ± 0.00007 1.00089 ± 

0.00007 

ENDF/BVII.1+Modified 

238U 

Yes 1.00531 ± 0.00007 1.00531 ± 

0.00007 

 

 

 As expected, there was no difference between the MCNP5v1.6 and MCNP6.1 

results. Since the transport simulations were identical in all cases for the same library, 

only the more modern MCNP6.1 was used for testing the other benchmarks. With the 

probability tables disabled, MCNP only uses the infinite-dilution cross-section in the 
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URR, so that the energy self-shielding effect is ignored completely. Without the self-

shielding effect, both the ENDF/BVII.0 and ENDF/BVII.1 libraries led to an 

underestimate of  𝑘𝑒𝑓𝑓 by over 400 pcm, almost five sigma below the benchmark 𝑘𝑒𝑓𝑓. 

With the probability tables enabled, both the ENDF/BVII.0 and ENDF/BVII.1 libraries 

produce a 𝑘𝑒𝑓𝑓 that is in excellent agreement with the benchmark value, falling well 

within one sigma of the measured value. The 238U modified ENDF/BVII.0 libraries led to 

an overestimate of 𝑘𝑒𝑓𝑓 of approximately 40 pcm, but is still well within one sigma of the 

benchmark value. Similarly, the 238U modified ENDF/BVII.1 libraries lead to about the 

same 40 pcm overestimate, but was still well within one-sigma of the benchmark 𝑘𝑒𝑓𝑓. 

 To further investigate the validity of the modified 238U probability tables, an 

estimate of the energy spectrum inside of the IEU core was generated using an F4 tally. 

For each library, the track-length flux estimate is plotted in Fig. 50. The error bars 

represent the one standard deviation uncertainty reported by MCNP. 
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Fig. 50 Normalized flux spectrum in the central IEU core. The flux has been normalized 

to the total number of active source particles, or 50 million neutron histories. The error 

bars represent one standard deviation as reported by MCNP. 

 

 

The largest variation among the flux estimates is in the lower end of the spectrum, 

and is due to the relatively low number of neutrons slowing down to that energy without 

being absorbed or lost by the system. Otherwise, the flux tallies are in very good 

agreement with one another, including the estimates using the updated probability tables 

for 238U. As such, it can be concluded that the new 238U probability tables provide an 

accurate representation of the energy self-shielding effect for the Big Ten benchmark 

problem. 
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IEU-MET-FAST-003 Benchmark  

The IEU-MET-FAST-003 benchmark is based on a bare spherical assembly of 

approximately 36 wt% 235U assembled at VNIIEF’s critical test facility. The core consists 

of 10 concentric spheres of uranium metal, each with an enrichment of between 36.30 

and 36.61 wt% 235U. All uranium metal was coated in a protective 50-μm coating 

composed of 50 wt% Cu and 50 wt% Ni. The main impurities in the composition of the 

uranium pieces were C, Fe, and W, and are included in the benchmark definition. The 

actual configuration was simplified in the benchmark by homogenizing over each 

spherical shell. A plane-view of the benchmark through the center of the configuration is 

presented in Fig. 51. The region dimensions are presented in Table 4. The material 

definitions for the regions are given in Table 5. 
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Fig. 51 Plane-view through the center of the IEU-MET-FAST-003 benchmark 

configuration. The material definitions and dimensions for the regions are given below. 
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Table 4. Regional dimensions of the IEU-MET-FAST-003 benchmark. 

Region Outer Rad. (cm) 

1 2.000 

2 6.000 

3 7.550 

4 9.150 

5 11.00 

6 12.25 

7 13.25 

8 14.00 

9 15.00 

10 15.324 
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Table 5. Material definitions of the IEU-MET-FAST-003 benchmark. Compositions are 

given in units of atoms/barn-cm. 

Region 234U 235U 238U C Fe Ni Cu W 

1 1.2743E-4 1.7093E-2 2.9308E-2 5.5181E-4 2.5713E-4 1.3191E-3 1.2183E-3 6.0083E-6 

2 1.5814E-4 1.7321E-2 2.9785E-2 4.6687E-4 1.6066E-4 1.7665E-4 1.6315E-4 1.7665E-4 

3 1.5677E-4 1.7194E-2 2.9508E-2 3.7026E-4 1.5926E-4 2.9710E-4 2.7440E-4 2.9710E-4 

4 1.5581E-4 1.7174E-2 2.9235E-2 5.5201E-4 1.5829E-4 2.2621E-4 2.0893E-4 2.2621E-4 

5 1.3256E-4 1.7141E-2 2.9417E-2 7.3802E-4 1.1904E-4 2.1030E-4 1.9423E-4 2.1030E-4 

6 1.6004E-4 1.7121E-2 2.9159E-2 5.5031E-4 9.8630E-5 3.6459E-4 3.3673E-4 3.6459E-4 

7 1.7235E-4 1.6958E-2 2.8806E-2 9.0767E-4 9.7607E-5 3.8907E-4 3.5934E-4 3.8907E-4 

8 1.4729E-4 1.6779E-2 2.8482E-2 6.2781E-4 9.6445E-5 4.2215E-4 3.8989E-4 4.2215E-4 

9 1.4996E-4 1.7018E-2 2.9013E-2 1.3697E-3 1.3748E-4 4.3479E-4 4.0157E-4 4.3479E-4 

10 1.3891E-4 1.6796E-2 2.8748E-2 6.3157E-4 7.7618E-5 1.5579E-3 1.4389E-3 1.5579E-3 

 

 

The measured 𝑘𝑒𝑓𝑓 value for the bare spherical assembly was reported to be 

1.0000 ± 0.0017. The MCNP benchmark model was used in conjunction with several sets 

of continuous-energy ENDF libraries to compute 𝑘𝑒𝑓𝑓. MCNP6.1 was used to calculate 

the system 𝑘𝑒𝑓𝑓 using the MCNP continuous-energy ENDF/BVII.1 libraries. The 

calculation was carried out with the URR probability tables turned off, as well as with 

them turned on. The 238U URR probability tables were then replaced by the new URR 

probability tables, and the same two cases were run again. In all cases, 𝑘𝑒𝑓𝑓 was 

computed using a total of 50 million active histories, using 100 thousand neutron 

histories per generation and 500 active generations after 100 skip cycles. The results of 

the calculations are provided in Table 6. 
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Table 6. 𝑘𝑒𝑓𝑓 results for the IEU-MET-FAST-003 benchmark using the stock MCNP 

continuous-energy ENDF/BVII.1 libraries and the 238U modified library. 

Library Probability Tables 𝑘𝑒𝑓𝑓 

ENDF/BVII.1 No 1.00266 ± 0.00009 

ENDF/BVII.1 Yes 1.00222 ± 0.00009 

ENDF/BVII.1+Modified 

238U 

No 1.00266 ± 0.00009 

ENDF/BVII.1+Modified 

238U 

Yes 1.00204 ± 0.00009 

 

 

As expected, the 𝑘𝑒𝑓𝑓 values calculated without the probability tables agree for 

both the original and modified library set. This indicates that the data library was not 

edited erroneously, as the rest of the MCNP library data would have been in the wrong 

place, leading to a different value of 𝑘𝑒𝑓𝑓. With or without the probability tables, the 

MCNP ENDF/BVII.1 continuous-energy libraries produce a 𝑘𝑒𝑓𝑓 that over-estimates the 

measured 𝑘𝑒𝑓𝑓 by over 200 pcm. The modified 238U library produces a 𝑘𝑒𝑓𝑓 closer to the 

benchmark 𝑘𝑒𝑓𝑓, but also leads to an approximately 200 pcm overestimate. In all cases, 

the calculated 𝑘𝑒𝑓𝑓 was found to be within two sigma of the actual value. This is another 

confirmation that the new 238U probability tables are valid. As with the other benchmark 

problems, the IEU-MET-FAST-003 benchmark was chosen for its known sensitivity to 

perturbations to the 238U cross section probability tables, due to its fast spectrum. If the 

tables were not physically accurate, the calculated 𝑘𝑒𝑓𝑓 would not be accurate, due to the 

benchmark’s known sensitivity to perturbations in the 238U cross section. 
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IEU-COMP-FAST-004 Benchmark 

The IEU-COMP-FAST-004 benchmark is based on the ZPR-3 Assembly 12. The 

system was designed as an intermediate enrichment uranium compound system with a 

fast neutron spectrum. The core was composed of highly enriched uranium plates, 

graphite plates, and depleted uranium plates in stainless steel drawers that were inserted 

into a 31v31 steel tube matrix on a split-table machine. This configuration is prohibitively 

difficult to present as a benchmark problem, and so the benchmark presents a simplified 

cylindrical model. The ZPR-3 Assembly 12 is approximated as a cylindrical assembly 

composed of highly enriched uranium, depleted uranium, and graphite, with an average 

235U enrichment of 21 at%. The cylindrical geometry attempts to approximate the square 

matrix loading and corresponding radial blanket. An XZ-view of the benchmark 

configuration is presented in Fig. 52. The corresponding XY-view of the benchmark is 

given in Fig. 53. The region dimensions are presented in Table 7. The material definitions 

for the regions are given in Table 8. The orange regions represent the steel-drawer gaps, 

with the space between region 7 and region 3 corresponding to region 5, and the space 

between region 2 and region 6 corresponding to region 4. The unmarked matrix radial 

blankets above and below region 8 correspond to region 10 and region 9, respectively. 
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Fig. 52 XZ-view through the center of the IEU-COMP-FAST-004 benchmark 

configuration. The material definitions for the regions are given below in Table 8. 
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Fig. 53 XY-view through the center of the IEU-COMP-FAST-004 benchmark 

configuration. The material definitions for the regions are given below in Table 8. 
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Table 7. Regional dimensions and material names of the IEU-COMP-FAST-004 

benchmark. 

Region Material Color Outer Rad. 

(cm) 

Height (cm) 

1 Core Blue 26.50215 45.88854 

2 Axial Blanket Aqua 26.50215 15.2382 

3 Axial Blanket Aqua 26.50215 15.2382 

4 Drawer Gap Orange 26.50215 0.70515 

5 Drawer Gap Orange 26.50215 0.70515 

6 Axial Blanket Aqua 26.50215 15.24 

7 Axial Blanket Aqua 26.50215 15.24 

8 Radial Blanket Green 56.99622 106.68 

9 Matrix Red 96.82557 0.78762 

10 Matrix Red 96.82557 0.78762 

11 Matrix Red 96.82557 30.96238 

12 Matrix Red 96.82557 108.25524 

13 Matrix Red 96.82557 30.96238 
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Table 8. Material definitions of the IEU-COMP-FAST-004 benchmark. Compositions are 

given in units of atoms/barn-cm. 

Nuclide Core Axial Blanket Radial Blanket Drawer Gap Matrix 

1H 9.54448E-06 3.79787E-06 2.51175E-06 0 0 

Nat. C 2.67827E-02 1.30847E-05 8.68037E-06 2.70467E-04 0 

19F 4.87032E-05 1.94349E-05 1.28937E-05 0 0 

Nat. Si 7.29440E-05 7.43652E-05 6.07202E-05 1.50384E-04 6.07700E-05 

Nat. Cl 1.64505E-05 6.56345E-06 4.35411E-06 0 0 

Nat. Cr 1.44259E-03 1.45915E-03 1.11160E-03 3.52543E-03 1.10960E-03 

55Mn 7.21394E-05 7.14660E-05 4.39839E-05 2.38485E-04 4.34957E-05 

Nat. Fe 5.78763E-03 5.86383E-03 4.53519E-03 1.95621E-02 4.52968E-03 

Nat. Ni 6.19051E-04 6.23327E-04 4.55145E-04 1.64142E-03 4.53554E-04 

Nat. Cu 0 0 0 3.66070E-07 0 

Nat. Mo 0 0 0 6.06674E-08 0 

234U 4.40100E-05 0 0 0 0 

235U 4.53763E-03 8.04895E-05 8.12089E-05 0 0 

236U 2.10981E-05 0 0 0 0 

238U 1.68116E-02 3.95918E-02 4.00011E-02 0 0 

Total 5.626610E-02 4.780729E-02 4.631738E-02 2.53887E-02 6.197096E-03 

 

 

The experimental 𝑘𝑒𝑓𝑓 value measured for the ZPR-3/12 was found to be 1.0013 

± 0.0011. However, the modeling will not account for some features of the real 

experiment, and so it must be adjusted accordingly. In the benchmark modeling, the 

neglect of room return was estimated to require an adjustment of -0.0061 ± 0.0031 %Δk. 

The interface gap was also ignored in the model, so an additional correction of +0.0450 ± 

0.0116 %Δk is needed. Further, any impurities in the HEU fuel were ignored, introducing 

another +0.0334 ± 0.0167 %Δk correction. The benchmark applies a correction for the 

temperature used in the data libraries, leading to an additional -0.0217 ± 0.0021 %Δk 
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correction to the measured 𝑘𝑒𝑓𝑓 value. This leads to an adjusted experimental 𝑘𝑒𝑓𝑓 of 

1.0018 ± 0.0011. When converting from the as-built model to the benchmark model, an 

additional transformation bias of -0.0040 ± 0.0004 Δk was incurred. Therefore, if the 

libraries are at a temperature of 300 K, an accurate set of cross section data should 

produce a 𝑘𝑒𝑓𝑓 of 0.9978 ± 0.0015. If the libraries are at the appropriate temperature of 

293.6 K, then the model should produce a 𝑘𝑒𝑓𝑓 of 0.9982 ± 0.0015. 

The MCNP benchmark model was used in conjunction with several sets of 

continuous-energy ENDF libraries to compute 𝑘𝑒𝑓𝑓. MCNP6.1 was used to calculate the 

system 𝑘𝑒𝑓𝑓 using the MCNP continuous-energy ENDF/BVII.1 libraries. The calculation 

was carried out with the URR probability tables turned off, as well as with them turned 

on. The 238U URR probability tables were then replaced by the new URR probability 

tables, and the same two cases were run again. In all cases, 𝑘𝑒𝑓𝑓 was computed using a 

total of 50 million active histories, using 100 thousand neutron histories per generation 

and 500 active generations after 100 skip cycles. The results of the calculations are 

provided in Table 9. 
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Table 9. 𝑘𝑒𝑓𝑓 results for the IEU-COMP-FAST-004 benchmark using the stock MCNP 

continuous-energy ENDF/BVII.1 libraries and the 238U modified library. 

Library Probability Tables 𝑘𝑒𝑓𝑓 

ENDF/BVII.1 No 0.99833 ± 0.00008 

ENDF/BVII.1 Yes 0.99995 ± 0.00009 

ENDF/BVII.1+Modified 

238U 

No 0.99833 ± 0.00008 

ENDF/BVII.1+Modified 

238U 

Yes 1.00052 ± 0.00008 

 

 

 As expected, the 𝑘𝑒𝑓𝑓 values calculated without the probability tables agree for 

both the original and modified library data set. With or without the probability tables, the 

MCNP ENDF/BVII.1 continuous-energy libraries produce a 𝑘𝑒𝑓𝑓 that is in very good 

agreement with the benchmark. The modified 238U library slightly overestimates 𝑘𝑒𝑓𝑓, 

but falls within two-sigma of the adjusted benchmark value and is much closer to the 

actual measured value. The 𝑘𝑒𝑓𝑓 estimated using the modified libraries is not as good as 

the original library set, but is still proof that the method is sound. Furthermore, it would 

have been effectively impossible to improve on the original library results, since they 

produce almost the exact benchmark 𝑘𝑒𝑓𝑓. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

 

 A new URR methodology consistent with the RRR methodology has been 

developed for generating normalized cross-section factor probability tables. The RML 

cross section reconstruction algorithm has been rigorously tested for a variety of isotopes, 

including 16O, 19F, 35Cl, 56Fe, 63Cu, and 65Cu. The new URR method also produced 

normalized cross-section factor probability tables for 238U that were found to be in 

agreement with current standards. The modified 238U probability tables were shown to 

produce 𝑘𝑒𝑓𝑓 results in excellent agreement with several standard benchmarks, including 

the IEU-MET-FAST-007, IEU-MET-FAST-003, and IEU-COMP-FAST-004 

benchmarks. 

 The new method has been shown to generate data that is in good agreement with 

experimental measurement and modeling. While the new method is slow in comparison 

to codes such as PURM, it provides the most accurate representation of the underlying 

reaction physics. Furthermore, the new method allows for any reaction to be handled 

explicitly, removing the channel restrictions imposed by the SLBW resonance formulae. 

