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Abstract

Although nuclear transmutation methods have been around for decades, they all fo-

cus solely on neutron induced reactions. Recent novel concepts have sought to use

neutrons as well as photons for active interrogation of cargo to detect the smuggling

of highly enriched uranium – a concept that would require modeling of the trans-

mutation caused by both neutrons and photons. As photonuclear transmutation has

yet to be modeled, new methods need to be developed.

The CINDER2008 nuclear transmutation code from Los Alamos National Laboratory

is extended from neutron only applications to dual particle applications specifically

for this modeling. To couple these calculations to a dual particle transport for the

determination of reaction rates, both deterministic and Monte Carlo methods are

used. By doing this through a single code, TINDER (Transport-coupled CINDER),

transport and transmutation calculations can be completed with no human interac-

tion after the start of the calculation, cutting down on the uncertainties and errors

that come with human manipulation of data.
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A necessary verification and validation of these methods has taken place, especially

in terms of the photonuclear data, which is sparse or non-existent in some cases. This

has proven any data translations and uses are appropriate and correct and the code

has been modified correctly. A final demonstration has been performed based on the

intended use of this code, active interrogation of nuclear cargo. These results match

to within a few percent of experimental data and the extension to dual particles

can bolster the output signal by over 15%. As transport methods come at a cost, a

sensitivity analysis has been performed to see the effect of variations in the flux on

the final output. These results show that although the output beta-delayed photon

spectrum is sensitive to the input flux, the results are still on the correct order for

practical purposes.
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Chapter 1

Introduction

Activation and depletion analysis methods have recently grown in popularity, es-

pecially with computational speeds growing to the point where these calculations

can be done efficiently and directly in line with transport calculations. There are

numerous codes that do these calculations, from the standard stand-alone activa-

tion and depletion methods (e.g. CINDER, ORIGEN) to newer integrally coupled

depletion methods (e.g. CASMO, SERPENT). However, a commonality between

all of these codes is their restriction to only neutron induced reactions. Generally

speaking, for reactor depletion calculations this practice is well accepted since the en-

vironment is dominated by neutrons. In other situations, such as dual particle active

interrogation[6], photon induced reactions become just as important, thus creating

a need for what is not presently available.

Additionally, these activation and depletion analysis tools generally need to be cou-

pled to a particle transport code for that portion of the physics. While Monte Carlo

methods have been the popular choice for transport, as well as depletion and ac-

tivation, they are not without limitations. Not only can Monte Carlo methods be

computationally expensive, they also can introduce error into the depletion modeling

if sufficient convergence is not met[7, 8]. In order to guarantee sufficient convergence,
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even more computational time must be spent on the calculation. To alleviate this

burden, deterministic methods can be used to perform the transport as well as the

activation/depletion calculations.

Although a popular choice of deterministic transport is the discrete ordinates (SN)

method, the even-parity method is becoming more attractive with the advances in

computational power. The even-parity transport method, especially when using

spherical harmonics and finite elements, is extremely powerful for computationally

efficient modeling of particle transport in arbitrary geometries. These methods will

be described further in Section 1.1.

With these thoughts in mind, a great opportunity arises not only to just create a

one-of-a-kind dual particle activation/depletion code but to join it with neutral par-

ticle transport to create a coupled modeling capability that has not been seen before.

This is the goal of the research conducted herein.

First, an review of the background on each method will be discussed in detail. Fol-

lowing that, the methodology behind the dual particle transmutation code will be

given. The methodology for the transport coupling method and its capability will is

then discussed. Next, results containing the verification and validation of the addi-

tions to the transmutation code will be laid out, followed by a sensitivity analysis of

the transmutation code and a code demonstration. Finally, a summary, conclusions,

and any further work are presented.
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1.1 Background

Although there has not been a large motivation in the past for dual particle acti-

vation and depletion analysis (or in today’s vernacular transmutation or burn-up

analysis), new novel concepts have now led to the need for such models. Because of

the previous lack of motivation for the work, little to no progress has been made in

terms of the modeling and simulation of such physics.

Photofission and photonuclear reactions are by no means new phenomena. In 1939,

shortly after the discovery of fission, Bohr and Wheeler [9] predicted that the interac-

tion of high energy quanta with thorium and uranium could also result in fission, or

what is now referred to as photofission. To test this theory, only a few years later in

1941 Haxby et.al. [10] conducted experiments with 6.3 MeV monoenergetic gamma

rays and measured the cross section for fission of thorium and uranium. To corrob-

orate and extend these results, Arakatu et. al. [11] conducted similar experiments

with both 6.3 MeV and 17 MeV photons on thorium and uranium. Since those first

tests, countless other experiments have taken place to measure pertinent information

about photofission and other reactions. Duffield, Schmitt, and Sharp [12] nearly two

decades later summarized a good portion of this information for general consump-

tion.

Measurements of not only cross-section data (summarized succinctly in a single re-

port by Berman [13]) but also the fission yield data [14, 15, 12, 16, 3, 1, 17, 5, 18,

19, 20, 21, 22, 23, 24, 25, 4, 26, 27, 28, 29, 30, 31, 32] are extremely important infor-

mation for any modeling that is desired. Unfortunately, there is very little that has

actually been recorded in the first place. This is extremely true with the photofission

yield data as there are usually only one or two experiments for each target isotope, at

perhaps five different energies. The current state of recorded data can be observed in

Table 1.1. These energies are fairly well spaced in the spectrum of plausible photon

energies; however they do not nearly cover all the ground. Additionally, a single
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Table 1.1: List of isotopes where photofission yields have been experimentally mea-
sured with applicable notes.

Isotope Notes
232Th Many experiments and multitude of energies[23, 24, 25, 30]
234U Single experiment at multiple energies, provisional results given

graphically[28]
235U Many experiments and multitude of energies, well defined[14, 15,

1, 18, 27, 20, 26]
236U Single experiment at single energy[33]
238U Many experiments and multitude of energies, well defined[14, 15,

3, 34, 18, 29, 26]
U-natural Single experiment at several energies, limited tabular results[5]

239Pu Few experiments at several energies[4, 20]
240Pu Single experiment at multiple energies, provisional results given

graphically[31]
242Pu Single experiment at multiple energies, provisional results given

graphically[32]
244Pu Single experiment at multiple energies, provisional results given

graphically[19]

experiment is not always sufficient to truly capture all of the physics, due to exper-

imental biases, imperfections, human error, etc. In particular, with the plutonium

isotopes other than 239Pu, a provisional set of data is only given graphically and does

not always follow expected trends, as mentioned in the reports. Tabular results for

these experiments were never published.

Photon cross section data has been slightly better in its abundance than the yield

data, but it is still not as well known as the neutron cross sections. Whereas there

are 393 of isotopes with evaluated neutron cross sections, there are only 163 isotopes

with evaluated photonuclear cross sections [35]. Some examples will be presented in

Section 2.1.

This lack of data places a limitation from the start on the modeling capabilities for

photonuclear reactions, including photofission. Thankfully, due to the fact that there

are physical similarities between neutron fission and photofission, the product yield
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data can be translated from one to the other. This allows for the greater knowledge

base of product yields from neutron induced fission to be used as a supplement.

This is possible because current theory on fission points to the fact that there does

not appear to be much of any difference in the scission process of compound nuclei

excited to the same state by photoabsorption compared to de-excitation of similar

compound nuclei produced by other means [36, 37, 38, 39]. Therefore, the resulting

processes from fission post-excitation of the nucleus can be treated essentially the

same no matter how the excitation occurred. Details of how this process is done

will be discussed later in Section 2.1. Additionally, others have used this concept to

model the fission yields for many incident particles like alpha particles and protons

with success. [40, 41].

Recently there has been an interest in using photons in unique and new ways. One

such example is for active interrogation of shielded nuclear material [42, 6]. This in-

volves shining a beam of photons or neutrons (and in some cases both) onto shielded

special nuclear material to see the response – with the intention of using this method

to verify that there is/isn’t special nuclear material in the media in question. The

responses most desired are the delayed gamma signals that come from the decay of

the daughter products produced in fission, both photon and neutron induced. Al-

though there are no problems in constructing experiments to conduct this, there are

simply no models capable of the simulation for the daughter products and released

gammas from photonuclear interactions.

Because of these and other interests, a consortium began with the intent to gather

all of the photonuclear cross section data and put it for the first time in the ENDF-B

libraries [43]. Since this work, photonuclear cross sections have their own subsection

in the ENDF-B libraries, from version VI onward [35]. These additions only cover

photonuclear cross sections.

To attempt to address the second data need for delayed photon simulations, Verbeke,

Hagmann, and Wright [44] gathered data on the neutron and gamma number and
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energy distributions resulting from photofission. The intent of this work was to be

used in transport codes, namely MCNPX and GEANT4, in conjunction with the

photonuclear cross section data now in ENDF-B/VI (and all later versions) to pro-

duce the output gamma and neutron signal from photofission. This data covers the

needs of new ideas in terms of the ultimate output signal. However, it does gloss over

the underlying physics that produce that data. The physics that have been removed

from the process include the splitting of the excited atom into fission products, which

then decay to produce delayed neutrons and delayed gammas. There is also a lack

of the ability to track the build-up of those fission products from the reactions and

decays. By omitting the build-up, the method lacks a possible feedback mechanism

to the transport calculation, as would happen in the real world. Although this type

of integral data can serve a specific purpose, it is not highly generalizable.

To take full advantage of all of the data that is available, a more fundamental and

rigorous method for this type of analysis would be a full transmutation analysis tool

for photonuclear interactions. Similar types of codes have been around for decades

but are limited neutron induced reactions [45, 46, 47, 48, 49]. Due to a lack of need

and data, these codes all have not included the ability to process photonuclear re-

actions and the transmutation caused by them. An effort had taken place several

years ago to attempt to put the photonuclear capability in the CINDER’90 activa-

tion/depletion code [50, 51, 52, 53, 54]. Unfortunately, the effort did not produce a

final releasable product and to date there is still no product that has this capability.

Not only could these models and data be useful in the aforementioned proposed active

interrogation but also it can help refine the calculations made on reactor or pulsed

systems or even simply photon-driven systems. Modeling of photonuclear transmu-

tation for such systems as accelerators would help bring a better understanding of

the contribution to background radiation by material activation and depletion in the

system. These could lead to lower uncertainties in, for example, photonuclear cross

section measurements, which would be beneficial to entire industry. At the same
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time, in terms of reactors, the inclusion of both neutrons and photons could possibly

bring closer to experimental data the modeling of reactor lifetime and spent fuel

isotope inventories. In systems with a high gamma flux, this would be very useful.

Because of these drivers, a dual neutral particle (neutrons and photons) transmuta-

tion analysis code would be extremely beneficial and is one goal of the research at

hand.

While the transmutation calculation is extremely beneficial for many purposes, not

just those listed above, it is only one piece of the modeling puzzle. In order for these

codes to work, they need to be supplied an average particle flux. This flux is gener-

ally calculated through a particle transport code that models the entire medium at

hand and averages the particle flux for the volume that is to have the transmutation

analysis performed.

In general, there are two types of methods used for the transport calculation. The

first, Monte Carlo method [55], is a stochastic method that uses probabilities and in-

dividual particle tracking to determine how the particles distribute themselves in the

medium. Tallies are then performed to determine the flux in the region of interest.

Although extremely popular for their ability to easily model arbitrary geometries

with making few assumptions to reduce the phase space, Monte Carlo methods have

a big drawback – they are extremely expensive to run and can take days and even

months for a single result in a complicated model. Additionally, as mentioned in the

Introduction, if sufficient convergence has not been met in terms of the flux for the

problem, large error can propagate throughout the transmutation analysis, resulting

in off-the-mark calculations [7, 8]. That being said, Monte Carlo codes are still the

most widely used for this purpose [56, 57, 58].

The second class of methods used for transport calculations are deterministic. De-

terministic methods are based on the direct solution of the Boltzmann transport

equation [59, 60]. Due to the fact that the transport equation is integro-differential,

it is not possible to be solved as is using current numerical techniques. Therefore,
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approximations must be made in order to reduce the equation to simply a differential

equation or an integral equation.

Perhaps the most common of these reduction techniques is the discrete ordinates,

or SN , method [61]. This method removes the integral portion of the equation by

reducing the phase space through an assumption in angle–reducing the problem to

solution only along discrete directions, or ordinates. By reducing the equation in

such a way, simple “marching” schemes can be used to solve the problem, sweeping

through the discretized space. This simplified solution scheme is popular as there is

no need for large amounts of memory when solving on a computer. However, because

of how this method reduces the phase space, non-physical ray effects can appear in

the results. In terms of the front-end transport calculation for a transmutation anal-

ysis, SN is the primary deterministic method that has been used in the past [56].

Another method that is similar to the SN method is the so-called PN method. Instead

of reducing the angular variable of the transport equation into discrete directions, it

uses Legendre polynomials to eliminate the integral portion of the equation [59, 60].

Unlike the discrete ordinates method, the solution to this reduced form of this equa-

tion is not as straight forward. A large system of equations is created through

this reduction, and when solved as a matrix problem, the matrix structure and size

cause the solution to be prohibitively expensive computationally. Historically, the

PN method has not been as popular as SN .

A third method to reduce the integro-differential equation into a form that’s more

amenable to numerical solution is the integral method [59]. This method does the

opposite of the previous two, as it removes the differential portion of the trans-

port equation, leaving only integrals. Although straightforward to solve, the integral

method only solves for the scalar flux, not the angular flux which can be desirable

for other parameters that can be calculated from it. As with the PN method, the

integral method has not been as popular historically as the SN method.

Yet a fourth method for the reduction of the transport equation is the even parity
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or second order method [60]. This method splits the angular flux variable space

into two parts, the even- and odd-parity fluxes. By using algebraic reductions and

differentiating the entire equation, a second order differential equation is created on

half the angular space. By then using a PN -type approximation (using Legendre

polynomials or spherical harmonics in three dimensions) on the angular dependence,

the integral portion of the equation is removed. This reduction can be solved similar

to PN equation, using a system of equations. However, with the reductions done to

arrive at the second order equation, the matrix created by this system is extremely

well suited for off-the-shelf numerical solvers as it is symmetric positive definite.

Because of the ability to use common numerical methods on the nicely structured

system of equations, the even-parity method has the potential to beat the SN method

for computational speed.

Due to its potentially large impact on transport calculations, the even-parity method

is being considered for use in coupled calculations. As these types of calculations

could need numerous transport calculations for a single model, the numerical ad-

vantages of deterministic methods with the flexibility and capabilities of even parity

transport can have a large impact. Additionally, the capability for the extremely pop-

ular Monte Carlo method to be coupled to the transmutation method is necessary.

This will allow an apples to apples comparison of the transmutation method versus

existing computational methods. This code coupling development and methodology

are the focus of the second half of the research in this report.
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1.2 Problem Statement

Bearing in mind all of the past work that has and hasn’t been done in terms of

photonuclear transmutation and the coupling to transport calculations, there is an

apparent hole in current modeling capabilities. As mentioned, current novel applica-

tions of photonuclear interactions, especially photofission, have brought this missing

capability to light. Methods are therefore sought to fill this void, which is the thrust

of this research.

There are several steps that need to be taken in order to fill the gap. First on the

transmutation side of the process, an activation/depletion code is needed, either ex-

isting or created for this purpose. Being as it would be most useful if the program

was capable of processing both neutron and photon interactions simultaneously and

being as there is no need in this case to reinvent the wheel, an existing transmutation

code will need to be modified to accept both particles.