 Although the program run-time is long in comparison to PURM, the method 

readily lends itself to parallelization, as each history, table, and isotope can be processed 

independently. In the future, the method can be greatly accelerated by utilizing parallel 

programming techniques. Even without parallelization, the method produces excellent 

results in manageable time. On a related note, changing the reference energies of the 

probability tables could potentially have an impact on the transport calculation, and is 

well worth further investigation. Lastly, this method should be applied to other isotopes 

and criticality safety benchmarks to further validate the methodology. 
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APPENDIX A 

16O ENDF/B-VII.1 RESOLVED FILE2 LRF=7 DATA 

 
 8.016000+3 1.585751+1          0          0          1          0 825 2151    1 

 8.016000+3 1.000000+0          0          0          1          0 825 2151    2 

 1.000000-5 6.120000+6          1          7          0          1 825 2151    3 

 0.000000+0 0.000000+0          0          3          9          0 825 2151    4 

 0.000000+0 0.000000+0          3          0         36          6 825 2151    5 

 0.000000+0 1.685750+1 0.000000+0 0.000000+0 1.000000+0 0.000000+0 825 2151    6 

 0.000000+0 0.000000+0 0.000000+0 1.020000+2 0.000000+0 0.000000+0 825 2151    7 

 1.000000+0 1.585750+1 0.000000+0 0.000000+0 5.000000-1 0.000000+0 825 2151    8 

 0.000000+0 1.000000+0 0.000000+0 2.000000+0 0.000000+0 1.000000+0 825 2151    9 

3.967131321 1.289164+1      2.0        6.0   0.000000+0-5.000000-1 825 2151   10 

-2213760.00      1.0        0.0      800.0   1.000000+0 0.000000+0 825 2151   11 

      0.5        0.0            0          0         18          3 825 2151   12 

      1.0        0.0        0.0        0.0                         825 2151   13 

      2.0        0.0        0.5        0.0   3.818860-1 3.818860-1 825 2151   14 

      3.0        1.0       -0.5        0.0   6.683904-1 6.683904-1 825 2151   15 

      0.0        0.0            0          5         30          5 825 2151   16 

-12055269.4 2.500000-1 1.867704+7                                  825 2151   17 

-4472609.55 2.500000-1 2.833297+6                                  825 2151   18 

2377270.881 2.500000-1 1.619406+5                                  825 2151   19 

4060821.279 2.500000-1 1.114238+5 3.482406+3                       825 2151   20 

4467364.095 2.500000-1 1.565648+4 2.116526+3                       825 2151   21 

     -0.5        0.0            0          0         18          3 825 2151   22 

      1.0        0.0        0.0        0.0                         825 2151   23 

      2.0        1.0        0.5        0.0   3.818860-1 3.818860-1 825 2151   24 

      3.0        0.0       -0.5        0.0   6.683904-1 6.683904-1 825 2151   25 

      0.0        0.0            0          8         48          8 825 2151   26 

1901438.585 2.500000-1 3.350000+4                                  825 2151   27 

3989637.669 2.500000-1 2.827930+5 1.319806+4                       825 2151   28 

4311698.003 2.500000-1 4.386251+4-3.756971+2                       825 2151   29 

5311000.000 2.500000-1 5.000000+2 4.372238+2                       825 2151   30 

6087440.629 2.500000-1 1.603700+4 1.123783+3                       825 2151   31 

7294222.518 2.500000-1 2.616100+4 5.386500+3                       825 2151   32 

7373310.000 2.500000-1 1.888000+3                                  825 2151   33 

19026724.30 2.500000-1 2.575500+7                                  825 2151   34 

     -1.5        0.0            0          0         18          3 825 2151   35 

      1.0        0.0        0.0        0.0                         825 2151   36 

      2.0        1.0        0.5        0.0   3.818860-1 3.818860-1 825 2151   37 

      3.0        2.0       -0.5        0.0   6.683904-1 6.683904-1 825 2151   38 

      0.0        0.0            0          8         48          8 825 2151   39 

434249.0558 2.700000+0 4.473562+4                                  825 2151   40 

1309379.557 2.500000-1 4.342500+4                                  825 2151   41 

3511914.839 2.500000-1 6.652788+5 1.812584+1                       825 2151   42 

4302785.470 2.500000-1 5.703854+4 3.973876+3                       825 2151   43 

4819635.371 2.500000-1 6.355638+4 1.727816+3                       825 2151   44 

5574468.588 2.500000-1 1.893205+5 2.859376+2                       825 2151   45 

5993285.780 2.500000-1 1.437878+4-7.283726+1                       825 2151   46 

11131716.09 2.500000-1 1.511500+7                                  825 2151   47 

      1.5        0.0            0          0         18          3 825 2151   48 

      1.0        0.0        0.0        0.0                         825 2151   49 

      2.0        2.0        0.5        0.0   3.818860-1 3.818860-1 825 2151   50 

      3.0        1.0       -0.5        0.0   6.683904-1 6.683904-1 825 2151   51 

      0.0        0.0            0          7         42          7 825 2151   52 

1000218.949 2.500000-1 1.003600+5                                  825 2151   53 

1834093.375 2.500000-1 7.790000+3                                  825 2151   54 

3291011.612 2.500000-1 3.453894+5 1.168524+2                       825 2151   55 

4180041.069 2.500000-1 9.540039+4 6.477292+3                       825 2151   56 

5066004.980 2.500000-1 9.950365+4-2.470613+4                       825 2151   57 

6578034.747 2.500000-1 9.064100+4 8.793900+4                       825 2151   58 

17223847.17 2.500000-1 7.723600+5                                  825 2151   59 
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      2.5        0.0            0          0         18          3 825 2151   60 

      1.0        0.0        0.0        0.0                         825 2151   61 

      2.0        2.0        0.5        0.0   3.818860-1 3.818860-1 825 2151   62 

      3.0        3.0       -0.5        0.0   6.683904-1 6.683904-1 825 2151   63 

      0.0        0.0            0          7         42          7 825 2151   64 

2888700.000 2.500000-1 2.200000+2                                  825 2151   65 

3438800.000 2.500000-1 6.000000+2 1.170348+1                       825 2151   66 

4527358.546 2.500000-1 5.056413+3 5.854492+2                       825 2151   67 

5369270.000 2.500000-1 2.770764+3 6.287871+2                       825 2151   68 

6207948.599 2.500000-1 4.974900+3 1.029610+5                       825 2151   69 

6786116.690 2.500000-1 1.056500+4 2.325400+5                       825 2151   70 

7198369.565 2.500000-1 7.856900+3 1.969800+4                       825 2151   71 

     -2.5        0.0            0          0         18          3 825 2151   72 

      1.0        0.0        0.0        0.0                         825 2151   73 

      2.0        3.0        0.5        0.0   3.818860-1 3.818860-1 825 2151   74 

      3.0        2.0       -0.5        0.0   6.683904-1 6.683904-1 825 2151   75 

      0.0        0.0            0          6         36          6 825 2151   76 

1689100.000 2.500000-1 2.700000+2                                  825 2151   77 

3211756.828 2.500000-1 1.500000+3 5.018373+0                       825 2151   78 

3441550.000 2.500000-1 1.300000+3 6.476247+0                       825 2151   79 

4631214.797 2.500000-1 3.101029+3 3.567687+3                       825 2151   80 

5672622.372 2.500000-1 3.343549+2 1.247573+4                       825 2151   81 

6672725.668 2.500000-1 1.864800+3 1.905800+4                       825 2151   82 

     -3.5        0.0            0          0         18          3 825 2151   83 

      1.0        0.0        0.0        0.0                         825 2151   84 

      2.0        3.0        0.5        0.0   3.818860-1 3.818860-1 825 2151   85 

      3.0        4.0       -0.5        0.0   6.683904-1 6.683904-1 825 2151   86 

      0.0        0.0            0          7         42          7 825 2151   87 

1651379.850 2.500000-1 4.099900+3                                  825 2151   88 

3006900.000 2.500000-1 1.600000+2                                  825 2151   89 

3767000.206 2.500000-1 1.847053+4 1.496208+1                       825 2151   90 

5123951.742 2.500000-1 2.256482+4 1.653438+3                       825 2151   91 

6400262.487 2.500000-1 2.653500+4 2.937800+4                       825 2151   92 

6815174.115 2.500000-1 1.893700+4 2.836100+4                       825 2151   93 

7168675.223 2.500000-1 1.296900+5 2.238500+5                       825 2151   94 

      3.5        0.0            0          0         18          3 825 2151   95 

      1.0        0.0        0.0        0.0                         825 2151   96 

      2.0        4.0        0.5        0.0   3.818860-1 3.818860-1 825 2151   97 

      3.0        3.0       -0.5        0.0   6.683904-1 6.683904-1 825 2151   98 

      0.0        0.0            0          3         18          3 825 2151   99 

4594830.593 2.500000-1 1.430607+3 2.655982+2                       825 2151  100 

5918633.085 2.500000-1 2.049301+4 2.635296+3                       825 2151  101 

6332235.524 2.500000-1 3.403200+3 1.814800+5                       825 2151  102 

      4.5        0.0            0          0         18          3 825 2151  103 

      1.0        0.0        0.0        0.0                         825 2151  104 

      2.0        4.0        0.5        0.0   3.818860-1 3.818860-1 825 2151  105 

      3.0        5.0       -0.5        0.0   6.683904-1 6.683904-1 825 2151  106 

      0.0        0.0            0          1          6          1 825 2151  107 

6076189.054 2.500000-1 3.125800+3 2.640086+3                       825 2151  108 

       0.0        0.0           0          0          0          0 825 2  0  109 

 0.000000+0 0.000000+0          0          0          0          0 825 0  0    0 
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APPENDIX B 

19F ENDF/B-VII.1 RESOLVED FILE2 LRF=7 DATA 

 9.019000+3 1.883519+1          0          0          1          0 925 2151    1 

 9.019000+3 1.000000+0          0          0          1          0 925 2151    2 

 1.000000-5 1.000000+6          1          7          0          1 925 2151    3 

 0.000000+0 0.000000+0          0          3          9          0 925 2151    4 

 0.000000+0 0.000000+0          4          0         48          8 925 2151    5 

 0.000000+0 1.967320+1 0.000000+0 0.000000+0 1.000000+0 0.000000+0 925 2151    6 

 0.000000+0 0.000000+0 0.000000+0 1.020000+2 0.000000+0 0.000000+0 925 2151    7 

 1.000000+0 1.867320+1 0.000000+0 0.000000+0 5.000000-1 5.000000-1 925 2151    8 

 0.000000+0 1.000000+0 0.000000+0 2.000000+0 0.000000+0 0.000000+0 925 2151    9 

 1.000000+0 1.867320+1 0.000000+0 0.000000+0 5.000000-1-5.000000-1 925 2151   10 

-104308.024 1.000000+0 0.000000+0 5.100000+1 0.000000+0 0.000000+0 925 2151   11 

 1.000000+0 1.867320+1 0.000000+0 0.000000+0 5.000000-1 2.500000+0 925 2151   12 

-187122.107 1.000000+0 0.000000+0 5.200000+1 0.000000+0 0.000000+0 925 2151   13 

      0.0       -1.0            0          0         24          4 925 2151   14 

      1.0        0.0        0.0        0.0                         925 2151   15 

      2.0        1.0        1.0        0.0   5.360000-1 5.360000-1 925 2151   16 

      3.0        0.0        0.0        0.0   5.360000-1 5.360000-1 925 2151   17 

      4.0        3.0        3.0        0.0   5.360000-1 5.360000-1 925 2151   18 

      0.0        0.0            0          0          6          1 925 2151   19 

                                                                   925 2151   20 

      0.0        1.0            0          0         24          4 925 2151   21 

      1.0        0.0        0.0        0.0                         925 2151   22 

      2.0        0.0        0.0        0.0   5.360000-1 5.360000-1 925 2151   23 

      3.0        1.0       -1.0        0.0   5.360000-1 5.360000-1 925 2151   24 

      4.0        2.0        2.0        0.0   5.360000-1 5.360000-1 925 2151   25 

      0.0        0.0            0          1          6          1 925 2151   26 

-338314.102 3.434419+0 1.139378+5                                  925 2151   27 

     -1.0        0.0            0          0         48          8 925 2151   28 

      1.0        0.0        0.0        0.0                         925 2151   29 

      2.0        1.0        0.0        0.0   5.360000-1 5.360000-1 925 2151   30 

      2.0        1.0        1.0        0.0   5.360000-1 5.360000-1 925 2151   31 

      3.0        0.0       -1.0        0.0   5.360000-1 5.360000-1 925 2151   32 

      3.0        2.0       -1.0        0.0   5.360000-1 5.360000-1 925 2151   33 

      4.0        1.0        2.0        0.0   5.360000-1 5.360000-1 925 2151   34 

      4.0        3.0        2.0        0.0   5.360000-1 5.360000-1 925 2151   35 

      4.0        3.0        3.0        0.0   5.360000-1 5.360000-1 925 2151   36 

      0.0        0.0            0          5         60         10 925 2151   37 

48931.02889 8.740337-1 1.716010+3 1.135764-1                       925 2151   38 

                                                                   925 2151   39 

97944.56930 2.745850+0 1.392614+4 1.631873-1                       925 2151   40 

                                                                   925 2151   41 

142255.9168 1.222463-1 9.110728-1 2.472564+0 2.040036+2 2.016355+2 925 2151   42 

                                                                   925 2151   43 

257029.4263 2.508899-1 2.777787-1 5.378464-1 1.032188+3 1.006169+0 925 2151   44 

 3.230381+5 5.633774-1 1.022091+0                                  925 2151   45 

499900.2874 1.499168+1 3.516910+3 2.165961+3 6.909181-1 7.199141-1 925 2151   46 

-1.055654+1-1.863695+4 3.976764+1                                  925 2151   47 

      1.0        0.0            0          0         42          7 925 2151   48 

      1.0        0.0        0.0        0.0                         925 2151   49 

      2.0        0.0        1.0        0.0   5.360000-1 5.360000-1 925 2151   50 

      2.0        2.0        1.0        0.0   5.360000-1 5.360000-1 925 2151   51 

      3.0        1.0        0.0        0.0   5.360000-1 5.360000-1 925 2151   52 

      3.0        1.0       -1.0        0.0   5.360000-1 5.360000-1 925 2151   53 

      4.0        2.0        2.0        0.0   5.360000-1 5.360000-1 925 2151   54 

      4.0        2.0        3.0        0.0   5.360000-1 5.360000-1 925 2151   55 

      0.0        0.0            0          4         48          8 925 2151   56 

268109.3783 2.798728+0 1.021239+4 5.952071-1 2.178182+3 9.911879-1 925 2151   57 

 5.534664-3 6.653301-1                                             925 2151   58 

308537.0571 3.288641-1 8.750079+0 1.269503+2 4.942975-1 6.206843+0 925 2151   59 

 2.134796+0 1.051100+0                                             925 2151   60 

924708.9783 2.674594+0 8.767287-1 4.929213+3 1.147845+4 5.878870+0 925 2151   61 

 1.217647+4 2.466714+0                                             925 2151   62 

1086723.031 5.000339-1 1.574332+5 9.592090+0 4.287647+0 1.315505+0 925 2151   63 

 4.608453+1 1.311353+0                                             925 2151   64 
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     -2.0        0.0            0          0         54          9 925 2151   65 

      1.0        0.0        0.0        0.0                         925 2151   66 

      2.0        1.0        1.0        0.0   5.360000-1 5.360000-1 925 2151   67 

      2.0        3.0        1.0        0.0   5.360000-1 5.360000-1 925 2151   68 

      3.0        2.0        0.0        0.0   5.360000-1 5.360000-1 925 2151   69 

      3.0        2.0       -1.0        0.0   5.360000-1 5.360000-1 925 2151   70 

      4.0        1.0        2.0        0.0   5.360000-1 5.360000-1 925 2151   71 

      4.0        1.0        3.0        0.0   5.360000-1 5.360000-1 925 2151   72 

      4.0        3.0        2.0        0.0   5.360000-1 5.360000-1 925 2151   73 

      4.0        3.0        3.0        0.0   5.360000-1 5.360000-1 925 2151   74 

      0.0        0.0            0          5         60         10 925 2151   75 

27013.36468 1.180838+0 3.578689+2 1.318737-1                       925 2151   76 

                                                                   925 2151   77 

261219.8416 1.929891-2 3.487118+4 2.616701+1 4.917424+4 1.171118+0 925 2151   78 

-1.332360+3 1.470115-2 4.887534+0-3.200373+2                       925 2151   79 

282455.3714 2.882460-2 4.916675+2 1.669338+0 6.956900+1 1.084358+0 925 2151   80 

 1.333155+3 1.005689+0 9.752835-1 1.408644+0                       925 2151   81 

406237.9402 2.207291+1 1.008361+4 1.056383+5-1.257640+5 1.088666+2 925 2151   82 

 6.785298+4 2.395779+2 1.137851+1-1.155040+5                       925 2151   83 

500000.8476 2.194213-1 1.312012+3 4.381843+2 1.641697+4-1.355926+1 925 2151   84 

 1.487973+2 1.197182+1 1.079637+1-4.841286-1                       925 2151   85 

      2.0        0.0            0          0         48          8 925 2151   86 

      1.0        0.0        0.0        0.0                         925 2151   87 

      2.0        2.0        0.0        0.0   5.360000-1 5.360000-1 925 2151   88 

      2.0        2.0        1.0        0.0   5.360000-1 5.360000-1 925 2151   89 

      3.0        1.0       -1.0        0.0   5.360000-1 5.360000-1 925 2151   90 

      3.0        3.0       -1.0        0.0   5.360000-1 5.360000-1 925 2151   91 

      4.0        0.0        2.0        0.0   5.360000-1 5.360000-1 925 2151   92 

      4.0        2.0        2.0        0.0   5.360000-1 5.360000-1 925 2151   93 

      4.0        2.0        3.0        0.0   5.360000-1 5.360000-1 925 2151   94 

      0.0        0.0            0          8         96         16 925 2151   95 

120390.7616 2.715753+0 2.334148-1 1.147243-1 9.338380+0 9.179429+0 925 2151   96 

                                                                   925 2151   97 

421833.2568 1.122651+0 6.421688+3 9.612643+1-2.214596+0 4.285061+0 925 2151   98 

-1.624505+3-4.263168-1 6.390789+1                                  925 2151   99 

598371.3232 6.763298+0 6.557088+3 1.580413+1 1.306849+3 1.167360+0 925 2151  100 

-5.011364+1 1.576587+3 4.140967+2                                  925 2151  101 

655088.8482 2.900718+0 4.670726-1 6.724291+0 4.648717+2 2.983391+1 925 2151  102 

 1.178865+2 1.871398+1 3.939161+0                                  925 2151  103 

752171.3717 2.366799+1 9.786653+3 3.247674+1 1.758118+3 9.958003-1 925 2151  104 

 1.824308+4 2.910312+0 3.768341+2                                  925 2151  105 

792797.2467 2.598882+0 2.076687+4 2.974091+1 3.621110+4 2.962892+1 925 2151  106 

-1.349886+0 3.902804+0 5.339213+1                                  925 2151  107 

846287.5857 7.274603-1 1.816969-2 3.388886+1 5.993785+3 2.428413+1 925 2151  108 

 1.612453+4 1.532142+1 9.729308+0                                  925 2151  109 

856548.3236 5.196694-1 2.409666+3 5.108495+3 3.200869+3 9.444181+0 925 2151  110 

 1.639930+3 4.273990-1 1.008817+0                                  925 2151  111 

     -3.0        0.0            0          0         48          8 925 2151  112 

      1.0        0.0        0.0        0.0                         925 2151  113 

      2.0        3.0        0.0        0.0   5.360000-1 5.360000-1 925 2151  114 

      2.0        3.0        1.0        0.0   5.360000-1 5.360000-1 925 2151  115 

      3.0        2.0       -1.0        0.0   5.360000-1 5.360000-1 925 2151  116 

      4.0        1.0        2.0        0.0   5.360000-1 5.360000-1 925 2151  117 

      4.0        1.0        3.0        0.0   5.360000-1 5.360000-1 925 2151  118 

      4.0        3.0        2.0        0.0   5.360000-1 5.360000-1 925 2151  119 

      4.0        3.0        3.0        0.0   5.360000-1 5.360000-1 925 2151  120 

      0.0        0.0            0          6         72         12 925 2151  121 

43572.28944 1.013099+0 2.535128-2 3.110732-2                       925 2151  122 

                                                                   925 2151  123 

385358.9216 5.818610+0 1.147663+3 7.000050+0 9.721652+1 2.700573+3 925 2151  124 

 1.029956+0 1.014654+0 1.011431+0                                  925 2151  125 

623498.3906 5.483625+0 1.879520+2 5.141180+2 2.573738+4 7.363058+0 925 2151  126 

 6.738781+1 1.010791+1 1.119461+2                                  925 2151  127 

663159.3684 2.688265+0 1.615437+0 4.608794+0 3.185929+3 3.117127+1 925 2151  128 

 2.249077+5 3.005035+1 3.013227+1                                  925 2151  129 

1113162.179 4.827504-1 1.060428+0 8.718579+2 8.142907+4 1.203956+0 925 2151  130 

-1.805244+4 1.453709+0 2.319971+1                                  925 2151  131 

1383534.169 5.000000-1 2.481578+3 1.664637+0-2.386769+1 3.216871+1 925 2151  132 

 2.256689+5 1.213025+0 1.324141+0                                  925 2151  133 

      3.0        0.0            0          0         42          7 925 2151  134 

      1.0        0.0        0.0        0.0                         925 2151  135 
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      2.0        2.0        1.0        0.0   5.360000-1 5.360000-1 925 2151  136 

      3.0        3.0        0.0        0.0   5.360000-1 5.360000-1 925 2151  137 

      3.0        3.0       -1.0        0.0   5.360000-1 5.360000-1 925 2151  138 

      4.0        0.0        3.0        0.0   5.360000-1 5.360000-1 925 2151  139 

      4.0        2.0        2.0        0.0   5.360000-1 5.360000-1 925 2151  140 

      4.0        2.0        3.0        0.0   5.360000-1 5.360000-1 925 2151  141 

      0.0        0.0            0          2         24          4 925 2151  142 

173599.3155 5.096430+0 2.142181-1 9.260881-2 5.206590-2            925 2151  143 

                                                                   925 2151  144 

945180.5782 7.792306-1 1.130323+4 2.452522+0 1.820394+3 3.152168+1 925 2151  145 

 2.491812+4 2.291704+0                                             925 2151  146 

     -4.0        0.0            0          0         30          5 925 2151  147 

      1.0        0.0        0.0        0.0                         925 2151  148 

      2.0        3.0        1.0        0.0   5.360000-1 5.360000-1 925 2151  149 

      4.0        1.0        3.0        0.0   5.360000-1 5.360000-1 925 2151  150 

      4.0        3.0        2.0        0.0   5.360000-1 5.360000-1 925 2151  151 

      4.0        3.0        3.0        0.0   5.360000-1 5.360000-1 925 2151  152 

      0.0        0.0            0          0          6          1 925 2151  153 
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APPENDIX C 

35Cl ENDF/B-VII.1 RESOLVED FILE2 LRF=7 DATA 

 1.703500+4 3.466850+1          0          0          1          01725 2151    1 

 1.703500+4 1.000000+0          0          0          1          01725 2151    2 

 1.000000-5 1.200000+6          1          7          0          01725 2151    3 

 0.000000+0 0.000000+0          0          3          8          01725 2151    4 

 0.000000+0 0.000000+0          3          0         36          61725 2151    5 

 0.000000+0 3.566850+1 0.000000+0 0.000000+0 1.000000+0 0.000000+01725 2151    6 

 0.000000+0 0.000000+0-1.000000+0 1.020000+2 0.000000+0 0.000000+01725 2151    7 

 1.000000+0 3.466850+1 0.000000+0 0.000000+0 5.000000-1 1.500000+01725 2151    8 

 0.000000+0 1.000000+0-1.000000+0 2.000000+0 0.000000+0 0.000000+01725 2151    9 

 9.986240-1 3.466850+1 1.000000+0 1.600000+1 5.000000-1 1.500000+01725 2151   10 

 6.152200+5 1.000000+0-1.000000+0 6.000000+2 0.000000+0 0.000000+01725 2151   11 

 1.000000+0 0.000000+0          0          0         18          31725 2151   12 

 1.000000+0 0.000000+0 0.000000+0 0.000000+0 0.000000+0 0.000000+01725 2151   13 

 2.000000+0 0.000000+0 1.000000+0 0.000000+0 3.667980-1 4.822220-11725 2151   14 

 3.000000+0 0.000000+0 1.000000+0 0.000000+0 3.667980-1 4.822220-11725 2151   15 

 0.000000+0 0.000000+0          0         23        138         231725 2151   16 

 5.493200+4 3.672600-1 4.644240+1 0.000000+0 0.000000+0 0.000000+01725 2151   17 

 6.823616+4 3.933600-1 2.179040+2 1.000000-5 0.000000+0 0.000000+01725 2151   18 

 1.150980+5 7.390000-1 4.307780+0 0.000000+0 0.000000+0 0.000000+01725 2151   19 

 1.825230+5 7.451500-1 1.759740+3 4.000000-1 0.000000+0 0.000000+01725 2151   20 

 2.397427+5 6.871600-1 2.685470+2 0.000000+0 0.000000+0 0.000000+01725 2151   21 

 3.351287+5 3.583800-1 5.525660+3 0.000000+0 0.000000+0 0.000000+01725 2151   22 

 3.991469+5 7.409700-1 1.093810+3 0.000000+0 0.000000+0 0.000000+01725 2151   23 

 4.156650+5 3.286800-1 1.146260+3 0.000000+0 0.000000+0 0.000000+01725 2151   24 

 4.506303+5 3.929900-1 4.613320+2 0.000000+0 0.000000+0 0.000000+01725 2151   25 

 4.997896+5 6.704600-1 2.312410+3 0.000000+0 0.000000+0 0.000000+01725 2151   26 

 5.422214+5 6.060000-1 5.220340+2 0.000000+0 0.000000+0 0.000000+01725 2151   27 

 6.542074+5 6.060000-1 5.186030+2 0.000000+0 0.000000+0 0.000000+01725 2151   28 

 6.652896+5 6.060000-1 1.406720+2 0.000000+0 0.000000+0 0.000000+01725 2151   29 

 6.723573+5 6.060000-1 5.754080+2 0.000000+0 0.000000+0 0.000000+01725 2151   30 

 6.780000+5 6.060000-1 1.331580+2 0.000000+0 0.000000+0 0.000000+01725 2151   31 

 6.949358+5 6.060000-1 1.824950+3 0.000000+0 0.000000+0 0.000000+01725 2151   32 

 7.251773+5 6.060000-1 1.672450+2 0.000000+0 0.000000+0 0.000000+01725 2151   33 

 7.546912+5 6.060000-1 2.690680+3 0.000000+0 0.000000+0 0.000000+01725 2151   34 

 7.814646+5 6.060000-1 1.294130+3 0.000000+0 0.000000+0 0.000000+01725 2151   35 

 8.315787+5 8.600000-1 4.453040+2 0.000000+0 0.000000+0 0.000000+01725 2151   36 

 8.829776+5 6.060000-1 9.780610+2 0.000000+0 0.000000+0 0.000000+01725 2151   37 

 1.109188+6 6.060000-1 2.742350+3 0.000000+0 0.000000+0 0.000000+01725 2151   38 

 1.205687+6 6.060000-1 6.425840+2 0.000000+0 0.000000+0 0.000000+01725 2151   39 

 2.000000+0 0.000000+0          0          0         18          31725 2151   40 

 1.000000+0 0.000000+0 0.000000+0 0.000000+0 0.000000+0 0.000000+01725 2151   41 

 2.000000+0 0.000000+0 2.000000+0 0.000000+0 3.667980-1 4.822220-11725 2151   42 

 3.000000+0 0.000000+0 2.000000+0 0.000000+0 3.667980-1 4.822220-11725 2151   43 

 0.000000+0 0.000000+0          0         32        192         321725 2151   44 

-1.806500+2 5.301500-1 1.327700+1 5.992300-3 0.000000+0 0.000000+01725 2151   45 

 1.480195+4 3.456800-1 3.259950+1 2.800020-2 0.000000+0 0.000000+01725 2151   46 

 2.661579+4 3.041500-1 1.154980+2 0.000000+0 0.000000+0 0.000000+01725 2151   47 

 7.549467+4 8.059200-1 7.991540-2 1.000000-5 0.000000+0 0.000000+01725 2151   48 

 1.304435+5 7.593500-1 7.665700-1 0.000000+0 0.000000+0 0.000000+01725 2151   49 

 2.149232+5 3.485100-1 6.528390+2 0.000000+0 0.000000+0 0.000000+01725 2151   50 

 2.425998+5 9.018300-1 3.440090+2 0.000000+0 0.000000+0 0.000000+01725 2151   51 

 2.846570+5 4.994200-1 1.194020+3 0.000000+0 0.000000+0 0.000000+01725 2151   52 

 3.137503+5 4.763300-1 1.475680+3 0.000000+0 0.000000+0 0.000000+01725 2151   53 

 3.310710+5 3.982400-1 3.276200+1 0.000000+0 0.000000+0 0.000000+01725 2151   54 

 3.389756+5 2.383300+0 8.777960+2 0.000000+0 0.000000+0 0.000000+01725 2151   55 

 3.802625+5 4.630100-1 1.178590+3 0.000000+0 0.000000+0 0.000000+01725 2151   56 

 3.864177+5 4.180700-1 1.240150+3 0.000000+0 0.000000+0 0.000000+01725 2151   57 

 4.593615+5 6.156500-1 3.859970+1 0.000000+0 0.000000+0 0.000000+01725 2151   58 

 4.886274+5 4.081400-1 7.806800+2 0.000000+0 0.000000+0 0.000000+01725 2151   59 

 5.143982+5 6.060000-1 5.284320+3 4.000000-1 0.000000+0 0.000000+01725 2151   60 

 5.279391+5 6.060000-1 2.812390+3 0.000000+0 0.000000+0 0.000000+01725 2151   61 

 5.590263+5 6.060000-1 1.813310+3 0.000000+0 0.000000+0 0.000000+01725 2151   62 

 5.908121+5 6.060000-1 3.235630+3 0.000000+0 0.000000+0 0.000000+01725 2151   63 

 6.216780+5 6.060000-1 6.758690+3 0.000000+0 0.000000+0 0.000000+01725 2151   64 
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 6.310363+5 6.060000-1 1.636760+3 0.000000+0 0.000000+0 0.000000+01725 2151   65 