The code that has been chosen for this purpose is the CINDER2008 (beta) code from

Los Alamos National Laboratory [48]. A large advantage of this code over others is

its ability to have a user-created data library with a user-defined energy group struc-

ture. Therefore, unlike the previous version of CINDER (CINDER’90) [62] and the

ORIGEN code [45, 47], the energy bin structure of the input flux can be defined and

modified by the user. This allows for better modeling of a wide range of problems,

other than those similar to light water reactor (LWR) and accelerator systems–as

the libraries for these codes were previously designed for those applications. Addi-

tionally, CINDER2008 is a modern implementation of a deterministic transmutation

code in Fortran 95 with double and quad precision options.

For the purpose of this research, CINDER2008 source code will be modified to allow

for photonuclear interactions and data. This includes the creation of a library with

the ENDF-B/VII [35] photonuclear cross-sections and fission product yield data.

The code modifications will include the ability to not only read this file, but also
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read the input data (especially photon flux) for each problem. The goal of the code

modifications is to ensure backward compatibility, as is best practice. These modi-

fications will then enable CINDER2008 to process both a neutron and photon flux

simultaneously (with the ability to also turn one or both off), create and destroy

material through transmutation and fission, and decay the products of all processes.

In order for these modifications to work, the library must be populated with photofis-

sion product yield data. As mentioned in the Background Section, no evaluations of

this data exist, and experimental data is sparse. Therefore, a physics translation of

the neutron induced fission product yield data will be performed using similarities

in the processes. This will enable the library to be populated with physically similar

data that can be validated with the sparse experimental results. The addition of

the photonuclear cross section data will be much easier as evaluations and codes to

process this data exist.

As the research is not solely focused on the dual-particle transmutation code, a sec-

ond track of work will take place on connecting the transport calculation that feeds

into CINDER2008. To show the use and power of the two types of transport methods

when coupled to transmutation, both deterministic and Monte Carlo codes will be

used.

Again, to avoid duplication of past work, especially with the feature-rich programs

that have been in development for decades, an existing three-dimensional even parity

transport code will be used as the transport code that will be coupled to the transmu-

tation. Not many codes using the even parity method exist, but a great choice is the

EVENT code by de Oliveira [63]. EVENT is a multigroup three-dimensional even

parity transport code using finite elements and spherical harmonics with anisotropic

scattering. It sets itself apart from other transport codes because not only does the

finite element derivation allow for easy modeling of most any complicated geometry

that can be meshed but also it allows for anisotropic scattering.

Similar to the transmutation code, a library will be needed for EVENT with coupled

11



Chapter 1. Introduction

neutron and photon cross sections. Since during the activation and depletion routine

new nuclides will be created, the transport library will need to either be recreated

at each step using the current inventory of nuclides or one large library will need to

be created beforehand. As the first method will be prohibitively expensive compu-

tationally, the second method will be used. Therefore, a large library with as many

nuclides as possible will be created as part of this research.

Additionally, the MCNPX Monte Carlo transport code [64, 65] will be used for the

most popular transport method. This will allow for high energy physics and photofis-

sion to be modeled in the transport method, providing a full coverage of the physics

of the problem. It will also bring in a widely used computer code into the mix of

transport methods that will be coupled with the transmutation code. Version 2.7.E

additionally brings many improvements for photonuclear transport, including better

models for photofission neutron multiplication.

The final step of the project will be focused on bringing the two codes together

into one coherent system. This will allow for EVENT/MCNPX to model how the

particles arrange themselves in the media, CINDER2008 to take that resulting flux

to produce the transmutation that has occurred, then that information to be fed

back into EVENT/MCNPX to model the new arrangement of particles due to the

creation and destruction of material. This cycle can continue for each time step.

The coupling code is a driver program that calls both CINDER2008 and a wrapper

for EVENT/MCNPX and handles the communication and bookkeeping between the

two externally. This option, although not necessarily elegant, allows for driver to

be written for virtually any transport method. The user could invoke nearly any

transport method or code and couple it to the dual particle transmutation inside

CINDER2008.

Additional to each step will be a verification and validation of the code additions and

modifications, including the libraries. This is a key part of the research to be sure

what has been done is preforming as expected and is modeling reality. A demon-
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stration of the code system will also be performed to prove its effectiveness on real

world problems.

Although there are many portions to this research, the final product will be a truly

unique software that fills a rising need. A dual neutral particle transmutation code

with coupled dual particle three-dimensional finite element even parity transport or

widely used Monte Carlo transport is an engineering tool that has yet to be seen in

the nuclear industry.

13



Chapter 2

Methodology

Given the current drive for the a dual neutral particle activation/depletion code with

coupled three-dimensional transport, it is necessary to describe the method behind

each component. Since these are novel interpretations and extensions of existing

methods, brief discussions will be given on the current state of the art with respect

to both transmutation and coupled transmutation/transport calculations.

Section 2.1 will discuss transmutation calculations through the scope of the CIN-

DER2008 code. Discussions will then move to how these methods can be extended

to model both neutrons and photons simultaneously. Finally, the implementation of

these extensions will be introduced.

Finally, Section 2.2 will discuss the methodology and implementation of the com-

bined calculations for transmutation and transport with dual particles. This will

be performed using the TINDER code developed for this purpose, which has been

extended to perform transport calculations with EVENT, the 3-D even-parity de-

terministic transport code, and MCNPX, the high energy Monte Carlo transport

code.
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2.1 Transmutation

2.1.1 Single Particle Transmutation

As outlined in the Introduction, one of the first steps in the research at hand is the

creation of a dual neutral particle activation and depletion code. Historically, this

type of analysis has gone by many names, based mainly on the application. For

accelerator and shielding analysis, the term activation and/or depletion analysis has

been commonly used. This is due to the fact that the accelerator is activating the

material causing subsequent depletion or that the shielding is being activated by

some incident radiation, again leading to a depletion of the material. In terms of

reactor analysis, this has most commonly been referred to as burn-up analysis, as

the calculations are tracking the usage, or burning, of the material in the reactor.

Due in part to the concept of converting some of the long-lived isotopes created in

reactors into isotopes that have much shorter half-lives, this type of computation

has been termed transmutation analysis as well. The models are used to track the

transmuting of long-lived isotopes to other, hopefully more manageable materials.

Throughout the paper the different terms will be used interchangeably to reflect the

different research areas this method can be used.

In order to make a dual particle activation and depletion code, it is best to take

stock of current off-the-shelf products that are available. Because these methods

have been used for decades [46, 49], there is no reason to attempt to reinvent the

wheel, especially when there are new implementations of these programs [48].

Unfortunately, although there have been long standing deterministic transmutation

codes, none of them are able to handle both neutrons and gammas. Allowances had

been made in the past for the inclusion of photons [49], but those plans were never

completed and the feature remains inactive. That has led to the project at hand.

It is still wise to use the existing updated framework upon which the dual particle
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portion can be built. Due to its flexibility and recent update, the CINDER2008 code

has been chosen as the base code.

Even though the method being used is well established, it is useful to review the

method before modifying it for the dual particle capability. This is especially true

as there are several methods of solution for transmutation, and CINDER2008 takes

a quite different approach than other popular codes.

Transmutation analysis is essentially a tracking of the rate of change of the number,

or atom, density of materials. To describe this process, a simple differential equation

is used to relate the gains and losses to the rate of change of a nuclide m. The

losses are due to transmutation, both the radioactive decay of nuclide m produc-

ing daughter nuclides and the particle absorption reactions of nuclide m producing

residual nuclides different from m. The gains are due to the transmutation of other

nuclides in the system, where the residual or daughter is nuclide m. The relationship

describing this differential equation for nuclide m can be written as

dNm

dt
= −Nm(t)βm +

∑
k 6=m

Nk(t)γk→m , (2.1)

where γk→m is the probability of nuclide k transmuting to m and βm is the total

transmutation probability for nuclide m. Equation 2.1 is known as the Bateman

equation [66]. This transmutation probability for m can be broken into its compo-

nents as

βm = λm + ϕnΣm
a . (2.2)

In this relationship, ϕn is the neutron flux vector (in energy) and Σm
a is the vector

(in energy) of cross sections for neutron absorption by nuclide m, and λm is the decay

constant for nuclide m. Absorption reactions, denoted in Equation 2.2 by Σm
a , are

all reactions on nuclide m with residual nuclides other than m. For the purposes

of the code, that includes everything other than scattering that results in the same

nuclide.
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Since CINDER uses the multigroup approximation to reduce the energy variable,

the energy regime must be finite, generally reaching only around 20 MeV. Because

in many cases meaningful physics will happen above this energy, a constant is added

into the governing equations to account for this possible addition/subtraction. By

introducing the constant Ym, Equation 2.1 transforms into

dNm

dt
= −Nm(t)βm + Ym +

∑
k 6=m

Nk(t)γk→m . (2.3)

Once compiled for the entire inventory of possible chains, a large coupled set of

differential equations is reached since each equation depends on the information

from another about atom density for each nuclide. However, this set of equations

can be easily reduced to a set of independent, linear differential equations through

the Markov method. Solutions are then obtained for all contributions N(t) to Nm(t).

Additionally, each contribution Ni(t) occurs as the ith element in a linear chain. The

rate of change of the ith element, Ni(t), is only coupled to the preceding element in

the sequence for which all parameters are known and solutions have been obtained

in turn. This is described by the differential equation

dNi

dt
= Ym + Ni−1(t)γi−1 −Ni(t)βi . (2.4)

At this point, densities are now indexed by their relative order in the sequence and

γi is the transmutation probability for forming the ith nuclide from the i− 1 nuclide.

The solution to these linear differential equations, as shown by England [67], is:

Nn(t) =
n∑

m=1

{
n−1∏
k=m

γk

}Ym

 1
n∏

l=m

βl

−
n∑

j=m

e−βjt

βj

n∏
i=m,6=j

(βi − βj)



+ N0
m

n∑
j=m

e−βjt

n∏
i=m,6=j

(βi − βj)

 . (2.5)
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This equation propagates N0
m, or the initial number densities, of all nuclides m =

1 to n to the current nth nuclide density, Nn, while also allowing for a constant

production term from all nuclides, Ym. While this was the standard method for

all pre-CINDER’90 versions, the modern implementation makes a simplification to

limit the length of chains followed. Mainly the purpose of this is to allow on-the-fly

chain following instead of only propagating along predetermined chains. Each chain

is followed until its significance is below a tolerance. Additionally, the algorithm only

propagates the initial density and constant production rate of the first nuclide in the

chain to effectively define the total inventory of all nuclides in the system of chains

beginning with that first nuclide.

By applying the identity

1
n∏

l=m

βl

≡
n∑

j=m


1

βj

n∏
i=m,6=j

(βi − βj)

 , (2.6)

to Equation 2.5, the general solution can be rewritten as

Nn(t) =
n∑

m=1

{
n−1∏
k=m

γk

} Ym

n∑
j=m

1−e−βjt

βj

nQ
i=m,6=j

(βi−βj)
+ N0

m

n∑
j=m

e−βjt

nQ
i=m,6=j

(βi−βj)

 . (2.7)

For the modern versions of CINDER, including CINDER2008, the final algorithm is

reached by imposing the conditions

N0
m = 0, m 6= 1 , (2.8)

and

Ym = 0, m 6= 1 , (2.9)

on Equation 2.7, resulting in

Nn(t) =
n∑

m=1

{
n−1∏
k=m

γk

} Y1

n∑
j=m

1−e−βjt

βj

nQ
i=m,6=j

(βi−βj)
+ N0

1

n∑
j=m

e−βjt

nQ
i=m,6=j

(βi−βj)

 . (2.10)
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To reduce the equation to a more manageable form, the definitions

Yn(t) =
n∑

j=1

1− e−βjt

βj

n∏
i=1, 6=j

(βi − βj)
=

n∑
j=1

Y j
n (t) (2.11)

and

Xn(t) =
n∑

j=1

e−βjt

n∏
i=1, 6=j

(βi − βj)
=

n∑
j=1

Xj
n(t) (2.12)

can be inserted into Equation 2.10 to reach the simple form

Nn(t) =
n∑

m=1

{
n−1∏
k=m

γk

}(
Y1Yn(t) + N0

1 Xn(t)
)

. (2.13)

The algorithm continues through this equation on all possible linear chains for the

system until the path is found to be insignificant or insufficiently accurate. The

significance is determined by a value called the “pass-by,” which is the time-step

integrated transmutation of the nuclide. This can also be thought of as the number

of atoms of nuclide n that are transmuted during that time step. This value is close

to the number of atoms residing in all unexamined paths that come from nuclide n.

The equality of the two is separated by the transmutations that yield more than one

nuclide, e.g. an (n, α) reaction where both 4He and a residual nuclide are created.

The pass-by as defined is

Pn(t) = βn

t∫
0

Nn(t′)dt′ . (2.14)

In order to handle cases that will cause numerical problems with Equation 2.13,

several limiting cases have been derived to attempt to alleviate the problem. These

numerical problems are caused because of the solution of the Markov equations where

quantities of potentially differing signs and magnitudes are summed. Because of this

possible problem, the number of significant figures in each number density calcula-

tion in CINDER2008 is calculated. Each pass-by having less than two significant
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figures is set to zero. Additionally, an atom density contribution with fewer than

two significant digits is also set to zero and the chain is ended. A running tally of

the pass-bys that are not followed due to this lack of significant digits is made and

then output as “Losses” in the CINDER2008 output.

Several special conditions within Equation 2.13 can cause issues to arise. The main

three are: small transmutation probabilities, β → 0; similar transmutation probabil-

ities, βi − βj → 0; and small time steps. Limit solutions are are used in CINDER

when the first two cases are reached, and a Taylor series expansion is used for the

final case.

When nuclides have a β < 10−10s−1, the first limiting case is reached and the follow-

ing equations replace the calculations for Xn(t) and Yn(t).

Xn(t) =
1

n∏
i=1

βi

s−1∑
m=0

 ∑
|α|=s−1−m

[
n∏
i

(βi)
αi

]−1
 tm

m!
(−1)s−1−m

 (2.15)

Yn(t) =
1

n∏
i=1

βi

s−1∑
m=0

 ∑
|α|=s−1−m

[
n∏
i

(βi)
αi

]−1
 tm+1

(m + 1)!
(−1)s−1−m

 (2.16)

In these equations, only chain elements with large β values contribute and small

values are omitted. The variable α = (α1, . . . , αn) is an n-tuple of non-negative

indices that satisfy
∑

i αi = |α| = s− 1−m.

If the second case is reached, when βi − βj < 10−14s−1, the second set of limit

equations is used to calculate Xn(t) and Yn(t).

X l
n(t) =

e−βlt

n∏
i=1

(βi − βj)

l−1∑
m=0

 ∑
|α|=l−1−m

[
n∏
i

(βi − βl)
αi

]−1
 tm

m!
(−1)l−1−m


(2.17)
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Y l
n(t) =

1
n∏

i=1

(βi − βj)

l−1∑
m=0

 ∑
|α|=l−1−m

[
n∏
i

(βi − βl)
αi

]−1
×

[
1

βm+1
l

− e−βlt

βl

m∑
k=0

tk

k!βm−k
l

(−1)l−1−m

]}
(2.18)

In these equations, all βi ≈ βj are omitted.

When contributing terms to the summations in Equations 2.11 and 2.12 have large

unique transmutation probabilities, they are calculated without approximation by

Equations 2.15- 2.18.

Finally, when the time step is small, Taylor series approximations can be used to

obtain the solutions to Equations 2.11 and 2.12.

Xn(t) =
∞∑

m=0

Xm
n (0)

m!
tm (2.19)

Yn(t) =
∞∑

m=0

Y m
n (0)

m!
tm (2.20)

Xm
n (0) =



0 m < n− 1

1 m = n− 1

(−1)m−n+1
∑

|α|=m−n+1

n∏
i

(βi)
αi m ≥ n− 1

(2.21)

Y m
n (0) =



0 m < n

1 m = n

(−1)m−n
∑

|α|=m−n

n∏
i

(βi)
αi m ≥ n

(2.22)

The Taylor series solution has a limited convergence for large values of β and is

therefore only implemented when accurate solutions cannot be obtained using the

full or limit solutions.

21



Chapter 2. Methodology

2.1.2 Dual Particle Transmutation

Now that the methodology behind the burn-up calculations in CINDER2008 has been

explained, the modifications for photons can be introduced. Although not trivial,

these modifications to the full algorithm are minimal due to the way transmutation

reactions are included.

In Equation 2.2, the transmutation reactions are all based on neutrons, which are

given by the vector product term, ϕnΣm
a . This is the only spot where the flux and

cross sections for neutrons are required as the reaction rate and knowledge of the

products from that reaction are sufficient to describe the problem after that point.

Therefore, in order to add photons, the flux and cross sections are required in the

same way, so long as the products are duly described in the library for use later in

the calculation. Equation 2.2, with the addition of a photon flux vector, ϕγ, and a

photonuclear absorption cross section vector, Σm
a,γ, becomes

βm = λm + ϕnΣm
a + ϕγΣm

a,γ . (2.23)

Through this addition and the subsequent information about the nuclides produced

from these reactions, CINDER has the capability to handle both neutron and photon

induced reactions. Being as the decay of daughter nuclides is the same no matter

how they are produced, the main portion of the transmutation code does not need

modification. In essence, including photonuclear reactions is like including other

types of neutron induced reactions but the rate is calculated using a different flux.

One great property of Equation 2.23 is the fact that as the neutron and photon reac-

tion portions are independent, they can be vectors of differing length. In real terms,

this means that the number of energy bins (vector length) for the neutron energy

spectrum can be different than those of the photon energy spectrum.

The energy bin structure is predefined in the library that is used by CINDER2008.

When the user inputs the flux spectrum for that particle, they obviously need to

use an identical structure. This ensures that the vector product is being computed
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on the same length vectors, both the cross section vectors from the library and the

input flux profile. In the newest CINDER release, the user is given a tool to create

libraries with their own data (from ENDF-B/6 style files, e.g. ENDF-B/VII, JEFF-

3.1.1, JENDL-4.0, etc. evaluated data files) using their own energy bin structure.

The energy bin structure is needed to reduce the continuous energy variable into

something amenable to numerical solution. The multigroup method uses a weight-

ing function – the flux – to collapse this continuous variable into a histogram, or a

piecewise constant. The choice of the weighting function is based on prior knowledge

of the system at hand as this method is only exact if the weighting function matches

the resulting flux. Therefore, a flux weighting function should be carefully chosen

when using the multigroup method as the usefulness of the reduced data goes down

as the actual flux diverges from the weighting function.

CINDER2008 comes prepared with four neutron induced reaction libraries, all based

on different needs and using different weighting functions. They are: CINDER’90

63-group library weighted with the Maxwellian, 1/E, Watt fission spectrum, and

fast fission spectrum distributions at thermal, low, intermediate, and high energies,

respectively; CINDER2008 66-group fission library weighted with the Maxwellian,

1/E, and Watt fission spectrum for thermal, low, and intermediate to high energies,

respectively; CINDER2008 175-group fusion library weighted the same way as the

CINDER’90 library; and CINDER2008 321-group constant library using a constant

weighting function. These libraries not only contain the information about cross

sections, but also the decay data for each nuclide in the library as well as the fission

product yield data for those nuclides that have available data. The data source is

generally ENDF-B/V (for CINDER’90) and ENDF-B/VII (for CINDER2008) but

other sources, such as JEFF and JENDL, are used to fill in gaps in the data.

To extend the capability of CINDER2008 into the coupled incident particle regime,

the cross sections for photonuclear interactions are needed. A second library is

therefore a necessary addition. However, it does not need to have the same extent of
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information as the neutron library, as the decay data is independent of the reaction

data. A library is then needed to have only the interaction and photofission product

yield data.

The first component is fairly straightforward thanks to previous work [50, 51, 52, 53,

54] in pursuit of the same research. This can easily be put into multigroup format

using the NJOY99 nuclear data processing code [68] and any of the recently created

ENDF-B/6 style photonuclear data files.

It is important now to note some features of photonuclear cross sections. First, pho-

tonuclear cross sections are generally much much less than neutron cross sections.

This can range from a factor of two lower to several orders of magnitude. Therefore,

a much higher flux is required to bolster the photonuclear reaction rate to that of

neutrons in a similar problem. For the purposes of this research, the photofission

cross section is important. These cross sections generally reach the measurable range

around 5 MeV, giving a perceived threshold. In fact, physically, there is no thresh-

old for photofission and measurements have been made much lower [33, 69, 34]. The

cross sections become effectively zero, however, in these very low ranges.

In addition to the effective threshold, a giant dipole resonance appears in the photo

absorption cross sections, with a peak around 14 MeV. The cross section jumps an

order of magnitude in this region, as can be seen in Figures 2.1, 2.2 and 2.3[35].

Additionally, in these figures the relative cross sections for the different photonuclear

absorption cross sections

Other photonuclear cross sections have a similar shape to that listed in Figures2.1-

2.3, both the single and double humped resonance. All of these cross sections, as

listed in the ENDF files, can then be reduced using the multigroup approximation

for use in CINDER.

The main problem that is encountered is in attempting to populate the photofission

yield data section. As this section is extremely important since it describes the prob-

ability distribution of nuclides after a photofission event, it is extremely important
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Figure 2.1: U-235 Photonuclear cross sections

to have as much reputable data populated as possible. Unfortunately, due to a lack

of need and generally a lack of experimental data, there are no concise, evaluated

data files for photofission product yields. There are only a limited number of exper-

iments [33, 14, 15, 12, 3, 1, 17, 34, 5, 18, 19, 20, 21] with this data and no evaluated

data file includes an evaluation for these yields.

To fill this need, the physics of fission induced by a photon is investigated to see if it

can be tied in some way to fission induced by a neutron, since evaluations and much

more data exist for those reactions. In order to do this, the physics of the fission

reaction should be investigated and compared depending on the incident particle.

Particle induced fission occurs when an incident particle, traveling with a certain

energy, mass, spin and parity, collides with the nucleus of an atom. With some prob-

ability (the cross section), the particle is essentially absorbed into the nucleus. This

creates a compound nucleus, in a quasi-equilibrium state, with the extra mass from

the particle, the extra energy (minus any energy required to bind it to the nucleus),

and with its spin and parity modified. From this excited and unstable compound

25



Chapter 2. Methodology

Figure 2.2: U-238 Photonuclear cross sections

state, the nucleus splits into generally two main parts, with extra neutrons and gam-

mas being emitted to account for excess mass and energy. This splitting is not fully

understood, but in some theories can be compared to a water droplet splitting after

being deformed by the impact of another drop.

These fission events are described by not only the target nucleus and incident particle

(with the properties listed above), they are also defined by the distribution of the

fragments that come from the splitting nucleus. In terms of the research at hand,

this distribution is described by the mass of the two fragments coming from fission.

Except in high energy collisions, this distribution is a double humped curve with one

peak below and one above the half mass of the fissioning nucleus, connected by a

low probability region of two similarly sized products.

As this is the distribution that will be used in the research at hand, it is best to

investigate what input properties help define its ultimate shape. One obvious prop-

erty is the mass of the excited nucleus that will undergo scission. This will help

to define where the peaks are located in terms of the two daughter nuclei. Another
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Figure 2.3: Pu-239 Photonuclear cross sections

property that is very important is the excitation energy of the excited nucleus. When

the excitation energy is low (as with spontaneous fission when it is essentially zero),

the peaks are extreme, with very little chance of producing similarly sized products.

However, when the excess energy is high, the nucleus has a better chance of splitting

into something other than the typical light/heavy combination, causing the peaks of

the curve to drop and the valley between to rise up. These two properties are the

major defining variables in the mass distribution.

Although they do not play as big a role, it is believed that spin and parity of the

incoming particle can cause the mass distribution to be slightly modified[37], com-

pared the results of similar fissioning systems, one with an incident neutron and the

other with an incident alpha particle. They observed at maximum a 17% difference

in the distribution between the two, assuming the mass and energy contributions are

the same. However, they attributed these difference not necessarily on the spin and

parity of the particles, but second chance reactions that can happen at energies over

25 MeV. So long as the distribution is compared below this energy, we will treat it
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as being independent of the incident particle and its spin and parity. In the end, the

authors still recommend that fission product yield data can essentially be used for

different incident particles, assuming the possible differences are noted. This is the

conclusion of others as well [70, 71, 38, 39].

In addition to these results and comments by previous authors, a program called

UKFY [40, 41] from the United Kingdom (part of the JEFF project) operates on

this basis. It takes prototypical results and trends to create fission product yield

data for incident neutrons, protons, deuterons, alpha particles and photons, as well

as for spontaneous fission. It operates under the assumption that spin and parity

offer such a little effect on the final outcome, that the main parameters that need be

tracked are the masses and energies of the incident particle and target.

Since there are several examples on this physics translation of measured data, provid-

ing a backbone to the assumption that the neutron data can be used as a surrogate,

it is used in place of the sparse and unevaluated experimental data that is available

in the open literature. Additionally, the physics of the reactions, as far as they are

known currently, point to an independence of the incident particle and product yield

distribution. The sparse measured data, though, will serve as a perfect vehicle to

perform validation calculations for the current assumption. This process of translat-

ing the data can now be addressed.

When fission occurs by a photon, the target nucleus absorbs the photon and its

kinetic energy, exciting it above the ground energy state. With some probability,

scission will occur at that excited state, splitting the nucleus into two daughter nu-

clei, some number, ν, of neutrons, energy in the form of prompt photons and other

byproducts. Put simply, this reaction can be represented as

A
ZW + γ + KEγ → A

ZW
∗ →A1

Z1
X +A2

Z2
Y + νn1

0 + E (2.24)

where the mass numbers balance as

A = A1 + A2 + ν (2.25)
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and the number of protons balance as

Z = Z1 + Z2 . (2.26)

On the other hand, neutron induced fission varies slightly on how it arrives at the

excited state. Fusing a neutron to the nucleus will add energy to the system. There-

fore, not only does the reaction include the addition of a neutron to the compound

nucleus causing an increase in the mass number, A, by one, but the compound nu-

cleus is produced in an excited state. Most of the neutron kinetic energy goes into

exciting the compound nucleus, since the compound nucleus recoil is minimal. Ad-

ditional excitation energy comes from the increase in total binding energy of the

nucleus with the additional neutron, which is equal to the single neutron separation

energy (Sn, on the order of 5 MeV) of the compound nucleus. Again written as an

equation, neutron fission can be represented as

A−1
Z V + n1

0 + (KEn + Sn) → A
ZW

∗ →A1
Z1

X +A2
Z2

Y + νn1
0 + E (2.27)

where the mass numbers and proton numbers balance as described in Equations 2.25

and 2.26.

The excited compound nucleus has no memory of how it arrived at that state, so the

the reaction during the transition from exited state to fission products (the second

transition) is identical no matter how the excited compound state was produced. As

mentioned, according to current theory and experiment this is essentially the case as

the fission process is Markovian, or has no prior knowledge of the reactions that led

up to it [36]. No matter how the excited nucleus, A
ZW

∗
, got to that state, it will have

the same probabilities of producing products on some distribution (with a possibly

slight variation due to spin and parity of the incident particle).

A translation can then be used to relate the production of a given excited nucleus

by an incident photon or neutron. Since the energy of the exited state is extremely

important to the outgoing products, a translation in energy must also be made.

The first relationship that must be described to translate from neutron fission to
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photofission is the mass number. Since photofission lacks the inbound neutron in the

initial reaction, there will be one fewer neutron in the excited nucleus if the target is

the same. By the way Equations 2.24 and 2.27 are written, they end up at the same

excited nucleus. Therefore, their left sides must be similar and the photofission on

a nuclide is equivalent to neutron fission on a nuclide with one less mass number, as

shown in Equation 2.28.

A
ZW + γ → A

ZW
∗ ∼A−1

Z V + n1
0 → A

ZW
∗

(2.28)

As mentioned, the mass balance is not the only hurdle to jump for the translation to

hold. The excitation energy of the fissioning nucleus must also be the same. Again

relating Equations 2.24 and 2.27, this time in terms of energy leading to the excited

nucleus yields

KEγ → E
(

A
ZW

∗) ∼ KEn + Sn → E
(

A
ZW

∗)
. (2.29)

Therefore, the excitation energy of a fissioning compound nucleus is equal for the

photon or neutron induced case when the kinetic energy of the photon causing fission

is equal to the kinetic energy of the neutron causing fission plus the single neutron

separation energy for the compound nucleus (taking also into account the loss of

energy due to the recoil of the nucleus). Note that the neutron’s energy must be

calculated in the center of mass frame. Since nearly all energy is transferred from

the photon for the mass ranges that have been translated in this exercise, its total

kinetic energy is used and no conversions are necessary. This can easily be proven

for the lightest mass and highest energy photon that will be encountered in the later

validation and demonstration of this code, 235U and 70 MeV photons. Because of

conservation of momentum, the energy lost in the recoil of the nucleus after this

collision is given by

KEnucleus =
p2

γ

2mnucleus

=
490MeV2

c2

470, 000MeV
c2

' 0.001MeV , (2.30)
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where p is the momentum of the photon, mnucleus is the mass of the compound

nucleus, and KEnucleus is the kinetic energy of the recoil nucleus.

Therefore, for an incident photon, the excitation would be its incident energy minus

a maximum of this kinetic energy. Since this is much lower than the incident energy

(70 MeV in this case), it is assumed to be insignificant. The total incident energy is

assumed to go entirely into exciting the nucleus.

For neutrons, as the kinetic energy that is reported in evaluations and experiments

is generally in the lab frame of reference, it must first be converted before relating

the two sets of energies. To convert the kinetic energy from the lab to center of

mass frames, the following equation is given [72], where the superscript C denotes

center of mass frame, L denotes the lab frame, the target nuclide mass is MA, and

the projectile mass is m.

KEC =
MA

mn + MA

KEL (2.31)

Using Equation 2.31 on the neutron and photon induced system, the excitation

energy of the nucleus after absorbing the incident particle is given as

E
(

A
ZW

∗)
=

[
MA

mn + MA

KEL
n + Sn

]
↔ [KEγ] , (2.32)

where mn is the neutron mass.

Similar to the situation for photons, the recoil energy is negligible. This can be shown

by again assuming the lightest mass considered in this library, 234U and the fastest

neutron, 14 MeV. By a similar equation to Equation 2.30, the neutron reaction recoil

energy is determined to be

KEnucleus =
p2

n

2mnucleus

=

√
(2×KEn ×mn)

2

n

2mnucleus

'
225MeV2

c2

470, 000MeV
c2

' 0.0005MeV ,

(2.33)

where again the kinetic energy of the recoil nucleus is given by KEnucleus, the inci-

dent neutron’s mass, momentum and kinetic energy are given by mn, pn and KEn,
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respectively, and the mass of the compound nucleus is given by mnucleus.

As with the photon case, the energy lost to the recoil of the nucleus is below the pre-

cision of the single neutron separation energy and excitation energies for each fission

product yield distribution. Therefore, this value is negligible and not carried through

the calculations. This assumption is valid for the range of energies and target masses

considered in this research. Equations 2.30 and 2.33 should be readdressed if the li-

brary is expanded to lighter nuclei or higher energy neutrons.