 6.408054+5 6.060000-1 8.597480+2 0.000000+0 0.000000+0 0.000000+01725 2151   66 

 6.578143+5 6.060000-1 2.069420+2 0.000000+0 0.000000+0 0.000000+01725 2151   67 

 6.810575+5 6.060000-1 6.654900+2 0.000000+0 0.000000+0 0.000000+01725 2151   68 

 6.902708+5 6.060000-1 4.632110+2 0.000000+0 0.000000+0 0.000000+01725 2151   69 

 7.799749+5 6.060000-1 5.311180+3 0.000000+0 0.000000+0 0.000000+01725 2151   70 

 8.249523+5 6.060000-1 2.763840+3 0.000000+0 0.000000+0 0.000000+01725 2151   71 

 8.609610+5 6.060000-1 7.202410+3 0.000000+0 0.000000+0 0.000000+01725 2151   72 

 1.053393+6 6.060000-1 2.038130+3 0.000000+0 0.000000+0 0.000000+01725 2151   73 

 1.137885+6 6.060000-1 1.835530+3 0.000000+0 0.000000+0 0.000000+01725 2151   74 

 1.257680+6 6.060000-1 1.749830+3 0.000000+0 0.000000+0 0.000000+01725 2151   75 

 7.563145+6 3.839800-1 6.219050+5 1.000000+3 0.000000+0 0.000000+01725 2151   76 

 0.000000+0-1.000000+0          0          0         18          31725 2151   77 

 1.000000+0 1.000000+0 0.000000+0 0.000000+0 0.000000+0 0.000000+01725 2151   78 

 2.000000+0 1.000000+0 1.000000+0 0.000000+0 4.888750-1 4.822220-11725 2151   79 

 3.000000+0 1.000000+0 1.000000+0 0.000000+0 4.888750-1 4.822220-11725 2151   80 

 0.000000+0 0.000000+0          0          9         54          91725 2151   81 

 2.239640+4 1.724800+0 9.663670-1 0.000000+0 0.000000+0 0.000000+01725 2151   82 

 9.660415+4 1.565000+0 2.761380+0 0.000000+0 0.000000+0 0.000000+01725 2151   83 

 2.300740+5 3.240100-1 8.118180+2 0.000000+0 0.000000+0 0.000000+01725 2151   84 

 2.432153+5 7.032000-1 2.174300+2 0.000000+0 0.000000+0 0.000000+01725 2151   85 

 2.454785+5 8.319700-1 6.556420+0 0.000000+0 0.000000+0 0.000000+01725 2151   86 

 3.413389+5 6.549700-1 5.720320+3 0.000000+0 0.000000+0 0.000000+01725 2151   87 

 4.812809+5 7.821300-1 1.774270+3 0.000000+0 0.000000+0 0.000000+01725 2151   88 

 5.048567+5 8.600000-1 6.790940+2 0.000000+0 0.000000+0 0.000000+01725 2151   89 

 5.478545+5 8.600000-1 7.640130+2 0.000000+0 0.000000+0 0.000000+01725 2151   90 

-1.000000+0 0.000000+0          0          0         18          31725 2151   91 

 1.000000+0 1.000000+0 0.000000+0 0.000000+0 0.000000+0 0.000000+01725 2151   92 

 2.000000+0 1.000000+0 1.000000+0 0.000000+0 4.888750-1 4.822220-11725 2151   93 

 3.000000+0 1.000000+0 1.000000+0 0.000000+0 4.888750-1 4.822220-11725 2151   94 

 0.000000+0 0.000000+0          0         38        228         381725 2151   95 

 4.250762+3 4.720000-1 6.280000-1 2.300000-1 0.000000+0 0.000000+01725 2151   96 

 5.491020+3 9.702100-1 3.863540-3 0.000000+0 0.000000+0 0.000000+01725 2151   97 

 3.776792+4 1.912000-1 4.407970-1 0.000000+0 0.000000+0 0.000000+01725 2151   98 

 4.416635+4 1.042900+0 3.054660+1 0.000000+0 0.000000+0 0.000000+01725 2151   99 

 6.277945+4 6.209000-1 1.345600+2 0.000000+0 0.000000+0 0.000000+01725 2151  100 

 1.035154+5 3.880500-1 3.819530+2 1.972980+0 0.000000+0 0.000000+01725 2151  101 

 1.351161+5 3.410900-1 1.875460+2 0.000000+0 0.000000+0 0.000000+01725 2151  102 

 1.625608+5 6.471800-1 5.634890+0 0.000000+0 0.000000+0 0.000000+01725 2151  103 

 1.654823+5 1.050100+0 2.072840+2 0.000000+0 0.000000+0 0.000000+01725 2151  104 

 2.199922+5 4.001800-1 3.847750+0 0.000000+0 0.000000+0 0.000000+01725 2151  105 

 2.241121+5 4.033900-1 7.567220+2 0.000000+0 0.000000+0 0.000000+01725 2151  106 

 2.288860+5 5.941900-1 1.768540+0 0.000000+0 0.000000+0 0.000000+01725 2151  107 

 2.615514+5 8.458200-1 1.063750+3 0.000000+0 0.000000+0 0.000000+01725 2151  108 

 2.791149+5 3.767200-1 1.254490+3 0.000000+0 0.000000+0 0.000000+01725 2151  109 

 2.845043+5 9.053700-1 4.161730+0 0.000000+0 0.000000+0 0.000000+01725 2151  110 

 3.060336+5 5.628500-1 7.718360+0 0.000000+0 0.000000+0 0.000000+01725 2151  111 

 3.074111+5 6.403400-1 1.172260+3 0.000000+0 0.000000+0 0.000000+01725 2151  112 

 3.406957+5 5.654300-1 3.875200+3 0.000000+0 0.000000+0 0.000000+01725 2151  113 

 3.819655+5 8.183600+0 1.602770+0 0.000000+0 0.000000+0 0.000000+01725 2151  114 

 3.878895+5 9.112300-1 3.238570+3 0.000000+0 0.000000+0 0.000000+01725 2151  115 

 4.044696+5 1.492300+0 1.010090+3 0.000000+0 0.000000+0 0.000000+01725 2151  116 

 4.526283+5 8.600500-1 3.430810+3 4.000000-1 0.000000+0 0.000000+01725 2151  117 

 4.653384+5 3.666800-1 6.938600+2 0.000000+0 0.000000+0 0.000000+01725 2151  118 

 5.526254+5 8.600000-1 2.791240+2 0.000000+0 0.000000+0 0.000000+01725 2151  119 

 5.592470+5 8.600000-1 5.857230+2 4.000000-1 0.000000+0 0.000000+01725 2151  120 

 5.913358+5 8.600000-1 1.674080+2 0.000000+0 0.000000+0 0.000000+01725 2151  121 

 6.008407+5 8.600000-1 1.208510+3 0.000000+0 0.000000+0 0.000000+01725 2151  122 

 6.295837+5 8.600000-1 6.225330+2 0.000000+0 0.000000+0 0.000000+01725 2151  123 

 6.593525+5 8.600000-1 1.356080+2 0.000000+0 0.000000+0 0.000000+01725 2151  124 

 7.183788+5 8.600000-1 9.740400+2 0.000000+0 0.000000+0 0.000000+01725 2151  125 

 7.328902+5 8.600000-1 1.955950+3 0.000000+0 0.000000+0 0.000000+01725 2151  126 

 8.103378+5 8.600000-1 5.088680+2 0.000000+0 0.000000+0 0.000000+01725 2151  127 

 8.715664+5 8.600000-1 1.987240+3 4.000000-1 0.000000+0 0.000000+01725 2151  128 

 9.439464+5 8.600000-1 5.556340+2 0.000000+0 0.000000+0 0.000000+01725 2151  129 

 9.845132+5 8.600000-1 1.801810+3 0.000000+0 0.000000+0 0.000000+01725 2151  130 

 1.138720+6 8.600000-1 9.544250+2 0.000000+0 0.000000+0 0.000000+01725 2151  131 

 1.353551+6 8.600000-1 3.879680+4 0.000000+0 0.000000+0 0.000000+01725 2151  132 

 1.435502+6 8.600000-1 5.365630+3 0.000000+0 0.000000+0 0.000000+01725 2151  133 

-2.000000+0 0.000000+0          0          0         18          31725 2151  134 

 1.000000+0 1.000000+0 0.000000+0 0.000000+0 0.000000+0 0.000000+01725 2151  135 



 123 

 2.000000+0 1.000000+0 1.000000+0 0.000000+0 4.888750-1 4.822220-11725 2151  136 

 3.000000+0 1.000000+0 1.000000+0 0.000000+0 4.888750-1 4.822220-11725 2151  137 

 0.000000+0 0.000000+0          0         67        402         671725 2151  138 

-3.369334+5 5.340100-1 3.820180+4 0.000000+0 0.000000+0 0.000000+01725 2151  139 

 2.734636+4 4.579210-1 6.027800+0 1.472210-1 0.000000+0 0.000000+01725 2151  140 

 5.297412+4 5.624100-1 8.159470-1 0.000000+0 0.000000+0 0.000000+01725 2151  141 

 5.781159+4 5.380650-1 1.073890+2 9.980470-1 0.000000+0 0.000000+01725 2151  142 

 9.042023+4 7.164960-1 2.178860+1 2.740270-1 0.000000+0 0.000000+01725 2151  143 

 9.052563+4 1.275920-1 4.235150+0 0.000000+0 0.000000+0 0.000000+01725 2151  144 

 1.134033+5 3.369900-1 1.422880+2 0.000000+0 0.000000+0 0.000000+01725 2151  145 

 1.408311+5 5.458500-1 9.871460+1 0.000000+0 0.000000+0 0.000000+01725 2151  146 

 1.498295+5 7.555300-1 1.132080+2 0.000000+0 0.000000+0 0.000000+01725 2151  147 

 1.926794+5 2.287600-1 3.381170+1 0.000000+0 0.000000+0 0.000000+01725 2151  148 

 2.010949+5 2.905500-1 3.650400+1 0.000000+0 0.000000+0 0.000000+01725 2151  149 

 2.066160+5 5.943300-1 5.594230-1 0.000000+0 0.000000+0 0.000000+01725 2151  150 

 2.145480+5 2.323800-1 4.238200+1 0.000000+0 0.000000+0 0.000000+01725 2151  151 

 2.153514+5 7.735500-1 4.558520+0 0.000000+0 0.000000+0 0.000000+01725 2151  152 

 2.170986+5 6.185100-1 5.772230+2 0.000000+0 0.000000+0 0.000000+01725 2151  153 

 2.213851+5 1.592700+0 4.073280+0 0.000000+0 0.000000+0 0.000000+01725 2151  154 

 2.458488+5 7.646700-1 5.612490+0 0.000000+0 0.000000+0 0.000000+01725 2151  155 

 2.501986+5 4.046000-1 4.345790+2 0.000000+0 0.000000+0 0.000000+01725 2151  156 

 2.856091+5 8.420300-1 1.568700+3 0.000000+0 0.000000+0 0.000000+01725 2151  157 

 2.900777+5 1.615200+0 1.520800+2 0.000000+0 0.000000+0 0.000000+01725 2151  158 

 3.014487+5 4.017200-1 8.855620+0 0.000000+0 0.000000+0 0.000000+01725 2151  159 

 3.038357+5 1.697600+0 6.957360+2 0.000000+0 0.000000+0 0.000000+01725 2151  160 

 3.455490+5 3.479100-1 6.319440+1 0.000000+0 0.000000+0 0.000000+01725 2151  161 

 3.543783+5 2.329000-1 8.058180+0 0.000000+0 0.000000+0 0.000000+01725 2151  162 

 3.844697+5 5.785800+0 1.985550+0 0.000000+0 0.000000+0 0.000000+01725 2151  163 

 4.078202+5 5.513100-1 2.040430+3 0.000000+0 0.000000+0 0.000000+01725 2151  164 

 4.386472+5 6.448700-1 1.273690+3 0.000000+0 0.000000+0 0.000000+01725 2151  165 

 4.444759+5 2.050000-1 1.810450+2 0.000000+0 0.000000+0 0.000000+01725 2151  166 

 4.513762+5 1.759900+0 5.759080+0 0.000000+0 0.000000+0 0.000000+01725 2151  167 

 4.578911+5 1.147400+0 7.322610+0 0.000000+0 0.000000+0 0.000000+01725 2151  168 

 4.655024+5 5.580100-1 4.040480+3 0.000000+0 0.000000+0 0.000000+01725 2151  169 

 4.691015+5 9.520300-1 3.761160+0 0.000000+0 0.000000+0 0.000000+01725 2151  170 

 4.771962+5 5.403700-1 1.658970+2 0.000000+0 0.000000+0 0.000000+01725 2151  171 

 4.854618+5 1.273200+0 4.799550+2 0.000000+0 0.000000+0 0.000000+01725 2151  172 

 5.437824+5 8.600000-1 6.917280+2 0.000000+0 0.000000+0 0.000000+01725 2151  173 

 5.645835+5 8.600000-1 5.359800+2 0.000000+0 0.000000+0 0.000000+01725 2151  174 

 5.738796+5 8.600000-1 1.469740+3 0.000000+0 0.000000+0 0.000000+01725 2151  175 

 6.330964+5 8.600000-1 1.445360+2 4.000000-1 0.000000+0 0.000000+01725 2151  176 

 6.427422+5 8.600000-1 9.499240+2 0.000000+0 0.000000+0 0.000000+01725 2151  177 

 7.125272+5 8.600000-1 3.300900+3 4.000000-1 0.000000+0 0.000000+01725 2151  178 

 7.295798+5 8.600000-1 6.465640+2 0.000000+0 0.000000+0 0.000000+01725 2151  179 

 7.398106+5 8.600000-1 3.042130+3 0.000000+0 0.000000+0 0.000000+01725 2151  180 

 7.702915+5 8.600000-1 3.185460+3 0.000000+0 0.000000+0 0.000000+01725 2151  181 

 7.985633+5 8.600000-1 2.910980+3 4.000000-1 0.000000+0 0.000000+01725 2151  182 

 8.273814+5 6.060000-1 4.360650+2 0.000000+0 0.000000+0 0.000000+01725 2151  183 

 8.322588+5 8.600000-1 1.382530+3 0.000000+0 0.000000+0 0.000000+01725 2151  184 

 8.484064+5 8.600000-1 2.391310+3 0.000000+0 0.000000+0 0.000000+01725 2151  185 

 8.524894+5 8.600000-1 1.726720+3 0.000000+0 0.000000+0 0.000000+01725 2151  186 

 8.950719+5 8.600000-1 1.505930+3 0.000000+0 0.000000+0 0.000000+01725 2151  187 

 9.156492+5 8.600000-1 1.033970+3 0.000000+0 0.000000+0 0.000000+01725 2151  188 

 9.331357+5 8.600000-1 9.386810+2 0.000000+0 0.000000+0 0.000000+01725 2151  189 

 9.533511+5 8.600000-1 1.000950+3 4.000000-1 0.000000+0 0.000000+01725 2151  190 

 9.915402+5 8.600000-1 4.348100+3 0.000000+0 0.000000+0 0.000000+01725 2151  191 

 1.006461+6 8.600000-1 3.591290+3 0.000000+0 0.000000+0 0.000000+01725 2151  192 

 1.028543+6 8.600000-1 2.388860+3 0.000000+0 0.000000+0 0.000000+01725 2151  193 

 1.055512+6 8.600000-1 3.888630+3 0.000000+0 0.000000+0 0.000000+01725 2151  194 

 1.074009+6 8.600000-1 1.039250+3 0.000000+0 0.000000+0 0.000000+01725 2151  195 