Using the concept in Equation 2.28 and the math in Equation 2.32, neutron fission

product yield data can be translated for use on photofission reactions. As a mat-

ter of practicality, neutron induced fission product yields are given at three discrete

incident energies: thermal (0.025 eV), fast (500 keV), and high energy (14 MeV).

Therefore, translations of only these fission product yield data must be made. As an

example, the equivalent excitation energy for a fast energy neutron on 234U is given

by (creating the compound nucleus 235U)

E
(
235
92 U

∗)
=

[
234.0409

1.0087 + 234.0409
0.5MeV + 5.2975MeV

]
= 5.7954MeV . (2.34)

In terms of energy, Table 2.1 gives the translation energies for several of the common

nuclides. Also listed are the ground state single neutron separation energies for the

compound nuclei [73].

It is apparent from this table that the values for equivalent excitation energies, and

therefore incident photon kinetic energies, are somewhat loosely correlated between

nuclides. For practical applications, at the lower bound of the photofission cross

section and below, approximately the photofission barrier energy to 6 MeV, the

thermal fission product yield should be most appropriate. In the intermediate range

from approximately 6-14 MeV, the fast fission product yield data should be most

appropriate. Finally, in the high energy range, anything above 14 MeV, the high

energy fission product yield data should be most appropriate. As CINDER2008 does

not interpolate between these discrete energy yields, it is on the user to choose the

most appropriate data for the physics at hand. This restriction was carried through

32



Chapter 2. Methodology

Table 2.1: Equivalent incident photon energies for translating neutron fission product
yields of select nuclides at the discrete neutron energy groups. Thermal equivalent
excitation and the single neutron separation energy are separated by 0.025 eV, re-
peated for clarity. Single neutron separation energy (Sn)is given for the compound
nucleus for that reaction.

γ-Fission
Reaction

Surrogate
Reaction
(n-fission)

Sn

(MeV)

Equiv. Ther-
mal Neutron
Excitation
(MeV)

Equiv. Fast
Neutron
Excitation
(MeV)

Equiv. High
Energy Neu-
tron Excita-
tion (MeV)

γ+235U n+234U 5.2975 5.2975 5.7954 19.2374
γ+236U n+235U 6.5455 6.5455 7.0434 20.4857
γ+237U n+236U 5.1258 5.1258 5.6237 19.0662
γ+238U n+237U 6.1542 6.1542 6.6521 20.0949
γ+239U n+238U 4.8064 4.8064 5.3043 18.7473
γ+238Np n+237Np 5.4883 5.4883 5.9862 19.4289
γ+239Pu n+238Pu 5.6462 5.6462 6.1441 19.5871
γ+240Pu n+239Pu 6.5342 6.5342 7.0321 20.4754
γ+241Pu n+240Pu 5.2415 5.2415 5.7394 19.1829

from neutron reactions because of the uncertainty that could overtake the problem

when interpolation is used between these sparse points.

These energy region boundaries are applicable to the current suite of isotopes in the

initial library. If the photofission data was expanded to much lower or higher mass

numbers, these regions may not be applicable. Therefore, a table such as Table 2.1

should always be used with the isotopes currently in play and a best approximation

of the energy region should be made.

Now that the translation between neutron fission product yield data and photofis-

sion product yield data has been illuminated (validations will follow in Section 3.1),

the photon reaction library has been fully introduced and can be compiled. To do

the compilation, a tool has been created for this research, a modification of the

distributed neutron library creator. This tool, make libg, takes NJOY99 processed

ENDF-B/6 style photonuclear cross section data along with existing CINDER li-

brary neutron fission product yield data to create a library that is of the same form
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as the neutron library. make libg determines the energy group structure as created

in NJOY99 as well as does the translation of the neutron fission product yield data

into photofission product yield data.

After creation of the library of photonuclear data and the algorithm modification

to handle the transmutation by photon interactions, the task remains to modify the

source code of CINDER2008. Being as it is not necessary to describe the process of

coding, suffice it to say that CINDER2008 has been modified to now processes dual

neutral particle transmutation. The code modifications were made to be backward

compatible with CINDER’90 and CINDER2008 input files as to reduce problems

when running existing neutron models. The input changes include the choice of the

photofission product yield set, photon flux in the appropriate group structure, and

flux multipliers to modulate the photon flux over all time steps and/or individual

steps.

A validation and verification of the modified CINDER2008 is given in Section 3.1.

This is a required step as to ensure not only that the code is performing as intended

(coded correctly) but also to validate it against experiment to compare the models

to reality.
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2.2 Coupled Transport/Transmutation

In order to make use of the dual particle transmutation code, it is necessary to know

the average flux in the material that is to be transmuted. Therefore, a transport code

must be plugged onto the front end of the calculation to first see how the neutrons

and photons distribute in the medium.

As mentioned, there are many ways to do this transport calculation. For this re-

search, the two codes chosen are EVENT and MCNPX. By giving these two codes

as options, the user can choose either the computationally cheap but less rigorous

deterministic method or the computationally expensive but highly detailed Monte

Carlo method. Both codes are capable of calculating the average flux in a specific

region but have somewhat different scopes and purposes. The even parity determin-

istic method is a great choice for a scoping exercise when many calls to the program

will be made, as in a parametric study. Monte Carlo on the other hand is useful for

the big end of research calculation when a single number is desired, but with great

detail.

Additional to the front end transport calculation for the flux, a back end calcula-

tion for retransporting the beta-delayed photons1 is a must. Both of these codes are

capable of taking a new source in the transmuted region and transporting those pho-

tons through the system, perhaps to detectors. This is useful in not only the active

interrogation systems as described in Chapter 1, but also in lifetime calculations for

reactor systems or spent fuel.

In addition to this retransporting of delayed photons, some calculations will have

the goal of tracking the effect of the changing nuclide densities on the system. This

is the main idea behind reactor burn-up calculations. To do this, a transport cal-

culation is done, followed by a transmutation calculation. From this transmutation

1The photons created from the natural decay of fission/absorption reaction daughter
products.
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calculation, the new material densities are sent back to the transport code to see the

new equilibrium state of the particles. This process then marches in time to see the

system evolve.

To capture the needs of all of the different potential models, a generalized code has

been developed. It not only allows for the feedback from one code to the other

in terms of fluxes and new sources, but also in terms of material number density

changes. As this code is coupling a transport code and CINDER2008, it has been

named TINDER (Transported (C)INDER).

Before delving into the details of TINDER, an overview of how the calculations are

performed is necessary. The first items that are needed are the input files. For the

code, there are actually two input files that are needed: the TINDER input file and

a transport template input file. The TINDER input file gives the general informa-

tion that is need by CINDER2008 to perform the calculation, including temporal

information, material data, flags for which fission product yield sets to use, etc. This

information is all that TINDER needs to perform its portion of the calculation, as

well as populating the CINDER2008 input files. The transport template input file,

on the other hand, is a template for the input file that the transport code will use,

with special flags to denote where the material information and source information

will go. These flags will enable a wrapper code to take the new material data at each

step, as well as the photon source from the decay (if applicable), and input it into

the transport code.

TINDER has been designed on the concept of flexibility. Therefore, it only calls

CINDER2008 and handles material inventories and photon source information. It

does not physically call the transport code. Instead, the user supplies the name of

a specially created wrapper that will take the results from CINDER (nuclides and

photon source), modify the transport template input file, call the transport code,

and prepare the output (the neutron and/or gamma flux) for use by TINDER. This

concept allows for the user to plug the code into virtually any transport solver by
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simply writing a simple wrapper script. Additionally, it enables the user to change

the transport code that will be used in the calculation without needing to create a

new TINDER input file.

Although flexibility has been built into the code, it was still built for a main pur-

pose. That purpose is active interrogation systems, which have special modeling

requirements. These requirements are much different than, say, burn-up calcula-

tions. Active interrogation modeling requires only two transport calculations with a

single transmutation calculation in between. This allows for the system flux to be

calculated, the beta-delayed photon source to be found, then for the retransport of

those photons to the detectors to be modeled.

On the other hand, burn-up calculation require a large number of iterations back

and forth the transport and transmutation codes. This is done at a minimum of

18 months of reactor operation to properly characterize the system, with perhaps

10 iterations in the first year to capture the initial transients. This method also

relies more heavily on the created nuclides to be properly accounted for and passed

between codes and does not depend as much on the delayed photons. Additionally,

it has been shown that during each time step that is performed in the transmutation

code, a corrector transport step improves the accuracy of the model without having

to perform a full step. This step essentially uses a better approximation for each

timestep and “corrects” the initial estimates.

Because active interrogation has been the driver for this research, the features for a

reactor burn-up code are not as detailed. This is mainly due to the fact that there

is no predictor-corrector performed during the time step. To better model these

types of systems, shorter time steps are recommended. Additionally, the material

inventory passing has a feature that allows the user to set a low limit on the number

density that will be transferred to the transport code. This speeds up the calculation

by eliminating extremely rare nuclides in that system. In terms of reactor systems,

though, certain nuclides can appreciably modify the system even at low levels. Care
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Figure 2.4: TINDER program flow

must be taken with this parameter.

With those limitations being noted, TINDER is capable of modeling active inter-

rogation systems, accelerators, reactors, and spent fuel assemblies, to name a few.

Figure 2.4 shows the flow of the program. This program flow iterates at each new

timestep given in the transmutation code. The initial pass through, the nuclide in-

ventory and the photon source are unperturbed and zero, respectively, for the first

transport calculation.

Looking into each step in this process a little deeper yields the meat of the TINDER

code. When the input file is read, the time steps for the transmutation calculation

are brought in. These time steps will determine the number of times the transport

code will be called. In all cases, there will be a transport calculation called first

and last – therefore the most simple calculation is a single transmutation step with

an initial and final transport calculation. It is important to note that each trans-

mutation step can in fact have many substeps, producing a better characterization

within the step. However, for the transfer of photon source and nuclide inventory

information, only the final substep’s information will be used.

The first transport step is taken with a clean nuclide inventory (no transmutation of
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the given materials) and with a zero photon source. Within the transport wrappers,

allocations can and have been made for an initial source to be used in the transport

calculation. For example, in the active interrogation problem, there would be an

initial photon and neutron source irradiating the material. This would then create

the flux that would be fed to CINDER. Additionally, this can be turned off for subse-

quent steps where only the retransported source is necessary. The transport wrapper

prepares the current transport input file, runs the transport code, then parses the

output file for the flux information that is passed back. This information is placed

in a file and the wrapper is finished for that step.

Next, TINDER kicks back on and reads the information created by the transport

code and prepared by the wrapper. This flux information is used along with material

and other settings (specified in the TINDER input file) to create the input files for

CINDER2008. The time information supplied to CINDER is strictly for the current

time step. The transmuted nuclide inventory and beta delayed photon source are

then created. This information is transferred to holding files for the transport wrap-

per to access.

The transport wrapper is then called again, which reads in the information from

the CINDER calculation and proceeds the same way as the first time (with flags for

sources turned on/off). If this was the final time step in the series, the calculation is

concluded when the transport code finishes. Otherwise, the process is repeated until

that final time is reached. The final nuclide population, transport flux, etc. are all

output for the user. Additionally, each step’s information and results are saved so

that a clear picture can be build for that model from the start to end times.

As mentioned, the code has been written to allow for nearly any transport code to

be plugged into the system. In order for this to happen, a simple wrapper must be

written that reads the nuclide and photon source information saved by TINDER,

creates/modifies the transport input file, calls the transport code, and outputs the

calculated fluxes to a single file. This type of plug and play code makes allowances
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for changes in transport input/output files without the need for a full overhaul of

the driver code. A simple wrapper modification is all that’s necessary.
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Results

In order to test the capability of the newly created code systems, several example

cases have been run. Two types of results are presented in this chapter. The first set

of examples, presented in the following Section, 3.1, are validation and verification

cases. Hand calculations and experimental results are introduced to ensure the dual

particle additions described in Section 2.1 are physically correct and implemented

properly. The second set of results, given in Section 3.2, are demonstration problems

for the TINDER code system. An active interrogation problem is introduced to

demonstrate the effect of a dual particle transmutation modeling on this type of

system. In addition to showing the results from this method and contrasting the two

transport methods, a sensitivity analysis is given.

For the validation cases, Table 3.1 gives a quick note about each of the isotopes

identified in Table 1.1. This identifies each case that will be run in the photofission

validation section, or gives a note as to why that isotope was not included in the

validation suite. Additionally, for the validation and verification of the CINDER

code additions, the cross sections are taken as is since the evaluations for inclusion

in the ENDF-B library has already performed necessary validation. The surrogate

reactions are therefore focused solely on the fission product yield data.
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Table 3.1: Notes on each isotope with experimentally measured photofission product
yield data for their use in this validation.

Isotope Notes
232Th No surrogate reaction (231Th(n,f)) data exists. Experimental

data not used.
234U Graphical results are provisional and publishing authors noted

limitations and inconsistencies with the data.
235U Experimental results used for validation.
236U Mass distribution not given in publication.
238U Experimental results used for validation.

U-natural Experimental results used for validation.
239Pu Experimental results used for validation.
240Pu Graphical results are provisional and publishing authors noted

limitations and inconsistencies with the data.
242Pu Graphical results are provisional and publishing authors noted

limitations and inconsistencies with the data.
244Pu Graphical results are provisional and publishing authors noted

limitations and inconsistencies with the data.
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3.1 Validation and Verification of CINDER2008

In order to properly test the dual neutral particle extension of the CINDER2008

code, a series of verification and validation models should be run. These not only

ensure that the code behaves as expected but also determines how well it can model

real world problems. Seven separate examples are given below. The first is a veri-

fication problem to ensure the user inputs and photonuclear data are being read in

correctly, and the processing within CINDER in terms of a simple non-fission photon

transmutation problem is being done correctly. The second verification problem ex-

tends the first to include a flux of neutrons to exercise the dual particle capabilities.

Next, a validation case is run using a photofission transmutation case to ensure the

fission product distributions that have been translated from neutron induced fission

mimic one of the few photofission experimental results available. The second val-

idation case again allows all types of transmutation to occur, ensuring the proper

fission product distribution is being used. The fission product distribution is ad-

ditionally verified against the similar neutron induced fission case (from where the

distribution was translated as described in Section 2.1). Two additional photofission

validation cases are given to further show the validity of the yield translation from

incident neutrons to photons. These cover not only a different proton number than

the first two validation cases, but also a multiple isotope material case. Finally, a

photofission validation case is given to show the differences in the yields for isotopes

with the same mass number, but different proton numbers. This final case will help

illuminate subtle differences in the yields for this situation and will further validate

the translated yield sets.

For all validation and verification problems, a photonuclear library is required. One

such library was created using the make libg tool. For the group structure, the CIN-

DER standard gamma energy bin structure (as used for the photon spectra output)

as outlined in Table 3.2. The cross section data was taken from the ENDF-B/VII
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photonuclear evaluated sublibrary and collapsing was done with a flat weighting

function.

To ensure the photon library’s compatibility with the neutron based counterpart

Table 3.2: Energy boundaries for the 25-group photonuclear cross section library
Grp # Emin (MeV) Grp # Emin (MeV) Grp # Emin (MeV)

1 0.00E+00 10 7.50E-01 19 6.00E+00
2 1.00E-02 11 1.00E+00 20 7.00E+00
3 3.00E-02 12 1.33E+00 21 8.00E+00
4 6.00E-02 13 1.66E+00 22 9.00E+00
5 1.00E-01 14 2.00E+00 23 1.00E+01
6 2.00E-01 15 2.50E+00 24 1.20E+01
7 3.00E-01 16 3.00E+00 25 1.70E+07
8 5.00E-01 17 4.00E+00 cut 3.00E+07
9 5.25E-01 18 5.00E+00

that will be called simultaneously, the isotope numbering must be consistent (to

ensure isotope number X refers to some isotope Z
AW in both libraries). This is

due to the fact that CINDER2008 refers to isotopes by sequential numbering by

increasing mass. If one library has isotopes the other does not, zero data entries

must be inserted into the library to ensure consistent numbering. As CINDER’90

and CINDER2008 libraries contain different amounts of data because of their dif-

fering sources, the number of isotopes represented in each is different. Therefore

the photonuclear CINDER library C08lib gamma v1.3 has been created using the

isotope numbering of the more established CINDER’90 library. Similar libraries can

be created for use with CINDER2008 neutron library by simply using the created

tool.

3.1.1 Photonuclear Absorption Verification Case

The first step in any code verification and validation is to ensure that it is performing

as expected, processing information correctly, and is giving proper results. This is
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best done on a simple case that can be also calculated through a second method that

is known to be correct. For the case of the verification of CINDER2008’s new photon-

induced reaction capability, this is most simply done on a non-fissioning nuclide with

a simple cross section and a constant flux. Although this problem may not have

any physical bearing, it is a simple method to ensure the data flow in the code is

happening properly. This ensures the proper products and paths in the data are

being followed.

Consider the simple case of an volume averaged photon flux vector of

ϕγ = {0.01 γ/cm2 sec bin} in a 1 cm3 sample of pure 14N that has a number density

of 0.01 #/b cm. Assume that the flux multiplier applied to the problem is set to 1010

as well. This case is handy as 14N has only one absorption reaction with photons1,

the (γ, p) reaction, which happens at a single discrete resonance when Eγ is 9.17225

MeV. This cross section is given in Figure 3.1.

This case is also useful as it creates two discrete nuclides in a single reaction, both

13C and 1H (essentially a single proton). Through this case, not only can the reaction

rates be checked but also the identical creation of two separate daughter products.

Given the input parameters above, the only missing information in order to process

this by hand is the microscopic cross section. Since the cross section is a single

resonance at 9.17225 MeV, which falls into energy bin 22 as shown in Table 3.2,

there is only a single group with a non-zero cross section. As processed by NJOY99,

the value in this group for the absorption is Σa,γ = 3.6970×10−4 b. Since the reaction

rate for group g is defined by

(Reaction Rate)g = Rg = ϕγ
g ×multϕγ ×N × Σg

a,γ (3.1)

114N also has a photon radiative capture reaction where a photon is also emitted; how-
ever, as the same nuclide is created, it is not considered a transmutation absorption reac-
tion.
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Figure 3.1: N-14 Photonuclear cross sections

where N is the number density of the material and multϕγ is the flux multiplier, the

reaction rate for group 22 is

Rg = 0.01 γ/cm2 sec bin × 1010 × 0.01 #/b cm × 3.6970× 10−4 b

= 3.6970× 102 #/cm3 sec

= 3.6970× 10−22 #/b cm sec . (3.2)

Since there is one single reaction to consider, each event results in a set of 1H and

13C nuclides. Therefore, the production at the end of the time step is

Production of 1H and 13C = 3.6970× 10−22 #/b cm . (3.3)

When run through CINDER2008 given the same inputs, the results are identical,

producing 3.6970× 10−22 1H/b cm and 3.6970× 10−22 13C/b cm. Since the results match

exactly to the hand calculation done in Equation 3.3, this verification problem has

shown that for a simple absorption transmutation reaction, the additions to CIN-

DER2008 properly handle and process the data.
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The photoabsorption portion of the code is therefore verified for simple, photon only

models.

3.1.2 Photonuclear and Neutron Absorption Verification Case

The second verification test is an extension of the first case given in Subsection 3.1.1.

This tests the code’s ability to handle both neutrons and photons incident simulta-

neously, causing multiple reactions on the same material through different sources.

Before this can be done, in addition to the baseline case of photons only, a baseline

case of neutrons only must first be run.

Keeping the material information constant from the previous case and setting the

neutron flux to a constant ϕn = {0.01 n/cm2 sec bin} with a multiplier of 107, the prob-

lem is rerun with a 0 photon flux. This can be run on the neutron only CINDER2008

code which has been validated for that capability, and comparisons have confirmed

the same results between codes. As such, there is no need to attempt to do this

problem by hand. The resulting nuclide composition for the neutron only case is

given in Table 3.3. As there are many more neutron induced reactions in 14N, this

product list is much more extensive. Additionally, unlike the photonuclear case, the

products of these reactions do interact with the incident particle, causing even fur-

ther transmutation. It should be noted that the number of significant digits reported

is due to the limitation of CINDER2008 output. This number of significant digits is

enough to verify the current code additions.

Now that the baselines for both sets of product distributions after a 1 second irra-

diation have been made, the combined case can be run. As the two beams are in-

dependent, this case should produce a distribution of nuclides post-irradiation that

is equal to the sum of the independent cases, plus some additional transmutation

caused by the interplay of the two incident particles. The interplay of the two par-

ticles comes from the interaction of one particle with the daughter product of an
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Table 3.3: Atom density of all nuclides in sample after irradiation of 14N with a
constant flux of neutrons.
Nuclide Atom Density (#/b cm) Nuclide Atom Density (#/b cm)

1H 1.827× 10−21 10Be 4.379× 10−24

2H 3.926× 10−22 11Be 1.076× 10−40

3H 1.051× 10−22 9B 6.273× 10−48

4H 1.848× 10−53 10B 1.056× 10−23

3He 3.345× 10−23 11B 1.405× 10−21

4He 1.157× 10−21 12B 8.559× 10−30

5He 1.189× 10−63 13B 1.545× 10−28

6He 1.084× 10−43 14B 2.203× 10−42

7He 5.026× 10−65 12C 1.051× 10−22

5Li 2.081× 10−68 13C 4.592× 10−22

7Li 2.066× 10−22 14C 5.990× 10−20

8Li 4.993× 10−42 15C 8.085× 10−42

9Li 4.111× 10−45 13N 3.595× 10−23

10Li 4.066× 10−53 14N 1.000× 10−02

8Be 2.602× 10−40 15N 1.241× 10−21

9Be 3.153× 10−24 16N 4.507× 10−44

interaction from the other particle. Keeping all inputs the same but enabling both

particles, the distribution of nuclides in Table 3.4 was produced.

By summing the results from Subsection 3.1.1 and Table 3.3, it can be seen that the

two combine to create the distribution in Table 3.4, with some slight but expected

differences. The differences, other than those in 1H and 13C, are due to the interplay

of the two particles on the nuclides that are created from the interactions of the other.

For example, the creation of extra 5He and 6He are due to neutron induced reactions

on the 13C created by the initial 14N(γ,p) reaction. Additionally, isotope 11C comes

from the (γ,n) reaction on 12C which is created by neutron induced reactions on 14N.

Verification of each of these discrepancies through the requested chain print-out was

performed, proving to be products of similar interplay. Since the performance of the

code on dual particle absorption transmutation reactions has thus been performed,

that portion of the code has been deemed verified as well.
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Table 3.4: Atom density of all nuclides in sample after irradiation of 14N with a
constant flux of neutrons and photons. Similar to Table 3.3.
Nuclide Atom Density (#/b cm) Nuclide Atom Density (#/b cm)

1H 2.196× 10−21 11Be 1.076× 10−40

2H 3.926× 10−22 9B 6.273× 10−48

3H 1.051× 10−22 10B 1.056× 10−23

4H 1.848× 10−53 11B 1.405× 10−21

3He 3.345× 10−23 12B 8.559× 10−30

4He 1.157× 10−21 13B 1.545× 10−28

5He 1.192× 10−63 14B 2.203× 10−42

6He 1.373× 10−43 11C 1.421× 10−41

7He 5.026× 10−65 12C 1.051× 10−22

5Li 2.081× 10−68 13C 8.289× 10−22

7Li 2.066× 10−22 14C 5.990× 10−20

8Li 5.052× 10−42 15C 8.085× 10−42

9Li 4.111× 10−45 13N 3.595× 10−23

10Li 4.066× 10−53 14N 1.000× 10−02

8Be 2.602× 10−40 15N 1.241× 10−21

9Be 3.153× 10−24 16N 4.507× 10−44

10Be 4.379× 10−24

As the decay portion of the code is untouched, it as well is verified through the

comparison of the CINDER2008 results for the simple neutron only source case and

the CINDER2008 results from the same case. Using the same decay data, they ar-

rive at the same distribution. Therefore, all neutron, photon, and neutron/photon

absorption and decay cases have been verified against either hand calculations or the

previously validated and verified code.

3.1.3 Photofission Validation Case 1

The next portion of the code that needs verification and validation is the photofission

section. This addition is not much different than the portion listed above except for

the fact that instead of a few products from the reaction, there are over a thousand
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daughters produced in fractional quantities. The physics of the decay and transmu-

tation after the initial reaction are the same. Therefore, a validation needs to be

made that a proper fission product distribution is being created and these results

should be validated against experiment. This is especially important as the neutron

fission product yield data has been translated for photofission yields.

The first photofission problem to be used is 238U(γ,f). It is worth noting that, as

mentioned in the Methodology section, the photofission yield data comes from the

equivalent neutron fission system. For this case, that equivalent system is the yield of

237U(n,f). Unfortunately, there is very little data for this fissioning system as it is not

as commonly encountered as other isotopes and does not have extensive measured

data. Nonetheless, it is a good example of the use of the data because it is simple.

Due to this limited amount of data for neutron induced fission on 237U, the distri-

bution is only given at a single incident neutron energy in the ENDF-B/VII library,

500 keV. As shown in Table 2.1, the incident gamma energy range that this data

should be most applicable is 6-14 MeV. Luckily, experiments by Jacobs et. al. [3]

have covered some of this range. Photofission yields at four different nominal in-

cident photon energies are given in the paper: 9.7, 11.6, 13.4, and 14.7 MeV. It

should be expected that since 500 keV nominal incident neutron energy corresponds

to approximately 6.6521 MeV incident gamma energy; the further away from that

value, the less representative the data for the yield will be. This prediction shows to

be true by visual inspection of Figures 3.2 through 3.5.

For the modeling of this system, the photon flux was set to an even energy distri-

bution from 5 MeV and up at a total strength of 1× 1010 n/cm2 sec. This ultimately

does not have bearing on the yield distribution in the program (because the discrete

energy range for the product distribution must be chosen prior to running), only the

magnitude. Since the yield comparisons being made are normalized to 200%, this

input is not of concern. The time exposure was set to 15 minutes in a single time

step as to allow ample time for the system to equilibrate and irradiate, as with the
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experiment. The time of exposure was not given in the experimental report, there-

fore this was chosen as most representative.

By visual inspection, experimental results match up well to the data that has gone

Figure 3.2: 238U (γ,f) product yield at 9.7 MeV (experimental) versus CINDER at
6.6521 MeV

into the photon reaction library for CINDER2008. The diverging trend at higher

energy was to be expected and the shapes are aligned throughout.

A more rigorous comparison of the data that is common among fission product yields

is a comparison of the peak mass numbers and the peak to valley (the section be-

tween the two peaks) ratio. This ratio is essentially the average of the peak values

divided by the valley value, measuring how far it is from a symmetric, single peaked

distribution. As there are daughters with two distinct masses produced in fission,

depending on the mass of the fissioning nuclide, these peaks will shift around. In
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Figure 3.3: 238U (γ,f) product yield at 11.6 MeV (experimental) versus CINDER at
6.6521 MeV

the case of photofission on 238U, the experimental peaks happen at masses 99 and

134 and the valley happens at mass 115 for the 9.7 MeV case and mass 117 for the

others. CINDER has determined these peaks to be at masses 99 and 134, and the

valley to occur at mass 117. By these matching up, as well as they do, it is apparent

that they come from systems of the same original mass number prior to fission. The

discrepancy in the 9.7 MeV case for the valley can be noted by visual inspection of

the data. Due to the sparsity of data in the valley region and the low readings, there

is some variability in the results. A curve-fit of the data near the valley would likely

result in a closer result, but as this is a comparison to measured data, no predictions

are made and thus the data is taken at face value.

The second parameter, the average peak to valley yield ratio can be just as easily
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Figure 3.4: 238U (γ,f) product yield at 13.4 MeV (experimental) versus CINDER at
6.6521 MeV

compared. Due to the physics of the reaction, as the excitation energy increases, the

valley value is raised and the peaks are slightly lowered, giving a slightly more even

probability distribution. Since the energies in this comparison stretch the range of

applicability of the data, and even exceed it, these results aren’t expected to match

up well. Other than more experiments and evaluations, there is little that can be

done to remedy these discrepancies. The CINDER2008 results yield a ratio of 188.7,

typical of the lower incident energy distribution. The four experimental cases yield

ratios of 90.9, 38.0, 23.1, and 14.1 for the 9.7, 11.6, 13.4, and 14.7 MeV incident

energies, respectively. These results are summarized in Table 3.5. Although these

results are not close, they are indicative of the expected trend by incident energies

and keep with results presented elsewhere [41].
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Figure 3.5: 238U (γ,f) product yield at 14.7 MeV (experimental) versus CINDER at
6.6521 MeV

There is one last extremely useful parameter that enables a quantitative analysis of

Table 3.5: Photofission yield results for 238U(γ,f), experimental and CINDER library
Incident Photon 9.7 11.6 13.4 14.7 6.6521
Energy (MeV) (Exp) (Exp) (Exp) (Exp) (C08)
Ratio of Peak to Valley 90.9 38.0 23.1 14.1 188.7
Peak Mass Numbers
(Low/High)

99/134 99/134 99/134 99/134 99/134

Valley Mass Number 115 117 117 117 117
Error: Experiment vs CIN-
DER library

0.37 0.36 0.46 0.46 -

how close the results are to each other. A error measure can be found by taking the

L-2 vector norm of the difference between the measured (238U(γ,f) translated) and
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library (237U(n,f)) data. Equation 3.4 gives how this vector is calculated, where N

is the total number of product yield values.

Error =

√∑N
1 (Measuredi − Libraryi)

2

N2
(3.4)

These values, as seen in Table 3.5, are very small. They are also consistent. If

these values were large (> 1 as will be shown in the next section), it is indicative

of more than just the noise in the results. That type of result would indicate that

the fission product yields are misaligned, causing large differences in the individual

points. Misalignment happens when the excited nucleus that undergoes scission is

not the same in terms of mass. When the error values are small, as with this case,

an assumption can be made that the curves are representing the same mass system.

Overall, the photofission product yield of 238U was shown to match up very well to

experimental data. The shape and peak/valley locations were all aligned, indicating

that the dataset in the library matches with the physical problem in terms of the

fissioning mass. However, the lack of evaluated data was apparent as the single

energy that the library can be built on was not able to closely model a wide range of

incident photon energies. This was to be expected and is simply a known limitation

of the library. The correct compilation and processing of the data has verified the

photofission capability in CINDER2008 and the fission product yields in this example

are therefore considered valid as compared to experiment.

3.1.4 Photofission Validation Case 2

Although the comparison on a single simple photofission case is useful, it does not

cover enough ground for a full validation and verification of the method. Therefore,

a second, albeit similar, photofission validation case is needed.

In order to properly validate the code and data library, comparison with experimen-

tal results is perhaps the best way to go. Jacobs et. al. [1], one year later from
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the experiments used in Subsection 3.1.4, performed a similar experiment on 235U.