 1.080187+6 8.600000-1 7.511970+2 0.000000+0 0.000000+0 0.000000+01725 2151  196 

 1.115662+6 8.600000-1 3.444140+3 0.000000+0 0.000000+0 0.000000+01725 2151  197 

 1.131997+6 8.600000-1 1.523380+3 0.000000+0 0.000000+0 0.000000+01725 2151  198 

 1.165343+6 8.600000-1 7.309520+3 0.000000+0 0.000000+0 0.000000+01725 2151  199 

 1.198501+6 8.600000-1 3.243460+3 0.000000+0 0.000000+0 0.000000+01725 2151  200 

 1.218130+6 8.600000-1 3.246660+3 0.000000+0 0.000000+0 0.000000+01725 2151  201 

 1.243534+6 8.600000-1 3.096960+3 0.000000+0 0.000000+0 0.000000+01725 2151  202 

 1.311787+6 8.600000-1 7.946430+2 0.000000+0 0.000000+0 0.000000+01725 2151  203 

 1.354056+6 8.600000-1 1.103350+4 0.000000+0 0.000000+0 0.000000+01725 2151  204 

 1.434336+6 8.600000-1 5.422940+3 0.000000+0 0.000000+0 0.000000+01725 2151  205 

-1.000000+0 0.000000+0          0          0         18          31725 2151  206 



 124 

 1.000000+0 1.000000+0 0.000000+0 0.000000+0 0.000000+0 0.000000+01725 2151  207 

 2.000000+0 1.000000+0 2.000000+0 0.000000+0 4.888750-1 4.822220-11725 2151  208 

 3.000000+0 1.000000+0 2.000000+0 0.000000+0 4.888750-1 4.822220-11725 2151  209 

 0.000000+0 0.000000+0          0         18        108         181725 2151  210 

 1.339884+5 2.314200+0 6.600970+2 4.000000-1 0.000000+0 0.000000+01725 2151  211 

 2.251416+5 1.346200+0 5.685270+2 4.000000-1 0.000000+0 0.000000+01725 2151  212 

 3.728997+5 2.107900+0 1.796360+3 4.000000-1 0.000000+0 0.000000+01725 2151  213 

 4.019221+5 3.329500-1 1.212200+3 0.000000+0 0.000000+0 0.000000+01725 2151  214 

 4.221047+5 2.868200+0 8.577140+2 0.000000+0 0.000000+0 0.000000+01725 2151  215 

 4.836869+5 1.907300+0 2.735270+3 4.000000-1 0.000000+0 0.000000+01725 2151  216 

 5.811770+5 8.600000-1 2.087720+2 0.000000+0 0.000000+0 0.000000+01725 2151  217 

 6.142552+5 8.600000-1 1.153480+3 0.000000+0 0.000000+0 0.000000+01725 2151  218 

 7.219908+5 8.600000-1 8.268190+2 0.000000+0 0.000000+0 0.000000+01725 2151  219 

 7.484834+5 8.600000-1 1.023870+3 0.000000+0 0.000000+0 0.000000+01725 2151  220 

 7.654137+5 8.600000-1 1.519860+3 0.000000+0 0.000000+0 0.000000+01725 2151  221 

 7.927810+5 8.600000-1 1.040840+3 0.000000+0 0.000000+0 0.000000+01725 2151  222 

 8.451494+5 8.600000-1 4.176760+3 0.000000+0 0.000000+0 0.000000+01725 2151  223 

 9.366575+5 8.600000-1 6.061270+2 0.000000+0 0.000000+0 0.000000+01725 2151  224 

 9.747505+5 8.600000-1 3.259090+3 0.000000+0 0.000000+0 0.000000+01725 2151  225 

 1.091954+6 8.600000-1 1.974980+3 0.000000+0 0.000000+0 0.000000+01725 2151  226 

 1.177028+6 8.600000-1 1.488160+3 0.000000+0 0.000000+0 0.000000+01725 2151  227 

 1.225254+6 8.600000-1 1.807190+3 0.000000+0 0.000000+0 0.000000+01725 2151  228 

-2.000000+0 0.000000+0          0          0         18          31725 2151  229 

 1.000000+0 1.000000+0 0.000000+0 0.000000+0 0.000000+0 0.000000+01725 2151  230 

 2.000000+0 1.000000+0 2.000000+0 0.000000+0 4.888750-1 4.822220-11725 2151  231 

 3.000000+0 1.000000+0 2.000000+0 0.000000+0 4.888750-1 4.822220-11725 2151  232 

 0.000000+0 0.000000+0          0         28        168         281725 2151  233 

 3.978154+2 6.650000-1 5.050000-2 3.220000-1 0.000000+0 0.000000+01725 2151  234 

 1.136064+5 2.947700-1 3.972030+2 0.000000+0 0.000000+0 0.000000+01725 2151  235 

 1.430242+5 4.921800-1 3.147430+2 0.000000+0 0.000000+0 0.000000+01725 2151  236 

 2.059671+5 4.506700-1 5.887780-1 0.000000+0 0.000000+0 0.000000+01725 2151  237 

 2.837547+5 6.466700-1 4.237100+2 0.000000+0 0.000000+0 0.000000+01725 2151  238 

 2.870089+5 5.536890-1 2.126030+1 0.000000+0 0.000000+0 0.000000+01725 2151  239 

 2.949461+5 7.387600-1 4.747470+2 4.000000-1 0.000000+0 0.000000+01725 2151  240 

 5.903574+5 8.600000-1 7.550480+2 4.000000-1 0.000000+0 0.000000+01725 2151  241 

 6.181025+5 8.600000-1 1.075440+3 0.000000+0 0.000000+0 0.000000+01725 2151  242 

 7.036239+5 8.600000-1 9.311240+2 0.000000+0 0.000000+0 0.000000+01725 2151  243 

 7.350094+5 8.600000-1 3.777530+2 0.000000+0 0.000000+0 0.000000+01725 2151  244 

 8.013281+5 8.600000-1 6.807230+2 0.000000+0 0.000000+0 0.000000+01725 2151  245 

 8.358532+5 8.600000-1 1.181190+3 0.000000+0 0.000000+0 0.000000+01725 2151  246 

 8.769947+5 8.600000-1 5.757280+2 0.000000+0 0.000000+0 0.000000+01725 2151  247 

 9.225158+5 8.600000-1 1.571600+3 0.000000+0 0.000000+0 0.000000+01725 2151  248 

 9.461013+5 8.600000-1 4.806310+2 0.000000+0 0.000000+0 0.000000+01725 2151  249 

 9.810389+5 8.600000-1 4.229000+3 0.000000+0 0.000000+0 0.000000+01725 2151  250 

 9.998479+5 8.600000-1 3.022270+3 0.000000+0 0.000000+0 0.000000+01725 2151  251 

 1.016475+6 8.600000-1 4.019670+3 0.000000+0 0.000000+0 0.000000+01725 2151  252 

 1.050581+6 8.600000-1 1.304140+3 0.000000+0 0.000000+0 0.000000+01725 2151  253 

 1.088712+6 8.600000-1 5.239370+3 0.000000+0 0.000000+0 0.000000+01725 2151  254 

 1.116025+6 8.600000-1 4.363740+4 0.000000+0 0.000000+0 0.000000+01725 2151  255 

 1.172051+6 8.600000-1 1.494510+3 0.000000+0 0.000000+0 0.000000+01725 2151  256 

 1.283751+6 8.600000-1 5.041400+3 0.000000+0 0.000000+0 0.000000+01725 2151  257 

 1.337132+6 8.600000-1 4.850280+3 0.000000+0 0.000000+0 0.000000+01725 2151  258 

 1.366148+6 8.600000-1 8.350230+3 0.000000+0 0.000000+0 0.000000+01725 2151  259 

 1.403885+6 8.600000-1 8.067070+3 0.000000+0 0.000000+0 0.000000+01725 2151  260 

 1.441365+6 8.600000-1 1.608740+3 0.000000+0 0.000000+0 0.000000+01725 2151  261 

-3.000000+0 0.000000+0          0          0         18          31725 2151  262 

 1.000000+0 1.000000+0 0.000000+0 0.000000+0 0.000000+0 0.000000+01725 2151  263 

 2.000000+0 1.000000+0 2.000000+0 0.000000+0 4.888750-1 4.822220-11725 2151  264 

 3.000000+0 1.000000+0 2.000000+0 0.000000+0 4.888750-1 4.822220-11725 2151  265 

 0.000000+0 0.000000+0          0         57        342         571725 2151  266 

 1.635612+4 3.865000-1 5.981800+0 1.640190-1 0.000000+0 0.000000+01725 2151  267 

 1.713387+4 8.022800-1 1.409590+1 3.199990-2 0.000000+0 0.000000+01725 2151  268 

 4.027028+4 5.774900-1 1.773460-1 0.000000+0 0.000000+0 0.000000+01725 2151  269 

 5.160803+4 4.471700-2 2.417150+0 9.599660-2 0.000000+0 0.000000+01725 2151  270 

 9.520675+4 4.531600-1 1.549000-1 0.000000+0 0.000000+0 0.000000+01725 2151  271 

 9.944099+4 2.322700-1 2.393210+0 0.000000+0 0.000000+0 0.000000+01725 2151  272 

 1.120451+5 3.240700-1 2.642330-1 0.000000+0 0.000000+0 0.000000+01725 2151  273 

 1.400910+5 3.664800-1 3.778030+0 0.000000+0 0.000000+0 0.000000+01725 2151  274 

 1.416415+5 3.131300-1 3.954240+0 0.000000+0 0.000000+0 0.000000+01725 2151  275 

 1.529224+5 2.989300-1 3.820560-1 0.000000+0 0.000000+0 0.000000+01725 2151  276 

 1.835405+5 3.333300-1 4.615080+2 0.000000+0 0.000000+0 0.000000+01725 2151  277 
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 1.852814+5 4.665000-1 4.482330+0 0.000000+0 0.000000+0 0.000000+01725 2151  278 

 1.881523+5 4.975300-1 4.222480+2 0.000000+0 0.000000+0 0.000000+01725 2151  279 

 1.901806+5 2.935300-1 1.024950+2 0.000000+0 0.000000+0 0.000000+01725 2151  280 

 1.929420+5 7.559100-1 1.635970+1 0.000000+0 0.000000+0 0.000000+01725 2151  281 

 1.991683+5 2.550000-1 2.775550+0 0.000000+0 0.000000+0 0.000000+01725 2151  282 

 2.933823+5 1.802700+0 5.941830+0 0.000000+0 0.000000+0 0.000000+01725 2151  283 

 3.367631+5 4.162100-1 2.890370+2 0.000000+0 0.000000+0 0.000000+01725 2151  284 

 4.753035+5 8.300600-1 2.791800+3 0.000000+0 0.000000+0 0.000000+01725 2151  285 

 5.097591+5 8.600000-1 3.870270+2 0.000000+0 0.000000+0 0.000000+01725 2151  286 

 5.298958+5 8.600000-1 1.353670+3 0.000000+0 0.000000+0 0.000000+01725 2151  287 

 5.352483+5 8.600000-1 4.481020+2 0.000000+0 0.000000+0 0.000000+01725 2151  288 

 6.080558+5 8.600000-1 7.747700+2 0.000000+0 0.000000+0 0.000000+01725 2151  289 

 6.657961+5 8.600000-1 2.099450+2 0.000000+0 0.000000+0 0.000000+01725 2151  290 

 6.739830+5 6.060000-1 4.896460+1 0.000000+0 0.000000+0 0.000000+01725 2151  291 

 6.816687+5 8.600000-1 6.028770+1 0.000000+0 0.000000+0 0.000000+01725 2151  292 

 6.850220+5 8.600000-1 1.172880+2 0.000000+0 0.000000+0 0.000000+01725 2151  293 

 7.010023+5 8.600000-1 1.251920+3 0.000000+0 0.000000+0 0.000000+01725 2151  294 

 7.574622+5 8.600000-1 3.780250+3 0.000000+0 0.000000+0 0.000000+01725 2151  295 

 7.611067+5 8.600000-1 2.238910+3 0.000000+0 0.000000+0 0.000000+01725 2151  296 

 7.749692+5 8.600000-1 3.689300+2 0.000000+0 0.000000+0 0.000000+01725 2151  297 

 8.068823+5 8.600000-1 6.298260+2 0.000000+0 0.000000+0 0.000000+01725 2151  298 

 8.389452+5 8.600000-1 3.394540+3 0.000000+0 0.000000+0 0.000000+01725 2151  299 

 8.626053+5 8.600000-1 6.945570+2 0.000000+0 0.000000+0 0.000000+01725 2151  300 

 8.865767+5 8.600000-1 3.197900+3 0.000000+0 0.000000+0 0.000000+01725 2151  301 

 9.058611+5 8.600000-1 4.411560+2 4.000000-1 0.000000+0 0.000000+01725 2151  302 

 9.109009+5 8.600000-1 3.339470+3 0.000000+0 0.000000+0 0.000000+01725 2151  303 

 9.504659+5 8.600000-1 6.451080+2 0.000000+0 0.000000+0 0.000000+01725 2151  304 

 1.010401+6 8.600000-1 7.910460+3 0.000000+0 0.000000+0 0.000000+01725 2151  305 

 1.033683+6 8.600000-1 3.549570+3 0.000000+0 0.000000+0 0.000000+01725 2151  306 

 1.062148+6 8.600000-1 4.207760+2 0.000000+0 0.000000+0 0.000000+01725 2151  307 

 1.071198+6 8.600000-1 1.944480+3 0.000000+0 0.000000+0 0.000000+01725 2151  308 

 1.085425+6 8.600000-1 1.339760+2 0.000000+0 0.000000+0 0.000000+01725 2151  309 

 1.103724+6 8.600000-1 1.609290+3 0.000000+0 0.000000+0 0.000000+01725 2151  310 

 1.120932+6 8.600000-1 3.890220+2 0.000000+0 0.000000+0 0.000000+01725 2151  311 

 1.126914+6 8.600000-1 6.155220+2 0.000000+0 0.000000+0 0.000000+01725 2151  312 

 1.144865+6 8.600000-1 1.586600+3 0.000000+0 0.000000+0 0.000000+01725 2151  313 

 1.155330+6 8.600000-1 1.577740+3 0.000000+0 0.000000+0 0.000000+01725 2151  314 

 1.189685+6 8.600000-1 7.290220+3 0.000000+0 0.000000+0 0.000000+01725 2151  315 

 1.209020+6 8.600000-1 3.485080+3 0.000000+0 0.000000+0 0.000000+01725 2151  316 

 1.237194+6 8.600000-1 5.888380+3 0.000000+0 0.000000+0 0.000000+01725 2151  317 

 1.268642+6 8.600000-1 2.391480+3 0.000000+0 0.000000+0 0.000000+01725 2151  318 

 1.277668+6 8.600000-1 2.984480+3 0.000000+0 0.000000+0 0.000000+01725 2151  319 

 1.315129+6 8.600000-1 1.210580+4 0.000000+0 0.000000+0 0.000000+01725 2151  320 

 1.390745+6 8.600000-1 5.502450+3 0.000000+0 0.000000+0 0.000000+01725 2151  321 

 1.425393+6 8.600000-1 1.381970+4 0.000000+0 0.000000+0 0.000000+01725 2151  322 

 1.485128+6 8.600000-1 1.054090+4 0.000000+0 0.000000+0 0.000000+01725 2151  323 
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APPENDIX D 

238U ENDF/B-VII.1 UNRESOLVED FILE2 LRF=1 DATA 

 2.000000+4 1.490288+5          2          2          0          09237 2151 3350 

 0.000000+0 9.433790-1          1          0          3          09237 2151 3351 

 2.360058+2 0.000000+0          0          0          1          09237 2151 3352 

 5.000000-1 0.000000+0          5          0        114         189237 2151 3353 

 0.000000+0 0.000000+0 2.000000+0 1.000000+0 0.000000+0 0.000000+09237 2151 3354 

 2.000000+4 2.199760+1 0.000000+0 2.063460-3 2.281190-2 0.000000+09237 2151 3355 

 2.300000+4 2.185120+1 0.000000+0 2.043260-3 2.284390-2 0.000000+09237 2151 3356 

 2.600000+4 2.170590+1 0.000000+0 2.023690-3 2.287600-2 0.000000+09237 2151 3357 

 3.000000+4 2.151390+1 0.000000+0 1.998440-3 2.291910-2 0.000000+09237 2151 3358 

 3.500000+4 2.127610+1 0.000000+0 1.967970-3 2.297280-2 0.000000+09237 2151 3359 

 4.000000+4 2.104110+1 0.000000+0 1.938570-3 2.302660-2 0.000000+09237 2151 3360 

 4.500000+4 2.080860+1 0.000000+0 1.910100-3 2.308050-2 0.000000+09237 2151 3361 

 4.509020+4 2.080440+1 0.000000+0 1.909600-3 2.308140-2 0.000000+09237 2151 3362 

 5.000000+4 2.057890+1 1.097450-5 1.882470-3 2.313450-2 0.000000+09237 2151 3363 

 5.500000+4 2.035200+1 6.242520-5 1.855610-3 2.318890-2 0.000000+09237 2151 3364 

 6.000000+4 2.012740+1 1.703450-4 1.829400-3 2.324300-2 0.000000+09237 2151 3365 

 7.000000+4 1.968630+1 5.935770-4 1.778900-3 2.335250-2 0.000000+09237 2151 3366 

 8.000000+4 1.925540+1 1.332900-3 1.730620-3 2.346240-2 0.000000+09237 2151 3367 

 9.000000+4 1.883420+1 2.416260-3 1.684330-3 2.357300-2 0.000000+09237 2151 3368 

 1.000000+5 1.842260+1 3.857070-3 1.639840-3 2.368410-2 0.000000+09237 2151 3369 

 1.200000+5 1.762720+1 7.818620-3 1.555690-3 2.390780-2 0.000000+09237 2151 3370 

 1.400000+5 1.686740+1 1.317280-2 1.477270-3 2.424070-2 0.000000+09237 2151 3371 

 1.490288+5 1.653580+1 1.601860-2 1.443570-3 2.434410-2 0.000000+09237 2151 3372 

 2.360058+2 0.000000+0          1          0          2          09237 2151 3373 

 5.000000-1 0.000000+0          5          0        114         189237 2151 3374 

 0.000000+0 0.000000+0 1.000000+0 1.000000+0 0.000000+0 0.000000+09237 2151 3375 

 2.000000+4 2.199760+1 0.000000+0 4.503430-3 2.291280-2 0.000000+09237 2151 3376 

 2.300000+4 2.185120+1 0.000000+0 4.482640-3 2.294500-2 0.000000+09237 2151 3377 

 2.600000+4 2.170590+1 0.000000+0 4.461360-3 2.297720-2 0.000000+09237 2151 3378 

 3.000000+4 2.151390+1 0.000000+0 4.432310-3 2.302050-2 0.000000+09237 2151 3379 

 3.500000+4 2.127610+1 0.000000+0 4.394890-3 2.307440-2 0.000000+09237 2151 3380 

 4.000000+4 2.104110+1 0.000000+0 4.356510-3 2.312850-2 0.000000+09237 2151 3381 

 4.500000+4 2.080860+1 0.000000+0 4.317220-3 2.318260-2 0.000000+09237 2151 3382 

 4.509020+4 2.080440+1 0.000000+0 4.316510-3 2.318350-2 0.000000+09237 2151 3383 

 5.000000+4 2.057890+1 4.778600-3 4.277230-3 2.323690-2 0.000000+09237 2151 3384 

 5.500000+4 2.035200+1 1.339310-2 4.236630-3 2.329150-2 0.000000+09237 2151 3385 

 6.000000+4 2.012740+1 2.415080-2 4.195410-3 2.334580-2 0.000000+09237 2151 3386 

 7.000000+4 1.968630+1 4.976480-2 4.111800-3 2.345590-2 0.000000+09237 2151 3387 

 8.000000+4 1.925540+1 7.874450-2 4.026940-3 2.356620-2 0.000000+09237 2151 3388 

 9.000000+4 1.883420+1 1.095510-1 3.941300-3 2.367730-2 0.000000+09237 2151 3389 

 1.000000+5 1.842260+1 1.411940-1 3.855300-3 2.378890-2 0.000000+09237 2151 3390 

 1.200000+5 1.762720+1 2.044380-1 3.683500-3 2.401360-2 0.000000+09237 2151 3391 

 1.400000+5 1.686740+1 2.649780-1 3.513680-3 2.424070-2 0.000000+09237 2151 3392 

 1.490288+5 1.653580+1 2.908950-1 3.438120-3 2.434410-2 0.000000+09237 2151 3393 

 1.500000+0 0.000000+0          5          0        114         189237 2151 3394 

 0.000000+0 0.000000+0 2.000000+0 1.000000+0 0.000000+0 0.000000+09237 2151 3395 

 2.000000+4 1.142540+1 0.000000+0 2.339050-3 2.291280-2 0.000000+09237 2151 3396 

 2.300000+4 1.134920+1 0.000000+0 2.328220-3 2.294500-2 0.000000+09237 2151 3397 

 2.600000+4 1.127350+1 0.000000+0 2.317130-3 2.297720-2 0.000000+09237 2151 3398 

 3.000000+4 1.117360+1 0.000000+0 2.302000-3 2.302050-2 0.000000+09237 2151 3399 

 3.500000+4 1.104980+1 0.000000+0 2.282510-3 2.307440-2 0.000000+09237 2151 3400 

 4.000000+4 1.092750+1 0.000000+0 2.262530-3 2.312850-2 0.000000+09237 2151 3401 

 4.500000+4 1.080660+1 0.000000+0 2.242080-3 2.318260-2 0.000000+09237 2151 3402 

 4.509020+4 1.080440+1 0.000000+0 2.241700-3 2.318350-2 0.000000+09237 2151 3403 

 5.000000+4 1.068710+1 4.963260-3 2.221260-3 2.323690-2 0.000000+09237 2151 3404 

 5.500000+4 1.056900+1 1.391030-2 2.200120-3 2.329150-2 0.000000+09237 2151 3405 

 6.000000+4 1.045210+1 2.508280-2 2.178670-3 2.334580-2 0.000000+09237 2151 3406 

 7.000000+4 1.022260+1 5.168320-2 2.135160-3 2.345590-2 0.000000+09237 2151 3407 

 8.000000+4 9.998370+0 8.177630-2 2.090990-3 2.356620-2 0.000000+09237 2151 3408 

 9.000000+4 9.779220+0 1.137640-1 2.046430-3 2.367730-2 0.000000+09237 2151 3409 

 1.000000+5 9.565090+0 1.466170-1 2.001690-3 2.378890-2 0.000000+09237 2151 3410 

 1.200000+5 9.151290+0 2.122710-1 1.912320-3 2.401360-2 0.000000+09237 2151 3411 

 1.400000+5 8.756100+0 2.751070-1 1.824000-3 2.424070-2 0.000000+09237 2151 3412 

 1.490288+5 8.583590+0 3.020030-1 1.784700-3 2.434410-2 0.000000+09237 2151 3413 
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 2.360058+2 0.000000+0          2          0          2          09237 2151 3414 

 1.500000+0 0.000000+0          5          0        114         189237 2151 3415 

 0.000000+0 0.000000+0 1.000000+0 1.000000+0 0.000000+0 0.000000+09237 2151 3416 

 2.000000+4 1.142540+1 0.000000+0 1.413040-3 2.281190-2 0.000000+09237 2151 3417 

 2.300000+4 1.134920+1 0.000000+0 1.403090-3 2.284390-2 0.000000+09237 2151 3418 

 2.600000+4 1.127350+1 0.000000+0 1.393210-3 2.287600-2 0.000000+09237 2151 3419 

 3.000000+4 1.117360+1 0.000000+0 1.380190-3 2.291910-2 0.000000+09237 2151 3420 

 3.500000+4 1.104980+1 0.000000+0 1.364060-3 2.297280-2 0.000000+09237 2151 3421 

 4.000000+4 1.092750+1 0.000000+0 1.348160-3 2.302660-2 0.000000+09237 2151 3422 

 4.500000+4 1.080660+1 0.000000+0 1.332460-3 2.308050-2 0.000000+09237 2151 3423 

 4.509020+4 1.080440+1 0.000000+0 1.332170-3 2.308140-2 0.000000+09237 2151 3424 

 5.000000+4 1.068710+1 7.183670-2 1.316960-3 2.313450-2 0.000000+09237 2151 3425 

 5.500000+4 1.056900+1 1.000490-1 1.301680-3 2.318890-2 0.000000+09237 2151 3426 

 6.000000+4 1.045210+1 1.205790-1 1.286570-3 2.324300-2 0.000000+09237 2151 3427 

 7.000000+4 1.022260+1 1.509840-1 1.256970-3 2.335250-2 0.000000+09237 2151 3428 

 8.000000+4 9.998370+0 1.736310-1 1.228140-3 2.346240-2 0.000000+09237 2151 3429 

 9.000000+4 9.779220+0 1.916700-1 1.200050-3 2.357300-2 0.000000+09237 2151 3430 

 1.000000+5 9.565090+0 2.065780-1 1.172680-3 2.368410-2 0.000000+09237 2151 3431 

 1.200000+5 9.151290+0 2.300510-1 1.120040-3 2.390780-2 0.000000+09237 2151 3432 

 1.400000+5 8.756100+0 2.478480-1 1.070090-3 2.424070-2 0.000000+09237 2151 3433 

 1.490288+5 8.583590+0 2.545650-1 1.048390-3 2.434410-2 0.000000+09237 2151 3434 

 2.500000+0 0.000000+0          5          0        114         189237 2151 3435 

 0.000000+0 0.000000+0 1.000000+0 1.000000+0 0.000000+0 0.000000+09237 2151 3436 

 2.000000+4 8.115570+0 0.000000+0 1.003700-3 2.281190-2 0.000000+09237 2151 3437 

 2.300000+4 8.061270+0 0.000000+0 9.966050-4 2.284390-2 0.000000+09237 2151 3438 

 2.600000+4 8.007370+0 0.000000+0 9.895700-4 2.287600-2 0.000000+09237 2151 3439 

 3.000000+4 7.936160+0 0.000000+0 9.802870-4 2.291910-2 0.000000+09237 2151 3440 

 3.500000+4 7.847940+0 0.000000+0 9.687990-4 2.297280-2 0.000000+09237 2151 3441 

 4.000000+4 7.760790+0 0.000000+0 9.574700-4 2.302660-2 0.000000+09237 2151 3442 

 4.500000+4 7.674560+0 0.000000+0 9.462760-4 2.308050-2 0.000000+09237 2151 3443 

 4.509020+4 7.673020+0 0.000000+0 9.460770-4 2.308140-2 0.000000+09237 2151 3444 

 5.000000+4 7.589410+0 5.101480-2 9.352400-4 2.313450-2 0.000000+09237 2151 3445 

 5.500000+4 7.505290+0 7.104690-2 9.243510-4 2.318890-2 0.000000+09237 2151 3446 

 6.000000+4 7.421970+0 8.562230-2 9.135850-4 2.324300-2 0.000000+09237 2151 3447 

 7.000000+4 7.258480+0 1.072040-1 8.925030-4 2.335250-2 0.000000+09237 2151 3448 

 8.000000+4 7.098720+0 1.232760-1 8.719630-4 2.346240-2 0.000000+09237 2151 3449 

 9.000000+4 6.942610+0 1.360730-1 8.519550-4 2.357300-2 0.000000+09237 2151 3450 

 1.000000+5 6.790090+0 1.466460-1 8.324640-4 2.368410-2 0.000000+09237 2151 3451 

 1.200000+5 6.495380+0 1.632850-1 7.949810-4 2.390780-2 0.000000+09237 2151 3452 

 1.400000+5 6.213960+0 1.758910-1 7.594130-4 2.424070-2 0.000000+09237 2151 3453 

 1.490288+5 6.091120+0 1.806460-1 7.439600-4 2.434410-2 0.000000+09237 2151 3454 

 0.000000+0 0.000000+0          0          0          0          09237 2  099999 
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APPENDIX E 

238U PROBABILITY TABLES AT 293.6 K  

The normalized probability tables listed here were generated using the new URR 

methodology outlined in this dissertation. The normalized 238U probability tables were 

generated at each energy of reference reported in the ENDF/B-VII.1 File-2 using 30,000 

histories each. The average deviation in each bin is reported for completeness, but only 

the reported standard deviation for the total cross-section factor should be considered. 

There is no standard deviation reported on the bin probability, due to the equiprobable 

construction. Below the inelastic threshold of 45.0902 keV, the inelastic cross-section 

factor is reported as unity, with no standard deviation. This choice has no effect on the 

transport calculations, since the factors will be scaling a zero-valued inelastic cross 

section. 

20 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.46581 0.09028 0.3787 0.42985 0.46955 0.09561 1 0 

2 0.05 0.60889 0.02031 0.36185 0.43649 0.6195 0.02882 1 0 

3 0.05 0.66067 0.01133 0.3767 0.48709 0.67287 0.02384 1 0 

4 0.05 0.69386 0.00789 0.37767 0.45043 0.70744 0.0213 1 0 

5 0.05 0.72006 0.00712 0.38412 0.44524 0.73449 0.02041 1 0 

6 0.05 0.74389 0.00658 0.43725 0.50497 0.75706 0.02269 1 0 

7 0.05 0.7658 0.00632 0.48381 0.51962 0.77791 0.02302 1 0 

8 0.05 0.78877 0.00669 0.55503 0.58578 0.79881 0.02591 1 0 

9 0.05 0.81238 0.00723 0.60315 0.57626 0.82137 0.02526 1 0 

10 0.05 0.83854 0.00806 0.70963 0.63982 0.84407 0.02812 1 0 

11 0.05 0.86912 0.00925 0.82693 0.7399 0.87093 0.03277 1 0 

12 0.05 0.90301 0.01059 1.00867 0.8078 0.89847 0.03594 1 0 

13 0.05 0.94438 0.01321 1.14666 0.87326 0.93569 0.0391 1 0 

14 0.05 0.99429 0.01635 1.31526 0.95296 0.9805 0.04366 1 0 

15 0.05 1.05721 0.02055 1.49818 1.01228 1.03827 0.04677 1 0 

16 0.05 1.13736 0.02642 1.64921 1.10643 1.11538 0.0543 1 0 

17 0.05 1.24507 0.03691 1.82857 1.18464 1.22001 0.06184 1 0 

18 0.05 1.40758 0.05964 1.98887 1.19674 1.38261 0.08077 1 0 

19 0.05 1.69683 0.11685 2.1044 1.28743 1.67932 0.13358 1 0 

20 0.05 2.64647 0.71203 1.96535 1.19089 2.67573 0.74389 1 0 
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23 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.45028 0.08347 0.43846 0.39977 0.45084 0.08811 1 0 

2 0.05 0.5866 0.02153 0.45719 0.42565 0.59269 0.03046 1 0 

3 0.05 0.64541 0.01351 0.46547 0.44489 0.65387 0.02519 1 0 

4 0.05 0.6852 0.01003 0.47802 0.46572 0.69494 0.02437 1 0 

5 0.05 0.71593 0.00778 0.47 0.45334 0.7275 0.02271 1 0 

6 0.05 0.74144 0.00723 0.53017 0.49234 0.75137 0.02385 1 0 

7 0.05 0.76612 0.00708 0.53725 0.5086 0.77688 0.02517 1 0 

8 0.05 0.7901 0.00678 0.60326 0.53462 0.79889 0.02567 1 0 

9 0.05 0.81488 0.00735 0.67902 0.54088 0.82126 0.02602 1 0 

10 0.05 0.84134 0.00808 0.79368 0.58792 0.84358 0.02855 1 0 

11 0.05 0.87218 0.00981 0.88567 0.61504 0.87154 0.02972 1 0 

12 0.05 0.90863 0.01167 1.00196 0.68268 0.90424 0.03386 1 0 

13 0.05 0.95253 0.01386 1.18703 0.73989 0.9415 0.0363 1 0 

14 0.05 1.00446 0.01704 1.31986 0.77513 0.98963 0.04027 1 0 

15 0.05 1.0677 0.02054 1.45554 0.83858 1.04947 0.0448 1 0 

16 0.05 1.14893 0.02615 1.57589 0.87139 1.12885 0.04855 1 0 

17 0.05 1.26145 0.03845 1.7206 0.95047 1.23985 0.05921 1 0 

18 0.05 1.42798 0.05961 1.81387 0.98962 1.40984 0.07745 1 0 

19 0.05 1.72803 0.12588 1.8276 1.01792 1.72335 0.13935 1 0 

20 0.05 2.59081 0.59834 1.75947 0.97066 2.62991 0.6291 1 0 

 

26 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.4647 0.08271 0.44386 0.37954 0.46568 0.08783 1 0 

2 0.05 0.60042 0.02176 0.4864 0.43251 0.60575 0.03065 1 0 

3 0.05 0.65924 0.0128 0.45906 0.41794 0.66858 0.02361 1 0 

4 0.05 0.69666 0.00932 0.49797 0.45342 0.70594 0.0234 1 0 

5 0.05 0.72623 0.00788 0.50521 0.44606 0.73655 0.02268 1 0 

6 0.05 0.75245 0.00739 0.54551 0.48501 0.76211 0.02368 1 0 

7 0.05 0.77761 0.0072 0.58579 0.50033 0.78657 0.02433 1 0 

8 0.05 0.80204 0.00729 0.64059 0.51066 0.80958 0.02476 1 0 

9 0.05 0.82876 0.00803 0.74324 0.55547 0.83275 0.02692 1 0 

10 0.05 0.85733 0.00871 0.81654 0.57283 0.85923 0.02783 1 0 

11 0.05 0.8901 0.0099 0.91287 0.60894 0.88904 0.02978 1 0 

12 0.05 0.92619 0.0115 1.06576 0.69067 0.91967 0.03376 1 0 

13 0.05 0.96984 0.01419 1.13326 0.7242 0.96221 0.03685 1 0 

14 0.05 1.0215 0.01571 1.28728 0.77331 1.00909 0.03899 1 0 

15 0.05 1.08356 0.02037 1.41644 0.82175 1.06802 0.04387 1 0 

16 0.05 1.16434 0.02556 1.54031 0.8736 1.14679 0.04852 1 0 

17 0.05 1.26521 0.03441 1.67226 0.88186 1.2462 0.05392 1 0 

18 0.05 1.41182 0.05357 1.76669 0.97626 1.39525 0.07058 1 0 

19 0.05 1.67519 0.10479 1.81407 1.03745 1.6687 0.12011 1 0 

20 0.05 2.42681 0.51988 1.66688 0.94207 2.4623 0.54716 1 0 
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30 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.47588 0.0849 0.49096 0.41148 0.47521 0.08879 1 0 