In this experiment, results for the photofission yields were once again measured and

reported for as tallies for each mass number.

To reproduce this, another case was run in CINDER2008. The same input parame-

ters were used as with the 238U case above, both in flux and time of exposure. This

time, however, there are two energy choices for the fission product yield in the li-

brary since U234 is more well known in terms of fission product yields than U237. The

choices are between the fast energy range (6-14 MeV) and the high energy range (>14

MeV), which cover the experimental levels. Therefore, what should be expected, es-

pecially in light of the results from Subsection 3.1.4, is that the experimental yield

distributions should progressively move from the fast to the high range results from

CINDER. The nominal incident photon energies from the experiment are 9.7, 11.6,

14.1, and 70 MeV. For CINDER2008, as there are two choices for the fission energy,

fast and high, both are given on the plot to show their applicability. The fission

product yield results are given in Figures 3.6 through 3.9.

As with the previous validation case, the photofission yields match up quite well

overall. The shapes are consistent between experimental results and the model, with

the peaks again aligning nicely, albeit not as exact as in the case of 238U. This can

be, in part, attributed to the sparsity of the experimental results. There is no data

recorded where the model’s peaks lie, but trends in the experiment suggest that

they would be aligned if data was present. The peak to valley ratios are where the

main discrepancies are, which was to be expected. This is due to the models being

for a single incident particle energy, which does not match exactly the experimental

incident energies. The overall behavior of the distributions trending from the fast to

high energy spectra from the models was anticipated, but the 70 MeV experimental

result should have been predicted to have a lower peak to valley ratio than the fast

energy CINDER model. In fact, in comparison to results given in [39], this 70 MeV

result seems to not quite capture the expected shape. The valley should be raised
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Figure 3.6: 235U (γ,f) product yield at 9.7 MeV (experimental) versus CINDER at
5.7954 and 19.2374 MeV

to nearly the level of the peaks at that excitation level. This discrepancy could be

partially, if not fully, attributed to the fact that photon source is a Bremsstrahlung

source, not monoenergetic. Therefore, the energy of the source photons are actually

a continuum up to a maximum, with the most probable at approximately 30 MeV.

With these types of distributions, there are still plenty of photons below that level,

which could skew the results. [1]

These peak to valley ratio results and peak/valley mass numbers can be seen in Ta-

ble 3.6.

As with the first photofission validation problem, the relative error was found for

each distribution. Since this case had two library distributions, the energy range

that each experiment fell into was used decide which library set to use. The 9.7 and
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Figure 3.7: 235U (γ,f) product yield at 11.6 MeV (experimental) versus CINDER at
5.7954 and 19.2374 MeV

Table 3.6: Photofission yield results for 235U(γ,f), experimental and CINDER library
Incident Photon 9.7 11.6 14.1 70 9.7 (238U) 5.7954 19.2374
Energy (MeV) (Exp) (Exp) (Exp) (Exp) (Exp) (C08) (C08)
Ratio of Peak to
Valley

37.0 21.4 12.1 8.6 90.9 118.7 3.8

Peak Mass
Numbers
(Low/High)

94/135 94/135 95/137 95/137 99/134 94/141 96/136

Valley Mass
Number

115 115 113 115 117 117 116

Error: Exper-
iment vs CIN-
DER library

0.52 0.85 0.76 0.65 1.25 - -
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Figure 3.8: 235U (γ,f) product yield at 14.1 MeV (experimental) versus CINDER at
5.7954 and 19.2374 MeV

11.6 MeV cases were taken against the fast energy library (6-14 MeV), while the 14.1

and 70 MeV results were compared against the high energy library (¿14 MeV). It

should be noted that these libraries are most applicable for this case at 5.7954 MeV

and 19.2374 MeV. Since none of these cases are those energies, they are not expected

to align perfectly. However, as with the first validation case, when the relative er-

ror is less than one, the correct fissioning system is assumed and the results should

be applicable. As can be seen, when closer to the experimental result energy, the

library matches quite well (near 0.5 error). Additionally, when in the middle of the

two libraries, the results reach 0.85, showing that the results are a bit of a stretch to

match reality. As these results still match well, they are assumed again to be from

the correct fissioning system, validating the library translation.
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Figure 3.9: 235U (γ,f) product yield at 70.0 MeV endpoint energy (experimental)
versus CINDER at 5.7954 and 19.2374 MeV excitation

Although it is good to say that the values match up well, nothing has been pre-

sented showing the effect of using the incorrect fissioning system. Figure 3.10 shows

a comparison of a 238U(γ,f) set of experimental data versus the library for data for

235U(γ,f). An obvious misalignment is observed immediately, especially in the lower

peak. This difference is shown using the parameters of the yield comparison in Ta-

ble 3.6. Not only do the peaks not align, but the error measure blows up to 1.25.

This immediately flags the fact that the peaks are not aligned, causing large errors

to be calculated between corresponding mass points. The alignment of the high peak

is expected [39].

In addition to the check of the fissioning system in terms of photofission, it is useful

to also check that the library matches, when compared to the equivalent neutron
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Figure 3.10: 235U(γ,f) CINDER fission product yield results versus 238U(γ,f) exper-
imental results at 5.7954 MeV and 9.7 MeV, respectively

induced fission system. This can simply be done by taking the fissioning system

from which the library was translated and compare it against an experiment of that

neutron system.

An example of this is an experiment done on 234U with 14 MeV neutrons [2]. This

should almost exactly match the high energy library that is given for this system in

the new code (equivalent to the 19.2375 MeV 235U(γ,f) system). Figure 3.11 gives

the graphical results of this exercise. As can be seen, these results match nearly

exact as they represent information that went into the original dataset.

This simple comparison shows that the translation of the data has kept the integrity

of the original data as it can still be used in another translation back to neutron in-

duced fission.
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Figure 3.11: Comparison of fission product yields for 235U(γ,f) at 5.7954 and 19.2374
MeV versus 234U(n,f) at 14 MeV

Overall, the photofission product yield of 235U was shown to match up well to ex-

perimental data, with noted and explained discrepancies. Again the shape and

peak/valley locations were all aligned, indicating that the dataset in the library

matches with the physical problem in terms of the fissioning mass. As with the pre-

vious validation, this example showed that the lack of experimental data is the main

issue to fully validating the model – there are simply gaps in the data that don’t

allow for true peak and valley locations to be obtained. These validation cases do,

however, show the correct compilation and processing of the data for the photofis-

sion capability in CINDER2008. They also show that the data has been translated

correctly from the neutron induced systems. Slight differences in the library and

experiment are observed, but are not due to a different fissioning system, as shown.
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3.1.5 Photofission Validation Case 3

The third photofission example involves the photofission of 239Pu. The first two

validation examples were focused on uranium cases, where essentially all of the ex-

perimental data lies. However, the photofission yield data does not only include

the uranium isotopes. For CINDER2008 to be able to model photofission, the cross

section and product yield data must both be present. Of the materials that have

experimental results for photofission, plutonium is the only other element that fits

the criteria. In addition, the one isotope of plutonium that has experimental tabu-

lated fission product yield data for comparison is 239Pu. This validation therefore is

a useful comparison of a different proton number isotope.

Kondrat’ko et. al. performed an experiment in 1981 to measure this photofission

yield [4]. Unlike the two uranium cases given previously, this work was done by a Rus-

sian group, which expands the code to being validated by work by multiple sources.

The experimental setup included a 28 MeV endpoint energy Bremsstrahlung source

– equating to approximately to a most probably energy of 13 MeV. The irradiation

saturated the material, as with the other cases, so an identical setup was used as in

the first two photofission cases.

The CINDER2008 input again requires the choice of a fission product yield set. As

the translation of yield products has come from the neutron induced data for 238Pu

and 238Pu only has data for the high energy range, the choice for this model is simple.

For the translation, this set would be most appropriate at an energy of 6.1441 MeV,

with a suggested upper limit of applicability of approximately 13 MeV. This experi-

ment is on the upper limit of the range for this fission yield set, but is the best data

that is available.

The setup of the model for CINDER2008 followed the details of the previous two
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examples in terms of the amount of material, irradiation time, and input tolerances.

This model uses a flux that has been placed fully into the bin containing 13 MeV

since this is essentially a multiplier for the fission product yield. The same compar-

isons are therefore able to be used for this set as with previous validations.

Figure 3.12 gives the graphical results of this comparison. The solid line is the data

results from CINDER (using the translated neutron data) and the dots with error

bars give the experimental results.

As can be observed from Figure 3.12, the results of the simulation match well to

Figure 3.12: 239Pu (γ,f) product yield at 28 MeV endpoint energy (approximately
13 MeV most probable energy) (experimental) versus CINDER at 6.1441 MeV exci-
tation

the experimental results, but perhaps not as well as previous validations. As was ex-

pected again with the mismatch of the energy for the fission product yield data, the
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Table 3.7: Photofission yield results for 239Pu(γ,f), experimental and CINDER li-
brary

Incident Photon ∼13 6.1441
Energy (MeV) (Exp) (C08)
Ratio of Peak to Valley 16.1 101.7
Peak Mass Numbers
(Low/High)

99/135 99/136

Valley Mass Number 117 119
Error: Experiment vs CIN-
DER library

0.62 -

valley region between the light and heavy mass peaks is higher in the experiment.

This is do to the fact that the distribution becomes more symmetric with higher

incident energy. Additionally, the peaks are slightly lowered for this same reason.

Other than these two main differences, the trends are similar between the model

and experimental data. There is a slight offset noted at the high end of the mass

curve, where the library data appears to be higher than the experimental results.

The library seems to have a strange higher trend in this region, perhaps because this

comparison is between an evaluated library that is comprised of several experiments

and a single set of experimental data. Although this is not a major difference and

the trends are still the same, the discrepancy is noted.

In order to better compare the experiment and model, metrics can be used to quan-

titatively asses the differences. The mass numbers where the peak and valleys lie

can be compared to ensure the same fissioning system is being used. Additionally,

the peak to valley yield ratio gives the measure of how asymmetric the distribution

is. Finally, the error measure as described in Section 3.1.3 can be used to determine

how close the curves are in their trend. These results are all given in Table 3.7.

As with the previous validation cases, the sparsity of the yield distribution for the

experimental data has an impact on the peak and valley locations for this data. In

terms of the valley low point mass number, the experimental results and library differ

by two mass numbers. This can be attributed to the lack of experimental results in
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this region, where there are large gaps in the data. The overall trend in this region

appears consistent. The light mass peak number matches exactly between the model

and the experiment, which is perhaps the most important metric that can be used to

ensure the same fissioning system was being used. Since the heavy mass peak stays

fairly constant regardless of the fissioning mass due to stable proton and neutron

shells, the lower peak being the same shows that the remainder of the mass is being

attributed consistently. The heavy mass peak is only off by a single mass number,

but again this can be attributed to the lack of experimental data in this region. The

trends are similar between the two sets of results. Overall, from the peak and valley

alignment, the fissioning system is assumed to be correct.

In addition to checking the fissioning system in terms of mass, the excitation energy

should be verified. Since the two model and experiment differ in this sense, the

trend is what must be checked. As the CINDER library energy is centered around

6.1441 MeV, a higher excitation energy (as in the experiment) should result in a

more symmetric distribution. With the current set of metrics, this is verified using

the ratio of the peak to valley fractions. The closer the value is to 1, the closer the

distribution is to symmetry. The correct trend is observed with these results since

the ratio is 16.1 for the higher excitation energy experiment versus 101.7 for the lower

excitation energy model. This trend is verified and therefore not only has the fission

system been validated in terms of mass numbers, but also in terms of the trends due

to excitation energy.

A final measure of how similar the two distributions are is the error metric that was

described above in Section 3.1.3. This gives a single value measurement of how sim-

ilar or dissimilar the two distributions are. When the value is near or greater than

1, the fissioning systems are not similar. Below that, with a error value of around

0.5, the fissioning systems are very similar, with perhaps minor differences in the

magnitudes of the numbers, but the overall trends match. For this experiment and

model, the error metric shows a value of 0.62. This confirms the observation that
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the trends are similar between the model results and experimental data. This is a

low error value when compared to some of the previous validations, but all are still

within an acceptable range of less than approximately 0.9.

It should be noted also that this error metric is close despite the fact that the exci-

tation energy for the experiment is on the upper energy bound of the library data

applicability range. Therefore, the trends are that much more similar and are able

to compensate for the expected and observed mismatch in the peak and valley mag-

nitudes. This again corroborates the results of the other metrics.

For the third validation case, again the library has proven to be correct in its fission-

ing systems by using the translated neutron induced fission product yield data. This

validation used not only a different proton number than the other two validations,

but also a set of experimental data from a different research group. This further

validates the photofission product yields used in CINDER2008.

3.1.6 Photofission Validation Case 4

The fourth photofission validation case is another extension of the method that is

yet untested. This includes a mixed isotope case, where there are three different

fission product yields that fold into the final result. As there are limited isotopes for

this type of comparison in CINDER2008, especially ones that also have experimental

results, natural uranium was chosen. The isotopics of this case include 0.72% 235U

and 0.0054% 234U, while the rest is 238U. Modeling of this system will therefore be

predominantly influenced by the 238U. It will also be perturbed by the yields of the

two lighter uranium isotopes. This case will enable the interplay for mixed isotope

modeling to be validated.

An experiment in 1954 by Schmitt and Sugarman at the University of Chicago looked

at the photofission yields of natural uranium. They were looking for a systematic

approach to the yields at several incident energies, which had yet to be done for
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heavy isotopes in photofission. Therefore, they started with a 48 MeV endpoint

Bremsstrahlung source as the main comparison and then modified the x-ray energies

from 7 MeV to 300 MeV to see any effects. The main energy, 48 MeV (or approx-

imately a most probably energy of 15 MeV), was used to get the full yield for the

isotope. The yield results were much more sparse in their results due to simply try-

ing to observe the main changes that the excitation energy would make (around the

peaks and valley masses only). Since the full distribution is only given for this main

energy, a comparison is in order at that level.

Again, the same inputs are used as all the other validation cases, in terms of tol-

erances, irradiation time for saturation of the material, and material density. The

main difference with this case is that the material is spread in the proportions given

previously over three separate isotopes. Therefore, three isotopes are used at the

start of the irradiation in CINDER. To determine the fission product yield that will

be used, the energy of the experiment was taken into account. A high energy yield

was therefore selected since that will best describe the isotopes at hand. The high

energy range for all of these isotopes is centered around 19-20 MeV excitation, which

is closer than the fast energy range which is around 5.5-7 MeV. However, although

this is the selection made, for 238U, there is no high energy distribution in the trans-

lated library from the 237U(n,f) yield data. Therefore, for 234U and 235U, the high

energy curve will be used, but for 238U, the fast energy curve will be used. This will

skew the results as seen in the validation of 238U above in Section 3.1.3 toward higher

peak fractions and a lower valley fraction.

The results from this CINDER model and the experiment are given as the lines and

dots on Figure 3.13.

As can be observed in Figure 3.13, the overall trend again matches. The peak and

valley locations seem to align when interpolating a trend between the sparse experi-

mental data points. This is promising considering that three different distributions

make up the majority of this curve. At mass number 103, the experimental results
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Figure 3.13: U-nat(γ,f) product yield at 48 MeV endpoint energy (approximately
15 MeV most probable energy) versus CINDER at high energy setting.

seem to show a slightly different trend than the library results from CINDER. When

observing the whole trend of the data in the down-coming portion of the first peak,

though, the trend suggests that this value might be slightly low, but is consistent

with a more shallow peak and raised valley. This is therefore attributed to the mis-

match in the excitation energy of the library for 238U.