2 0.05 0.61365 0.02127 0.51036 0.42152 0.61821 0.02859 1 0 

3 0.05 0.67382 0.01335 0.51003 0.40618 0.68105 0.02271 1 0 

4 0.05 0.71289 0.00988 0.50874 0.40717 0.7219 0.02079 1 0 

5 0.05 0.74327 0.00794 0.55077 0.46478 0.75176 0.02219 1 0 

6 0.05 0.76986 0.0075 0.59305 0.49179 0.77767 0.02286 1 0 

7 0.05 0.79565 0.00714 0.62044 0.47119 0.80339 0.0221 1 0 

8 0.05 0.8204 0.00734 0.68843 0.49431 0.82623 0.02324 1 0 

9 0.05 0.84692 0.00797 0.79021 0.54499 0.84943 0.02476 1 0 

10 0.05 0.87452 0.0085 0.84868 0.57221 0.87566 0.02647 1 0 

11 0.05 0.90606 0.00978 0.95135 0.59998 0.90406 0.02822 1 0 

12 0.05 0.94265 0.01175 1.05952 0.62377 0.9375 0.02933 1 0 

13 0.05 0.98572 0.01311 1.1986 0.67725 0.97633 0.03217 1 0 

14 0.05 1.03523 0.01523 1.27415 0.70452 1.02469 0.03345 1 0 

15 0.05 1.09398 0.01849 1.39196 0.75398 1.08082 0.03714 1 0 

16 0.05 1.16591 0.02343 1.46836 0.7971 1.15256 0.04285 1 0 

17 0.05 1.25967 0.03211 1.53979 0.81798 1.24731 0.04893 1 0 

18 0.05 1.394 0.0476 1.63986 0.8573 1.38315 0.0626 1 0 

19 0.05 1.61958 0.0897 1.68057 0.92178 1.61689 0.1011 1 0 

20 0.05 2.27033 0.46963 1.68416 0.92793 2.2962 0.49301 1 0 

 

35 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.50442 0.08459 0.52376 0.40063 0.50362 0.08797 1 0 

2 0.05 0.63831 0.02005 0.52642 0.42044 0.6429 0.02695 1 0 

3 0.05 0.69345 0.01278 0.56322 0.45324 0.6988 0.02303 1 0 

4 0.05 0.73268 0.00997 0.55293 0.43705 0.74006 0.02041 1 0 

5 0.05 0.76402 0.00815 0.59712 0.46139 0.77087 0.02058 1 0 

6 0.05 0.78987 0.00713 0.62936 0.45829 0.79645 0.02006 1 0 

7 0.05 0.8144 0.00704 0.68981 0.48743 0.81951 0.02097 1 0 

8 0.05 0.83862 0.0073 0.74778 0.50093 0.84235 0.02185 1 0 

9 0.05 0.86484 0.00791 0.8228 0.50955 0.86657 0.02237 1 0 

10 0.05 0.89256 0.00826 0.86641 0.53601 0.89363 0.02336 1 0 

11 0.05 0.92345 0.00972 0.98499 0.5701 0.92093 0.02524 1 0 

12 0.05 0.95889 0.01089 1.05719 0.59286 0.95486 0.02615 1 0 

13 0.05 0.99826 0.01184 1.14294 0.62422 0.99233 0.02728 1 0 

14 0.05 1.04234 0.01391 1.24244 0.66784 1.03413 0.03009 1 0 

15 0.05 1.09664 0.01771 1.34497 0.67974 1.08645 0.03221 1 0 

16 0.05 1.16267 0.02167 1.43616 0.74232 1.15145 0.03794 1 0 

17 0.05 1.24917 0.0281 1.50284 0.74022 1.23876 0.04147 1 0 

18 0.05 1.36839 0.04273 1.56744 0.78097 1.36022 0.05321 1 0 

19 0.05 1.56392 0.07523 1.58032 0.7924 1.56324 0.0853 1 0 

20 0.05 2.10312 0.35684 1.62111 0.83464 2.12289 0.37302 1 0 
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40 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.52045 0.08063 0.57608 0.41971 0.51833 0.08357 1 0 

2 0.05 0.6484 0.02044 0.58334 0.42363 0.65088 0.02711 1 0 

3 0.05 0.70372 0.01278 0.59883 0.43969 0.70772 0.02176 1 0 

4 0.05 0.74224 0.00942 0.59785 0.41893 0.74775 0.01888 1 0 

5 0.05 0.77206 0.00783 0.63941 0.43623 0.77712 0.01837 1 0 

6 0.05 0.79876 0.00739 0.66743 0.46333 0.80377 0.01888 1 0 

7 0.05 0.82392 0.00721 0.71524 0.46155 0.82807 0.0191 1 0 

8 0.05 0.84874 0.00732 0.77831 0.47527 0.85142 0.01947 1 0 

9 0.05 0.87547 0.0079 0.87226 0.53313 0.87559 0.0216 1 0 

10 0.05 0.90385 0.00849 0.92377 0.52247 0.90309 0.02158 1 0 

11 0.05 0.93486 0.00921 1.00941 0.54044 0.93201 0.02253 1 0 

12 0.05 0.96844 0.01032 1.07436 0.56288 0.9644 0.02392 1 0 

13 0.05 1.00711 0.01158 1.14794 0.57286 1.00174 0.0245 1 0 

14 0.05 1.0499 0.01382 1.21495 0.60829 1.0436 0.02716 1 0 

15 0.05 1.10227 0.01628 1.27746 0.61249 1.09559 0.0279 1 0 

16 0.05 1.1634 0.01916 1.3372 0.64795 1.15677 0.03186 1 0 

17 0.05 1.24234 0.0272 1.42029 0.68584 1.23555 0.03802 1 0 

18 0.05 1.35135 0.03776 1.47614 0.66226 1.34659 0.04609 1 0 

19 0.05 1.53227 0.06884 1.50651 0.68662 1.53326 0.0759 1 0 

20 0.05 2.01046 0.32784 1.58322 0.75237 2.02676 0.34038 1 0 

 

45 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.53935 0.08227 0.64788 0.46423 0.53534 0.08228 1 0 

2 0.05 0.66657 0.02533 0.66186 0.46931 0.66675 0.02057 1 0 

3 0.05 0.71929 0.02095 0.65815 0.48101 0.72155 0.01189 1 0 

4 0.05 0.75445 0.01893 0.67816 0.46619 0.75728 0.00915 1 0 

5 0.05 0.78494 0.0203 0.73313 0.52217 0.78686 0.0077 1 0 

6 0.05 0.81027 0.019 0.73462 0.49082 0.81307 0.00711 1 0 

7 0.05 0.83568 0.01944 0.7796 0.50577 0.83775 0.0071 1 0 

8 0.05 0.86197 0.01972 0.83585 0.51263 0.86293 0.0074 1 0 

9 0.05 0.88695 0.02026 0.85206 0.52611 0.88824 0.0074 1 0 

10 0.05 0.91574 0.0216 0.93743 0.55985 0.91494 0.00783 1 0 

11 0.05 0.94597 0.02247 1.01029 0.57054 0.94359 0.00884 1 0 

12 0.05 0.97775 0.02206 1.05773 0.55078 0.9748 0.00939 1 0 

13 0.05 1.01296 0.02314 1.09712 0.56964 1.00985 0.01107 1 0 

14 0.05 1.05553 0.02478 1.16809 0.58269 1.05137 0.01299 1 0 

15 0.05 1.10624 0.02782 1.2417 0.61178 1.10123 0.01589 1 0 

16 0.05 1.16586 0.0292 1.26811 0.624 1.16208 0.01917 1 0 

17 0.05 1.2403 0.03384 1.31747 0.62786 1.23745 0.02476 1 0 

18 0.05 1.3406 0.04306 1.40579 0.67738 1.33819 0.0348 1 0 

19 0.05 1.49167 0.06416 1.41762 0.65653 1.49441 0.06152 1 0 

20 0.05 1.88789 0.28106 1.49732 0.70141 1.90233 0.28929 1 0 
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45.0902 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.53842 0.08025 0.55567 0.38726 0.53778 0.08321 1.00431 0.0855 

2 0.05 0.66426 0.01992 0.60325 0.43189 0.6665 0.02584 1.00255 0.08399 

3 0.05 0.71724 0.01214 0.60328 0.41363 0.72143 0.01943 0.99597 0.08665 

4 0.05 0.75474 0.00967 0.61585 0.41085 0.75985 0.01794 1.00088 0.08535 

5 0.05 0.7842 0.00779 0.67051 0.4609 0.78837 0.01879 1.00199 0.08558 

6 0.05 0.81105 0.0078 0.70399 0.45416 0.81498 0.01827 0.99874 0.08571 

7 0.05 0.83625 0.00693 0.75532 0.4643 0.83922 0.0181 1.00222 0.08356 

8 0.05 0.86099 0.00744 0.84793 0.48869 0.86147 0.01926 1.00202 0.0855 

9 0.05 0.88786 0.00801 0.8815 0.49224 0.88809 0.01934 0.99953 0.08453 

10 0.05 0.91567 0.00811 0.94075 0.50231 0.91475 0.02011 1.00155 0.08507 

11 0.05 0.94567 0.00922 1.02205 0.52407 0.94286 0.02131 0.99944 0.08643 

12 0.05 0.97981 0.0102 1.08879 0.56473 0.9758 0.02338 1.00035 0.08526 

13 0.05 1.01643 0.01153 1.15818 0.57606 1.01122 0.02387 1.00131 0.08526 

14 0.05 1.05817 0.01249 1.21018 0.57546 1.05258 0.02459 0.99438 0.08549 

15 0.05 1.1062 0.01559 1.27289 0.60458 1.10008 0.02738 0.99674 0.08543 

16 0.05 1.16427 0.01799 1.30356 0.62689 1.15915 0.02938 1.00059 0.0841 

17 0.05 1.23627 0.02435 1.37621 0.60914 1.23112 0.03334 1.00105 0.08657 

18 0.05 1.33604 0.03446 1.40442 0.64174 1.33353 0.04166 1.0024 0.08392 

19 0.05 1.48847 0.058 1.46141 0.65023 1.48946 0.06399 0.99666 0.08519 

20 0.05 1.89801 0.28969 1.52424 0.68896 1.91175 0.29971 0.99731 0.08143 

 

50 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.55092 0.0754 0.57288 0.38158 0.54896 0.07943 0.65388 0.45658 

2 0.05 0.6746 0.01898 0.5962 0.37338 0.67675 0.02543 0.69743 0.49141 

3 0.05 0.72678 0.01242 0.60778 0.4024 0.73091 0.02134 0.69284 0.50952 

4 0.05 0.76402 0.00925 0.63801 0.40503 0.76834 0.01966 0.73239 0.53832 

5 0.05 0.79413 0.00828 0.66824 0.40451 0.79861 0.01869 0.74902 0.49954 

6 0.05 0.82159 0.00777 0.72454 0.44672 0.82475 0.01988 0.8106 0.54917 

7 0.05 0.84697 0.00714 0.76724 0.42459 0.84946 0.0192 0.84629 0.57944 

8 0.05 0.87188 0.00711 0.82927 0.4542 0.87357 0.01967 0.84255 0.55475 

9 0.05 0.89641 0.00741 0.91714 0.47713 0.89545 0.02103 0.92204 0.61204 

10 0.05 0.92333 0.00819 0.96753 0.48638 0.92101 0.02162 0.99881 0.66438 

11 0.05 0.95249 0.00882 0.99905 0.4717 0.95028 0.02206 1.01338 0.63584 

12 0.05 0.98434 0.00941 1.1032 0.50576 0.97906 0.02367 1.11163 0.7166 

13 0.05 1.01851 0.01064 1.11323 0.50921 1.01499 0.02382 1.06419 0.68643 

14 0.05 1.05943 0.01206 1.18825 0.52693 1.05414 0.02558 1.16272 0.74678 

15 0.05 1.10526 0.01417 1.2352 0.52136 1.10037 0.02668 1.17261 0.75572 

16 0.05 1.15803 0.01713 1.30639 0.55743 1.15275 0.02935 1.21156 0.75696 

17 0.05 1.22629 0.02264 1.36758 0.57871 1.22122 0.03409 1.28034 0.81935 

18 0.05 1.3214 0.03306 1.41062 0.59079 1.31878 0.04205 1.30879 0.82276 

19 0.05 1.46639 0.05498 1.4736 0.60508 1.46788 0.06268 1.32853 0.8652 

20 0.05 1.83722 0.25244 1.51407 0.61162 1.85272 0.26213 1.40041 0.86469 

 

 

 

 



 133 

55 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.56403 0.07569 0.59831 0.35055 0.56158 0.08073 0.63011 0.43361 

2 0.05 0.68713 0.01888 0.61494 0.37795 0.69031 0.02666 0.633 0.4667 

3 0.05 0.7388 0.01214 0.63156 0.36541 0.7434 0.0223 0.66437 0.46394 

4 0.05 0.77497 0.00875 0.66923 0.42202 0.77985 0.02138 0.68653 0.48391 

5 0.05 0.80371 0.00794 0.68953 0.39195 0.80818 0.02082 0.74311 0.51546 

6 0.05 0.82942 0.0072 0.73627 0.41378 0.83304 0.02108 0.78101 0.52056 

7 0.05 0.85365 0.0069 0.78125 0.42464 0.85602 0.02204 0.83507 0.54534 

8 0.05 0.87851 0.00737 0.84767 0.42772 0.8797 0.02198 0.86289 0.55662 

9 0.05 0.90367 0.00734 0.89522 0.42943 0.90353 0.02254 0.9193 0.58553 

10 0.05 0.93023 0.00779 0.94406 0.43553 0.92947 0.02227 0.94687 0.59197 

11 0.05 0.95776 0.00839 1.00901 0.45075 0.95508 0.02382 1.01407 0.62816 

12 0.05 0.98914 0.00936 1.04805 0.4374 0.9859 0.0252 1.06087 0.68107 

13 0.05 1.02359 0.01021 1.12755 0.47184 1.01836 0.02587 1.12925 0.68118 

14 0.05 1.06165 0.01205 1.18227 0.48595 1.05592 0.02789 1.16929 0.73128 

15 0.05 1.10533 0.0137 1.20192 0.49537 1.10093 0.0289 1.18347 0.71286 

16 0.05 1.1582 0.0165 1.30377 0.50119 1.1524 0.03108 1.24009 0.76609 

17 0.05 1.22308 0.02112 1.31598 0.52189 1.21946 0.03599 1.27187 0.8103 

18 0.05 1.30767 0.02894 1.38738 0.50406 1.30492 0.04132 1.33434 0.84677 

19 0.05 1.43429 0.04885 1.45902 0.56072 1.43414 0.05928 1.4122 0.88585 

20 0.05 1.77517 0.23169 1.55702 0.60093 1.7878 0.24276 1.48229 0.93159 

 

60 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.57686 0.07153 0.60163 0.32933 0.57499 0.07658 0.61495 0.44415 

2 0.05 0.69623 0.01982 0.62487 0.36468 0.70061 0.02865 0.61592 0.43663 

3 0.05 0.7475 0.01141 0.64424 0.3703 0.75304 0.02423 0.65543 0.44707 

4 0.05 0.78313 0.00915 0.67307 0.37929 0.78998 0.02297 0.65678 0.45791 

5 0.05 0.81207 0.00804 0.72305 0.39777 0.8173 0.02378 0.71916 0.49616 

6 0.05 0.83801 0.00711 0.74232 0.39062 0.84315 0.02322 0.75254 0.4943 

7 0.05 0.8623 0.00711 0.81362 0.39609 0.86524 0.02405 0.80885 0.51347 

8 0.05 0.88693 0.00707 0.86936 0.40898 0.88905 0.02332 0.83593 0.49134 

9 0.05 0.91133 0.00735 0.89787 0.41313 0.91168 0.02474 0.91069 0.54178 

10 0.05 0.9368 0.00752 0.96748 0.40656 0.93469 0.02543 0.97792 0.57882 

11 0.05 0.96345 0.00792 1.01176 0.4296 0.96085 0.027 1.00659 0.60672 

12 0.05 0.99234 0.00877 1.05949 0.43563 0.98793 0.02896 1.07627 0.65899 

13 0.05 1.0242 0.00978 1.10957 0.41895 1.01955 0.02863 1.10245 0.65386 

14 0.05 1.061 0.01145 1.15936 0.463 1.05572 0.03125 1.14879 0.69088 

15 0.05 1.10356 0.0136 1.21471 0.47174 1.09744 0.03204 1.20725 0.68379 

16 0.05 1.15284 0.01565 1.27377 0.47588 1.14637 0.0351 1.25983 0.76308 

17 0.05 1.21323 0.01928 1.30834 0.47499 1.20791 0.03783 1.30449 0.78249 

18 0.05 1.29574 0.02845 1.35726 0.49135 1.29167 0.04625 1.37362 0.82511 

19 0.05 1.41882 0.04557 1.41689 0.51368 1.41826 0.0586 1.43728 0.87946 

20 0.05 1.72366 0.21148 1.53134 0.54802 1.73455 0.22373 1.53527 0.93603 

 

 

 

 