All other slight mismatches in the magnitude also can be attributed to the excitation

energy mismatch, as the difference lies mainly in the “flatness” or symmetry of the

distribution.

These observations are again not complete without a full investigation into the met-

rics described previously. The results for these quantitative comparisons are given

in Table 3.8.
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Table 3.8: Photofission yield results for U-nat(γ,f), experimental and CINDER li-
brary

Incident Photon ∼15 ∼20
Energy (MeV) (Exp) (C08)
Ratio of Peak to Valley 75.0 132.9
Peak Mass Numbers
(Low/High)

99/133 99/134

Valley Mass Number 117 120
Error: Experiment vs CIN-
DER library

0.87 -

These results are much like the previous three examples in their trends between

experiment and model. First, the comparison of the peak and valley mass numbers

should be done. It should be noted that for this comparison, the unusually low result

at mass number 115 in the valley was discounted as it was well off the trend of the

data. However, when looking at the trend of the remainder of the valley, the mass

number of 117 is the low point, whereas CINDER predicted a mass of 120. This

mismatch yet again can be attributed to the lack of data in the valley region for the

experiment. The peak numbers, on the other hand, are in alignment. The low mass

peaks are perfectly aligned at mass 99, as was observed in the trend of the data in

the figure above. Additionally, the high mass peak was only off by a single mass

number. The trends suggest these are aligned and there is no experimental data

point at the CINDER predicted heavy peak mass. With these alignments, again the

fissioning system (or systems in this case) have been preserved with the translated

fission product yield data.

The second metric that is used to do this validation is the peak to valley fraction

ratio. This again shows how asymmetric the distribution is, which is based on the

excitation energy of the fissioning nuclei. Since the 238U data does not include the

most appropriate energy range data, the results from CINDER were expected to be

skewed to a more asymmetric result – a higher ratio. This was confirmed in the

results, where CINDER predicted a ratio of of 132.9 while the experiment showed a
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ratio of 75.0. These results are much closer than previous cases, due in large part to

the contribution from the 234U and 235U results that have the high energy product

yield data. These yields therefore lifted the CINDER results to match more closely

to the experiment. This trend was again expected due to the limitations of the avail-

able data.

The final metric for measuring the proximity of the results is the error metric. This

tells how well the data matches in terms of the trends. A value of 1 or more generally

indicates that the fissioning systems are a mismatch as their product yields are not

aligned. For this model, the error metric was at 0.87. This value is higher than some

of the previous results, but it was expected. As the fission product yield for 238U did

not match the excitation of the experiment, the results from CINDER resulted in

a much more asymmetric distribution. As the experimental results are more flat in

the low mass range and the peaks are lowered, there is a natural offset in the data.

This is the same result that was observed in the case of 235U photofission yields and

energy mismatches in Section 3.1.4. As the distributions still have the same general

trends – the peaks and valleys line up – the error metric was still below 1.

Although this error metric was not as close as some other cases, due to modeling

limitations, it is still well below the cutoff for a mismatched fissioning system.

In all, the metrics for this validation of a three isotope material irradiation and fis-

sion product yield comparison show that the fissioning system has been preserved.

This of course is with the caveat of the known limitation of the data libraries for

CINDER2008 which do not contain a comprehensive set of evaluations at all ener-

gies. Through this validation, and the three previous, the fissioning systems have

been shown to be preserved, the model results match experiment, and the system is

therefore considered valid for use in photofission modeling.
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3.1.7 Photofission Validation Case 5

The final photofission validation case is used to show the subtleties that differences

in the proton number at the same mass will affect in the final fission product yield

distribution. Because the total mass is essentially the same with the same total

number of protons and neutrons, the general distribution of photofission products

will be the same. However, subtle differences can arise due to the fact that there are

different numbers of protons and neutrons in the nucleus.

When the atom scissions, heavy and light mass products are formed. Because of the

natural bias to fill neutron and proton shells, the initial number of these particles in

the scissioning mass can have an effect on the final distribution of the two products.

Therefore, when comparing the distributions from the fissioning mass of nuclides

with the same mass but different proton numbers, slight differences are expected.

To do such a comparison, 238
93 Np and 238

92 U are modeled using CINDER2008 to get

their photofission product yields. This can then be compared against the first vali-

dation case in Section 3.1.3 to check it against an experimental yield for 238U(γ,f).

One issue that arises for this comparison is the lack of evaluated cross section data

for 238Np. As this is essentially a multiplier for the fission product yield data and the

results are normalized in the end, what is input is inconsequential. A cross section

simply must be present for CINDER to process the photofission. All other inputs

are kept constant for this comparison from the previous four photofission validation

cases.

The experimental data and CINDER2008 results for 238U are exact copies from Sec-

tion 3.1.3. Full discussion of that validation will not be repeated here.

The photofission product yield distributions are given in Figure 3.14. The experi-

mental results for 238
92 U are the black dots, while the 238

93 Np and 238
92 U CINDER results

are given by the solid and dashed lines, respectively.

As can be seen from Figure 3.14, the expected subtle differences were observed.
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Figure 3.14: 238
93 Np(γ,f) product yield at 5.9862 MeV from CINDER2008 versus

238
92 U(γ,f) product yield at 6.6521 MeV and 9.7 MeV from CINDER2008 and ex-
periment, respectively.

Overall, the peaks and valleys are aligned due to the masses being the same. How-

ever, the transition from the light mass peak to the valley shows a difference between

the two isotopes. For 238Np, the shoulder in this region is shifted by a mass number

or two. This could be attributed to the difference in neutrons and protons between

the two isotopes. Since the heavy mass peak is consistent and well defined for most

heavy nuclei, the light mass peak will get the remainder of the neutrons and protons

left over from the scission process. As 238Np and 238U will be different in this re-

mainder by a proton and neutron, it is likely that the proton shells will be populated

slightly different between the two isotopes. Since neptunium has one more proton

than uranium, this is a hypothesis as to why the distribution in the 100-110 mass
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Table 3.9: Photofission yield results for the comparison of 238Np and 238U. 238U
results are repeated from Table 3.5.

Incident Photon 5.9862 (238Np) 6.6521 (238U) 9.7 (238U)
Energy (MeV) (C08) (C08) (Exp)
Ratio of Peak to Valley 159.4 188.7 90.9
Peak Mass Numbers
(Low/High)

100/135 99/134 99/134

Valley Mass Number 117 117 115
Error: Experiment vs CIN-
DER library

0.31 0.37 -

number region is skewed high for neptunium. Additional differences could come from

the difference in excitation energy, which is approximately 0.666 MeV, but this gen-

erally only affects the level of asymmetry in the distribution.

These slight differences do not greatly affect the overall distribution, though. In fact,

as can be seen in Table 3.9, the metrics used for checking the overall shapes show

that the two distributions are extremely similar though the shoulders are different.

Most metrics line up fairly consistent between the sets of data. The trend in the ratio

of peak to valley fractions are consistent as in previous sections – higher excitation

energy leads to a less asymmetric distribution. Additionally, the valley locations

match between the two CINDER results for 238Np and 238U. As well, the similar

shapes as noted in the figure can be seen in the error metric, with a consistently low

error between the measured values and the two CINDER library models.

These differences and similarities were expected in this validation exercise. Although

the mass number of the fissioning nucleus helps to mold the general shape of the fis-

sion product distribution, this validation exercise showed the effect of the number of

protons and neutrons. Slight nuances are introduced by differences in how the mass

is populated by protons and neutrons. Overall, this final validation illuminated these

differences and further validated the fission product yields that have been translated

from incident neutrons to photons.

74



Chapter 3. Results

3.1.8 Validation and Verification Summary

Through these seven models, the CINDER2008 code for dual processing of neutron

and gamma transmutation with natural decay has been verified and validated. It has

been tested on all capabilities newly added to the thoroughly validated CINDER2008

code.

First, the data input, output and internal handling was verified through two simple

examples. These not only showed that the libraries were being read correctly and

that data was being processed consistently, but also that the interplay of the dual

particles was being captured. No issues arose in this verification.

Next, the surrogate fission product yield distributions (from A-1(n,f) were validated

versus experimental results for photofission. This ensured that the translation in

terms of mass and energy was consistent with the actual physics of the reaction.

Overall, trends were consistent with the experimental data, even if absolute values

were different most likely due to a lack of a full mass curve for experimental data.

This closeness was measured by an error metric – a single value denoting how close

the library data and experimental results are. These values are summarized in Ta-

ble 3.10 for all validation cases. The validation of the surrogate reactions proved to

be successful as all results were consistent with experiment and as expected.

In addition to ensuring the surrogate reactions were valid, a comparison was made

to examine how apparent it would be if an incorrect fissioning system was used. In

terms of a different mass altogether, the comparison showed that there are glaring

differences in terms of peak and valley locations in addition to simple observation of

the distributions. The error metric as well captured this discrepancy. A system that

has a slightly different number of protons and neutrons making up the same mass

is much more difficult to discern. The distributions were consistent and the error

metric proved the shapes are similar. However, slight nuances introduced by how

the final products will be created based on the number of protons and neutrons was
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Table 3.10: Summary of the error metric denoting the closeness of the CINDER
library (surrogate data, using A-1(n,f)) and experimental results for photofission
yield distributions (using A(n,f)). Values between 0 and 1 denote a close match (the
lower the number, the closer the results), while values above 1 denote a mismatch in
the fissioning system. Values are summarized from tables in the previous validation
sections. (exp) denotes if experiment other than fissioning system was used for
comparison.
Fissioning System Excitation Energies Measure Section

(CINDER/Experiment) in MeV of Error
γ+235U 5.7954/9.7 0.52 3.1.4
γ+235U 5.7954/11.6 0.85 3.1.4
γ+235U 19.2374/14.1 0.76 3.1.4
γ+235U 19.2374/70 (endpoint) 0.65 3.1.4
γ+238U 6.6521/9.7 0.37 3.1.3
γ+238U 6.6521/11.6 0.36 3.1.3
γ+238U 6.6521/13.4 0.46 3.1.3
γ+238U 6.6521/14.7 0.46 3.1.3
γ+235U vs. γ+238U(exp) 6.6521/9.7 1.25 3.1.4
γ+239Pu 6.1441/48 (endpoint) 0.62 3.1.5
γ+U-natural ∼20/28 (endpoint) 0.87 3.1.6
γ+238Np vs. γ+238U(exp) 5.9862/9.7 0.31 3.1.7

observed both visually and through the mass peak and valley locations. In all, these

special cases do not disprove the surrogate models that were used, further validating

the library.

This validation and verification exercise proved successful for library and code mod-

ifications introduced into CINDER2008 for the processing of photonuclear transmu-

tation.
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3.2 Demonstration of TINDER and CINDER2008

Now that the CINDER2008 code additions for dual particle transmutation have been

verified and validated, it is necessary to do a thorough example that tests the new

capabilities. Not only should this example test the CINDER additions, but also

utilize the driver code, TINDER, to couple these calculations to transport.

As mentioned in Section 2.2, the TINDER code is a driver that connects the trans-

mutation capability of CINDER2008 with different 3D transport solvers. The current

solvers that are available are EVENT (even parity, deterministic transport) and MC-

NPX (Monte Carlo transport with high energy capabilities). These two transport

codes cover a wide range of appropriate problems, from the scoping/parametrization

cases to complex, all inclusive problems. EVENT is generally better when lower

fidelity modeling is appropriate or when computational time is at a premium. Due

to the deterministic nature of the code and the simplifications in terms of physics,

precision is potentially not as good as Monte Carlo, but the calculation is much

faster. MCNPX has the capability to model very fine details in the physics, over

wide energy ranges (including very high energy) and intricate geometries. However,

MCNPX is limited in that Monte Carlo calculations are extremely time consuming

and therefore should be used as a last resort or for a final, intricate design calculation

after scoping models have been made with a less expensive tool.

For the demonstration case, both transport codes will be used. This will enable a

comparison of the computational time for each method, as well as the differences in

the results. It will also allow for a check on each method to ensure the data transfer

using the wrappers is performed correctly (as the wrappers for each transport code

are different).

The problem that will be addressed and modeled is one that was an experiment

performed by Lawrence Livermore National Laboratory for active interrogation. [74,

75, 76, 77, 78, 79, 80, 81, 82, 83, 84] As these systems are the driver of this project,
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this type of model is appropriate. The next Section, 3.2.1, will give a description

of the problem. This will include not only a description of the experimental setup,

but how that system is modeled in the two different transport codes. Additionally,

this section will describe the changes that were made from the original experimental

setup of solely a neutron source to a dual particle source.

Then, Section 3.2.2 will give the results of this modeling using TINDER. It will

compare and contrast the results with the experimental results for a neutron only

source, giving indications of the utility of photofission on these types of systems.

After the general results and performance has been outlined, Section 3.2.3 will give

the results of a sensitivity analysis performed on the CINDER2008 code. This sen-

sitivity analysis was performed to determine how sensitive the system at hand is to

the calculated flux profiles. This will give a measure of how exact the fluxes should

be computed in order to properly characterize active interrogation systems.

Finally, the demonstration problem will be summarized in Section 3.2.4. This will

give an overview of the performance of the code system as a whole.

3.2.1 Problem Description

In order to move further with the demonstration problem results, a full description of

the problem at hand is in order. The model has been slightly adapted from the work

by Slaughter et. al. [84] at Lawrence Livermore National Laboratory (LLNL). This

work had been done to investigate the viability of active interrogation with neutrons

on cargo. It was intended to verify if a delayed photon signal could be seen after

fission was induced by a neutron beam.

The general idea is based on irradiating cargo with a high energy beam of parti-

cles, which will can then cause fission in enriched uranium, if present. The daughter

products of this fission then produce beta delayed photons from their decay, which

can be observed for a minute or longer after irradiation. This timing allows for the
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standard activation of the host cargo to dissipate enough for the beta delayed signal

to be observed. Additionally, these photons that will come from the decay of fission

fragments inside an energy range (3-6 MeV) that is uncommon for other types of

decay and activation. Therefore, if, after a period of time post-irradiation there is a

photon signal in the 3-6 MeV region, there is a high likelihood that fission took place

in the cargo. The cargo could then be scrutinized further. This method, although

perhaps not a primary screening tool because of the irradiation effects on cargo and

the cost, it could easily be used as a secondary tool before actually opening the cargo.

The group at LLNL used this concept to see if it was possible to detect a canister

of U3O8 within a matrix of plywood (among other materials). Their neutron source

peaked at 7 MeV, emerging from a source below the cargo. A hole in the floor

allowed for an approximate beam spot radius on the cargo of nearly 6.77cm. The

source strength through that beam spot is 2× 108 n/s.
2 This beam then transports

through an essentially homogeneous plywood matrix with a density of approximately

0.55 g/cc, made almost entirely of hydrogen, oxygen, and carbon. The plywood was

arranged in a way to mimic the size and shape of cargo that would be scanned and a

panel of detectors was erected on one side of the cargo to essentially encompass one

of the six sides of the cube. A schematic of the setup is given in Figure 3.15.

In addition to this schematic, Table 3.11 gives the specifics on the model in terms of

materials, dimensions, etc.

In this setup, there are several assumptions that have been made in order to model

it on a computer. The first assumption has to do with the source. The source is

modeled as a 7 MeV monoenergetic neutron beam. In reality, there is a distribution

about 7 MeV and there are neutrons that will appear below and above that value.