 134 

70 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.60427 0.07041 0.64391 0.32602 0.60386 0.0773 0.59621 0.37015 

2 0.05 0.71523 0.01738 0.68307 0.36678 0.72117 0.03137 0.61214 0.38456 

3 0.05 0.76391 0.01145 0.69279 0.37157 0.7722 0.02871 0.6306 0.41427 

4 0.05 0.79795 0.00824 0.7148 0.37603 0.80625 0.02654 0.66927 0.41896 

5 0.05 0.82499 0.00752 0.74621 0.37216 0.83295 0.02746 0.70113 0.43483 

6 0.05 0.84921 0.00664 0.78423 0.36095 0.8549 0.02709 0.76444 0.44378 

7 0.05 0.87237 0.00688 0.82186 0.3735 0.87777 0.02757 0.78723 0.44702 

8 0.05 0.8959 0.00679 0.87644 0.37763 0.89936 0.02824 0.83613 0.47409 

9 0.05 0.91944 0.00714 0.90817 0.38683 0.92101 0.02893 0.89324 0.48203 

10 0.05 0.9444 0.00742 0.95753 0.39219 0.94333 0.0305 0.96005 0.51133 

11 0.05 0.97069 0.00809 0.99265 0.39391 0.96927 0.031 0.98942 0.5269 

12 0.05 0.99849 0.00803 1.0366 0.3759 0.99398 0.03198 1.07115 0.55183 

13 0.05 1.02791 0.00893 1.09233 0.41194 1.02361 0.03483 1.08588 0.59568 

14 0.05 1.06029 0.01001 1.11623 0.38575 1.05472 0.03525 1.14655 0.60795 

15 0.05 1.09986 0.01232 1.17002 0.41019 1.09453 0.0377 1.17558 0.63083 

16 0.05 1.14583 0.01474 1.24173 0.40795 1.13751 0.04067 1.26974 0.66632 

17 0.05 1.20107 0.01787 1.2647 0.42302 1.19404 0.04298 1.31283 0.70048 

18 0.05 1.27349 0.0236 1.33382 0.43242 1.26572 0.04765 1.40113 0.76544 

19 0.05 1.38197 0.0415 1.40224 0.46362 1.37708 0.06217 1.46925 0.79944 

20 0.05 1.65273 0.1868 1.52069 0.47031 1.65674 0.20199 1.62802 0.88501 

 

80 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.61619 0.06675 0.66234 0.32806 0.61757 0.07521 0.58183 0.3674 

2 0.05 0.72803 0.01668 0.69044 0.35362 0.73606 0.03238 0.61367 0.37671 

3 0.05 0.77413 0.011 0.69023 0.35341 0.78574 0.03056 0.61701 0.3829 

4 0.05 0.80738 0.00825 0.73475 0.37649 0.8167 0.03001 0.68274 0.39262 

5 0.05 0.83353 0.00708 0.77002 0.38514 0.84245 0.03088 0.71261 0.41473 

6 0.05 0.85789 0.00688 0.78877 0.36528 0.86621 0.02992 0.74778 0.40783 

7 0.05 0.88105 0.00669 0.82759 0.3736 0.88836 0.03077 0.7823 0.42326 

8 0.05 0.90395 0.00652 0.89384 0.39693 0.90815 0.03172 0.84142 0.44246 

9 0.05 0.92609 0.00626 0.91448 0.38695 0.92911 0.03249 0.88224 0.46387 

10 0.05 0.94899 0.00674 0.9501 0.38274 0.95032 0.03446 0.92795 0.48781 

11 0.05 0.97324 0.00714 0.99692 0.39187 0.97374 0.03359 0.95882 0.47935 

12 0.05 0.99956 0.00774 1.03823 0.39514 0.99601 0.03771 1.044 0.53655 

13 0.05 1.02863 0.00883 1.09118 0.40458 1.02347 0.03832 1.09135 0.54543 

14 0.05 1.06046 0.00978 1.13544 0.42776 1.05334 0.03967 1.15009 0.57235 

15 0.05 1.09682 0.01143 1.16808 0.4229 1.08896 0.04366 1.19914 0.61258 

16 0.05 1.14064 0.01377 1.22418 0.46096 1.13266 0.04426 1.24122 0.61412 

17 0.05 1.19253 0.0163 1.26287 0.42938 1.18173 0.04862 1.34092 0.67529 

18 0.05 1.2594 0.02272 1.30863 0.43626 1.24917 0.05257 1.4048 0.70026 

19 0.05 1.35835 0.03641 1.36915 0.44856 1.34871 0.0645 1.50541 0.7747 

20 0.05 1.61313 0.17276 1.48277 0.48334 1.61153 0.18745 1.67469 0.855 

 

 

 

 



 135 

90 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.63706 0.06491 0.67515 0.35804 0.64158 0.07453 0.56819 0.34261 

2 0.05 0.74089 0.01708 0.71449 0.41257 0.75127 0.03518 0.60769 0.36274 

3 0.05 0.78621 0.01046 0.73284 0.36163 0.79749 0.03072 0.64694 0.36313 

4 0.05 0.81749 0.00807 0.75257 0.35368 0.83106 0.02987 0.64998 0.35322 

5 0.05 0.84341 0.00711 0.78112 0.36419 0.85625 0.03113 0.68513 0.37476 

6 0.05 0.86729 0.0065 0.82664 0.36038 0.87609 0.03308 0.75837 0.40048 

7 0.05 0.88896 0.00635 0.85658 0.35836 0.8959 0.03398 0.80317 0.41419 

8 0.05 0.9107 0.00643 0.8834 0.35803 0.91674 0.03324 0.8359 0.41273 

9 0.05 0.93306 0.00636 0.92255 0.36319 0.93795 0.0339 0.86985 0.41994 

10 0.05 0.95568 0.00654 0.954 0.3645 0.95601 0.03695 0.95171 0.46235 

11 0.05 0.9791 0.00697 0.99981 0.38865 0.97948 0.03753 0.96946 0.46962 

12 0.05 1.00417 0.00724 1.03474 0.35913 1.00024 0.03878 1.05007 0.48934 

13 0.05 1.03036 0.00786 1.07559 0.38577 1.02558 0.03937 1.08447 0.49968 

14 0.05 1.0599 0.00922 1.11038 0.39264 1.05315 0.04075 1.13915 0.51483 

15 0.05 1.09287 0.01027 1.12919 0.36661 1.08415 0.04322 1.20171 0.54356 

16 0.05 1.13162 0.01251 1.20313 0.40996 1.1215 0.04722 1.25148 0.5848 

17 0.05 1.18154 0.01625 1.23217 0.41747 1.16877 0.05124 1.34146 0.62313 

18 0.05 1.245 0.02153 1.2953 0.46629 1.23254 0.05568 1.40082 0.66743 

19 0.05 1.33811 0.03262 1.35449 0.44862 1.32608 0.06243 1.49567 0.68709 

20 0.05 1.55657 0.15068 1.46586 0.42157 1.54819 0.16998 1.68876 0.79393 

 

100 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.65297 0.0598 0.6936 0.37592 0.65869 0.07019 0.57671 0.34401 

2 0.05 0.74996 0.01585 0.72221 0.34707 0.76252 0.03486 0.60349 0.33768 

3 0.05 0.79335 0.01048 0.73443 0.34101 0.80686 0.03348 0.64092 0.36256 

4 0.05 0.82415 0.00783 0.75743 0.35268 0.83862 0.03135 0.66146 0.34384 

5 0.05 0.84999 0.00695 0.79972 0.37078 0.86269 0.03324 0.70569 0.36666 

6 0.05 0.87298 0.00633 0.80919 0.35475 0.88456 0.03423 0.74459 0.37978 

7 0.05 0.89458 0.00621 0.86311 0.36033 0.90335 0.03449 0.79429 0.38755 

8 0.05 0.91562 0.00587 0.8985 0.37755 0.92321 0.03516 0.82711 0.39221 

9 0.05 0.93671 0.00634 0.93778 0.36603 0.94085 0.03589 0.8866 0.41069 

10 0.05 0.95893 0.00655 0.97417 0.3648 0.95881 0.03792 0.95772 0.43342 

11 0.05 0.9813 0.0062 0.98069 0.35407 0.98079 0.03949 0.98754 0.44927 

12 0.05 1.00413 0.00709 1.02249 0.35997 1.0018 0.03953 1.02894 0.45212 

13 0.05 1.02923 0.00774 1.05462 0.36771 1.02423 0.04222 1.085 0.48391 

14 0.05 1.05773 0.00848 1.11481 0.37956 1.04848 0.04449 1.15925 0.51857 

15 0.05 1.0899 0.01022 1.14618 0.42299 1.08138 0.04462 1.18264 0.50743 

16 0.05 1.1288 0.01188 1.18533 0.39491 1.11838 0.04759 1.24447 0.54042 

17 0.05 1.17365 0.01408 1.22103 0.3997 1.16114 0.0506 1.31605 0.57457 

18 0.05 1.23153 0.01955 1.28343 0.43867 1.21467 0.05737 1.42575 0.62728 

19 0.05 1.31907 0.03374 1.34746 0.41248 1.30528 0.06508 1.48038 0.64397 

20 0.05 1.53541 0.14444 1.45382 0.45205 1.52369 0.16277 1.6914 0.75641 

 

 

 

 



 136 

120 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.6797 0.05974 0.72957 0.32624 0.68957 0.07159 0.56966 0.29822 

2 0.05 0.77242 0.01414 0.75293 0.32745 0.78701 0.03496 0.62239 0.31607 

3 0.05 0.81216 0.00942 0.78758 0.43721 0.82652 0.03432 0.66521 0.3234 

4 0.05 0.84007 0.0072 0.7919 0.35986 0.8563 0.0348 0.67671 0.33289 

5 0.05 0.86371 0.00641 0.82006 0.33914 0.87627 0.03539 0.73822 0.34625 

6 0.05 0.88534 0.00586 0.84673 0.3411 0.89819 0.03439 0.75602 0.33792 

7 0.05 0.9052 0.00542 0.86956 0.34564 0.91462 0.03595 0.81147 0.36016 

8 0.05 0.92458 0.00574 0.89925 0.34631 0.93268 0.03743 0.84327 0.37409 

9 0.05 0.94453 0.00573 0.94213 0.35845 0.94876 0.0397 0.90062 0.39734 

10 0.05 0.96476 0.00594 0.96476 0.35489 0.96665 0.03926 0.94499 0.39482 

11 0.05 0.98528 0.00593 1.00452 0.36904 0.98502 0.03977 0.98537 0.40238 

12 0.05 1.00659 0.00634 1.04122 0.36724 1.00189 0.04204 1.05115 0.42413 

13 0.05 1.03012 0.00733 1.04235 0.35376 1.02728 0.04328 1.05824 0.43665 

14 0.05 1.05606 0.0077 1.08908 0.35402 1.04962 0.04345 1.11894 0.43825 

15 0.05 1.08526 0.00916 1.10353 0.35774 1.07504 0.04917 1.18972 0.49119 

16 0.05 1.11886 0.01016 1.15708 0.38722 1.10636 0.04983 1.24449 0.49771 

17 0.05 1.15784 0.01255 1.2026 0.41656 1.143 0.05262 1.30704 0.52297 

18 0.05 1.21064 0.01727 1.23429 0.56827 1.19479 0.05746 1.37325 0.56952 

19 0.05 1.28787 0.02775 1.30161 0.42249 1.26819 0.06386 1.49199 0.59858 

20 0.05 1.46902 0.12262 1.41923 0.4436 1.45225 0.14101 1.65126 0.6534 

 

140 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.70395 0.05486 0.76082 0.44022 0.71421 0.06826 0.59943 0.29013 

2 0.05 0.78671 0.01279 0.78968 0.4798 0.80296 0.03752 0.63078 0.30825 

3 0.05 0.82306 0.00882 0.79589 0.37986 0.8403 0.03587 0.66112 0.31101 

4 0.05 0.85023 0.00723 0.80639 0.40878 0.86593 0.03719 0.70486 0.3291 

5 0.05 0.8728 0.0059 0.84432 0.39538 0.88507 0.03689 0.75859 0.33401 

6 0.05 0.89286 0.0056 0.84547 0.33448 0.90598 0.03672 0.77254 0.33208 

7 0.05 0.91224 0.00553 0.87571 0.33833 0.92179 0.03747 0.82492 0.3432 

8 0.05 0.93074 0.00534 0.89603 0.34017 0.93985 0.03679 0.84742 0.33737 

9 0.05 0.94976 0.00554 0.93235 0.34354 0.95455 0.04005 0.90587 0.36613 

10 0.05 0.96887 0.00552 0.95819 0.36384 0.97224 0.0398 0.9378 0.36528 

11 0.05 0.98816 0.00564 0.99488 0.34651 0.9873 0.04198 0.99556 0.3864 

12 0.05 1.00757 0.00576 1.02212 0.40975 1.00448 0.04201 1.03552 0.39029 

13 0.05 1.02946 0.00657 1.04093 0.39741 1.02591 0.04362 1.06219 0.40478 

14 0.05 1.05255 0.00723 1.06713 0.39185 1.04464 0.04505 1.12657 0.41725 

15 0.05 1.07884 0.00815 1.09966 0.43223 1.06866 0.04741 1.17396 0.43272 

16 0.05 1.10942 0.00959 1.13997 0.38459 1.09892 0.0495 1.20651 0.45622 

17 0.05 1.14646 0.01209 1.18692 0.41731 1.13081 0.05211 1.29169 0.48043 

18 0.05 1.19467 0.01652 1.22442 0.40726 1.1781 0.05497 1.34988 0.49761 

19 0.05 1.26559 0.02547 1.29228 0.49463 1.24344 0.06263 1.47464 0.53712 

20 0.05 1.43607 0.11418 1.42684 0.83492 1.41486 0.13651 1.64015 0.61868 
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149.0288 keV 

Bin P(bin) 𝑓𝑡𝑜𝑡 𝜎𝑡𝑜𝑡 𝑓𝑐𝑎𝑝 𝜎𝑐𝑎𝑝 𝑓𝑒𝑙 𝜎𝑒𝑙  𝑓𝑖𝑛𝑒𝑙  𝜎𝑖𝑛𝑒𝑙  

1 0.05 0.71231 0.05576 0.80047 0.51125 0.72166 0.06919 0.61537 0.30125 

2 0.05 0.79432 0.01209 0.77725 0.35588 0.8115 0.03629 0.63471 0.29906 

3 0.05 0.82869 0.00803 0.77866 0.336 0.84733 0.03628 0.65865 0.31524 

4 0.05 0.85424 0.00659 0.79666 0.3496 0.87126 0.03445 0.70023 0.3032 

5 0.05 0.87566 0.00588 0.81869 0.35212 0.89187 0.03387 0.72911 0.30255 

6 0.05 0.89526 0.00545 0.83726 0.32199 0.90977 0.03552 0.76487 0.32106 

7 0.05 0.91432 0.00538 0.89595 0.50708 0.92489 0.0371 0.81688 0.33247 

8 0.05 0.93289 0.00514 0.90241 0.33481 0.93909 0.03807 0.87774 0.3402 

9 0.05 0.95081 0.00532 0.94467 0.36975 0.95462 0.03897 0.91565 0.35152 

10 0.05 0.96929 0.0054 0.96029 0.3617 0.97201 0.03912 0.94465 0.35281 

11 0.05 0.98809 0.00561 0.99082 0.45127 0.98762 0.0401 0.99225 0.3658 

12 0.05 1.00784 0.00603 1.00983 0.35528 1.00296 0.04338 1.05345 0.39285 

13 0.05 1.02933 0.00643 1.04511 0.41198 1.0252 0.04329 1.06657 0.38986 

14 0.05 1.0519 0.00701 1.08624 0.41355 1.0433 0.04575 1.12914 0.4127 

15 0.05 1.07718 0.00758 1.09492 0.38984 1.06689 0.04665 1.17213 0.42357 

16 0.05 1.10642 0.00945 1.12171 0.3698 1.09318 0.04967 1.22928 0.45043 

17 0.05 1.143 0.01172 1.18303 0.46142 1.12875 0.05013 1.27288 0.45176 

18 0.05 1.18888 0.01527 1.21881 0.59397 1.17271 0.05585 1.33775 0.49056 

19 0.05 1.25676 0.02552 1.29099 0.56827 1.23531 0.06373 1.45476 0.53498 

20 0.05 1.4228 0.11216 1.44625 0.98706 1.40008 0.13471 1.63393 0.60232 
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