These are assumed to be insignificant since these details will be many (at least 5)

orders of magnitude lower than the actual distribution. In addition to the energy of

2Calculated based on a source strength of 1× 1010 n/s situated at a distance below the
cargo with a 15 degree angular view factor.
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Figure 3.15: Schematic of the experimental setup on which the demonstration is
based.

Table 3.11: Detailed parameters for the demonstration model
Plywood box dimension (cm) w×l×h 122×229×178
Plywood composition: 0.55 g/cc

Hydrogen 6.45% (weight)
Carbon 48.55%
Oxygen 45.00%
Target cylinder dimensions (cm) r×h 4.3×3.37
Target composition: 2.4 g/cc

Uranium-235 80.15% (weight)
Uranium-238 4.45%
Oxygen 15.4%
Source spot radius (cm) 6.77
Source spot location Centered on Bottom Face
Source strength (n/s and γ/s) 2×108

the source, the strength and direction have been assumed. The strength has been

calculated based on flux measurements made in the experiments. An unattenuated

flux was given, allowing for a back calculation of the source rate through the beam

spot. Also, the neutrons are assumed to be directed inward, normal to the cargo
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surface.

The next assumption has to do with the material compositions in the setup. The

plywood is assumed to be entirely hydrogen, carbon, and oxygen at a density of

0.55g/cc. The composition in reality will have traces of other elements, especially

in the glue that is used. However, these elements will in general just modify to the

scattering and slight absorption of source neutrons. This modification is assumed

to be insignificant over the whole cargo. Additionally, the density is assumed to

be constant over the whole media. Ignoring heterogeneities in this size of cargo is

standard practice but is noted. This assumed content and density of the U3O8 target

was also done to simplify the model.

The final assumptions are with the detection of the produced photons. The detector

is assumed to encompass an entire side of the plywood box. Therefore, every photon

that exits the cargo on that surface will pass through (and possibly interact) with

the detector. In the models, it is assumed that all photons passing through that

surface can be detected, and a detector efficiency can be used at that point (highly

dependent on the detector).

With those assumptions in mind, the computer model versions of this experiment

can be introduced. As mentioned in the introduction to this section, transport mod-

els were built for both EVENT and MCNPX.

The MCNPX model was built directly around the model described previously. As

Monte Carlo is able to model minute details in geometry easily, the setup was mod-

eled just as described above. A total of 10 million (50 million for the photon source)

source particles were run to properly determine the characterize the flux profiles

within the cylindrical target. Unlike the experiment, both neutrons and photons

were used as sources for the MCNPX models (run separately). The photon source

was kept at the same strength as there are existing sources that are able to reproduce

those numbers [85] and was set to be a mono-energetic 12.2 MeV source. This energy

is in the heart of the giant dipole resonance region for photofission of 235U, making
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it much more effective. Two models were run for MCNPX to model neutrons only,

photons only, and a linear addition of the two was used for the dual particle case.

All cases were run tracking both neutrons and photons.

For the EVENT model, simplifications were made to show the power of a determin-

istic transport method. First, the model was reduced to a 2-dimensional cylindrical

geometry. This means that the box of plywood was translated into an equivalent vol-

ume cylinder. The height was kept constant as the length of travel for the particles

to the target is an extremely important parameter. Additionally, the model, due to

code constraints, uses an isotropic surface source in the beam spot instead of a mono-

directional source. As the neutrons are scattered almost immediately in the plywood,

this does not make a large difference, but for photons it does as they stream through

the plywood. Therefore, equivalent models have been run in MCNPX to determine

the effect of this source change. As the isotropic source with the same strength will

cause a lower total flux in the target, a multiplication factor was determined from

these models to affect the same total flux from the two sources. This multiplication

factor was then applied to the EVENT source. Like the MCNPX models, two cases

were run with EVENT: a neutron source problem and a dual particle problem.

Additionally, a multigroup library with 30 neutron groups and 12 photon groups was

used. These libraries are from the TRANSX code’s [86] MATXS10 library, which is

weighted with the following distributions: thermal Maxwellian, 1/E for the resonance

region, and Watt fission spectrum for high energies. The use of this validated, off the

shelf library not only gives the data library some pedigree but also again exemplifies

the low cost of running a deterministic transport method.

These two methods comprise the first transport calculation for the active interroga-

tion problem. Both return the results for the average neutron and photon flux in the

target region. In order to get this flux, F4-type tallies were used in MCNPX. This

tally uses a track length estimation to determine the flux within a region. EVENT

uses the calculated first moment of the angular flux (the scalar flux) in each finite
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element of the region to calculate the volume averaged flux.

Once calculated, this flux is input into CINDER, along with the materials and volume

for the target, U3O8 cylinder. CINDER is then run to determine the transmutation

of the materials and the subsequent beta delayed photons released. As is done in the

experiment, the beam (the constant flux in the case of CINDER) is turned on for

30 seconds to perform the irradiation and activation. This is done in a single time

step. After this is done, the daughter products are left to decay with a zero flux.

The delayed gammas in the range of 6 to 7 seconds after the irradiation are used

in the re-transport models. This time corresponds to the initial time the detectors

were turned on to start detecting radiation in the LLNL experiment.

The delayed spectra that is produced by CINDER not only contains the beta-delayed

gammas from fission, but also the photons that are produced from the natural decay

of uranium and its daughters. Therefore, it contains the low level background signal

that would be observed from the target itself. The next step is to transport these

photons to the detector to see how the potential signal that could be seen.

For MCNPX, as it is using a rigorous representation of the experiment, the gam-

mas are emitted as a uniform volume source throughout the target. The rest of the

model remains the same as mentioned above. To determine the potential signal, an

F1 current tally is taken on the detector faces of the plywood matrix. Since particles

are killed in the model when they exit the box, there is no incoming current. The

F1 tally will then just show those leaving the box and potentially being detected.

In the EVENT model, another approach is taken. As the model was translated to

a 2D cylindrical problem for the first step to save on the computation, a similar

approach is used for the second step. It is important for this step for the photons

to travel the correct distance to the faces of the box, a 2D x-y geometry has been

set up. This means that the inner cylinder and outer box are infinite in the vertical,

Z-direction (the beam direction). Additionally, symmetry is used to only model a

quarter of this geometry. Figure 3.16 gives the schematic for this 2D problem. The
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current through the detector face is then divided by 2 to determine the number of

particles that could be detected (as it represents the four quarters through symme-

try).

Once the re-transport has been completed, the modeling of the problem is finished.

Figure 3.16: 2D X-Y setup of the second EVENT model used for re-transporting
the delayed photons. Geometry is infinite into the page and the initial source was
directed into the page, also. Hashed portion denotes region ignored due to symmetry.
White plywood region is the geometry as modeled, with the U3O8 target in the lower
left-hand corner.

This “detected” amount of photons can then be combined with a detector efficiency

84



Chapter 3. Results

to determine the actual signal output. In general, detector efficiencies can range

anywhere from 10-35%. To compare with the experimental results, an efficiency of

30% is assumed [85], which although on the high side gives a good comparison versus

the measurements.

3.2.2 Active Interrogation Results

Now that the problem has been outlined, the results from these models can be in-

troduced. As two codes have been used in the process, both sets of results will be

presented, compared, and discussed.

As mentioned in the previous section, the first step in the modeling is the first trans-

port sweep. This models the transport of the neutrons and photons to the target and

determines the volume averaged flux for the region. In order to see the effect of the

dual particle active interrogation, a neutron source case was run in both transport

codes as a baseline. This baseline not only allows for the gains in the dual particle

active interrogation to be seen, but also gives set of values to compare to the exper-

imental results for validation.

The MCNPX results were easily found as the model was well defined and could

be reproduced in the code directly. However, the EVENT results, as the source is

isotropic and not directed, need a multiplication factor to be applied before they can

be used. To find this multiplication factor, the standard, directed source case was

run in MCNPX, followed by an isotropic source case. This was done both for the

neutron and photon source cases. A multiplication factor could then be found from

a ratio of the directed source to isotropic source total flux. The following table, 3.12,

gives the results of this comparison.

The true impact of this approximation can be seen through the plotting of Monte

Carlo particle paths for these calculations. Figures 3.17 through 3.20 give these re-
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Table 3.12: Multiplication factor to compensate for EVENT isotropic source
MCNPX MCNPX Ratio
Isotropic Directed (compensating factor)

Total neutron flux 2.730× 10−5 3.663× 10−4 13.417
Total photon flux 8.093× 10−5 5.058× 10−3 62.498

Figure 3.17: Incident neutron tracks for inward normal source in a vertical slice in
the centerline of the geometry. Source is located in the bottom center of the figure.
U3O8 target is located in the center of the box, denoted by a faint black border. Red
tracks are those of the initial particle. (1000 source particles graphed)

sults. These figures are a slice through the vertical centerline of the cargo. Therefore,

the source is located at the bottom center of the plot (denoted by a red instead of

black outline) and the target is located at the center of the cargo box.

Figures 3.17 and 3.19 give the cases where the source is directed inward. This is

essentially as was performed in the experiment. It can be easily observed that due

to the low-Z and hydrogenous cargo material, even directing the neutrons directly

inward does not stop them from being highly scattered by the time they reach the

object. On the other hand, the photons have an easier time traversing the cargo as

they do not interact as easily with the light materials.

Figures 3.18 and 3.20 show the effect of an isotropic source on the particle tracks.
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Figure 3.18: Incident neutron tracks for isotropic inward source in a vertical slice in
the centerline of the geometry. Source is located in the bottom center of the figure.
U3O8 target is located in the center of the box, denoted by a faint black border. Red
tracks are those of the initial particle. (1000 source particles graphed)

Figure 3.19: Incident photon tracks for inward normal source in a vertical slice in
the centerline of the geometry. Source is located in the bottom center of the figure.
U3O8 target is located in the center of the box, denoted by a faint black border. Red
tracks are those of the initial particle. (5000 source particles graphed)
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Figure 3.20: Incident photon tracks for isotropic inward source in a vertical slice in
the centerline of the geometry. Source is located in the bottom center of the figure.
U3O8 target is located in the center of the box, denoted by a faint black border. Red
tracks are those of the initial particle. (5000 source particles graphed)

Little impact is shown with the neutrons as they were essentially isotropically scat-

tered by the time they reached the target, no matter how they are configured when

the enter. However, there is still an impact that can be seen as the epicenter of the

tracks is located much closer to the wall of the cargo. The true impact is seen with

the photon cases, where the isotropic and inward normal directed cases look very

dissimilar. As the photons are the opposite of the neutrons and do not scatter well

in this material, the output is much different. The isotropic photon case results in a

much lower total flux at the target based on the same number of incident isotropic

particles.

Since this is the simplification that must be made with the deterministic code, it

is duly noted that there is a significant correction that must be made on the total

flux at the target. When accounting for all production through dual particle track-

ing in these cases, the neutrons and photon fluxes are 7.5% and 1.6% their original

values when transferring from directed to isotropic sources, respectively. This fac-

tor is therefore added to the results that come from EVENT before they are used
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in the transmutation calculation. Subsequent calculations (e.g. the re-transport of

photons) do not require such modifications.

By introducing these factors in the source strength of the EVENT models, the vol-

ume averaged flux results for the target can be used. Figures 3.21 through 3.24 give

a graph of the energy distribution of the flux results from both codes. As the total

number of neutrons and photons are lowered through the isotropic approximation, it

is necessary to see if there is any impact on the energy distribution of the particles.

A visual inspection of these results show a fairly close calculation in both codes.

Figure 3.21: Comparison of volume averaged neutron fluxes in the U3O8 target due
to dual particle source.

For the neutron fluxes, the trends are similar between MCNPX and EVENT, with
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Figure 3.22: Comparison of volume averaged neutron fluxes in the U3O8 target due
to neutron only source.

MCNPX predicting lower fluxes at low energies but crossing over at about 500 keV

and predicting higher fluxes from that point. These discrepancies could be due to

the energy of fission neutrons, which will appear in the MeV range then lose their

energy as they scatter. Small differences in the representation of this physics could

account for the observed discrepancies. It should be noted, though, that notable

features are consistent: dips in the flux near 3 and 30 keV, thermal Maxwellian-like

peak at low energy and Watt fission-like spectrum peak at high energy. In fact, these

features are consistent for both the neutron only source and dual source problems.

Although the transport of neutrons seems to diverge slightly between the two codes,
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Figure 3.23: Comparison of volume averaged photofluxes in the U3O8 target due to
dual particle source.

the transport of photons seems to be more similar. This can be observed in Fig-

ures 3.23 and 3.24. For the dual particle problem, the trends observed are fairly

consistent, especially considering EVENT is using a 12 group energy structure. The

modeling of the slowing down through the cargo appears to be similar as their shapes

are well correlated. The high energy peak is observed, as well as the increase in the

flux around 500 keV. Unlike the neutron fluxes, though, one model is consistently

predicting a higher flux throughout the entire spectrum. EVENT tends to predict

a higher photoflux when the trends in the data indicate a dip. Again, this is most

likely attributed to the data that is supplied to the codes. MCNPX has a much more
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Figure 3.24: Comparison of volume averaged photofluxes in the U3O8 target due to
neutron only source.

complete representation of the physics with its larger library for this data. Many

of the reactions at higher energy in the photon cross sections are not captured, or

not captured well, in the MATXS data that is used in EVENT. Therefore, lacking

these interactions, especially absorption reactions, can lead to the increase in the

prediction of the flux in the target. They simply will not be removed at the same

rate in each code. Another possible reason for the higher number of photons in the

dual particle source case is the production rate of photons through fission and other

neutron induced processes. This could also account for a higher number of photons

in the final solution.
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This final thought can be seen especially well in the photoflux plot for the neutron

only source case, Figure 3.24. This plot shows photons that are solely created in

neutron induced reactions, (n, γ), (n, f), etc. Therefore, if the same data was held

in both codes, these plots would extremely similar. However, since EVENT shows

a generally higher photoflux over all energies, it is safe to assume that the number

of photons produced in the EVENT libraries is higher than those in MCNPX. Ad-

ditionally, if there are fewer removal cross sections, as mentioned, this increase is

carried through the calculation. Both of these then can compound into the observed

photoflux differences.

Overall, Figures 3.21 through 3.24 show an agreement between the codes on the

overall flux profiles, no matter the incident particles.

Although a qualitative comparison is easy, a quantitative measure is more rigorous.

The quantitative comparison yields a maximum relative error in the overall flux dis-

tribution. For the dual particle case, the neutron and photon fluxes have maximum

relative errors of 33 and 29 percent, respectively. The discrepancies are similar for

the neutron only case, where the neutron and photon fluxes have a maximum rela-

tive error of 37 and 15 percent, respectively. The driver of the higher discrepancies

in the neutron fluxes is the discrepancies at very low and very high energy. These

differences are less in the photon flux cases as the overall trends are very similar with

little to no divergence at the ends of the energy spectrum.

Discrepancies at this level are to be expected, even of 37 percent. This is due to the

fact that two codes are using highly different methods, assumptions and data. The

trends of each flux spectra are overall fairly consistent, which is promising. Differ-

ences in the results could be caused by many factors, as previously mentioned. The

first is the inherent physics assumptions in the deterministic transport code. The

multigroup approximation is made in energy, which could cause some of the minute

details in cross sections and interactions. Additionally, the finite element approxi-

mation in space can miss some of the details in spatial heterogeneities. Also, the
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isotropic source translation and use can easily cause a slight mismatch in the final

resulting flux, due to the scattering of the particles. Finally, the differences in the

data supplied to each code could account for many of the discrepancies observed as

well. With all these in mind, however, the deterministic method still has its advan-

tages.

The advantages of the deterministic method come mainly in the computation time

and effort for the calculation. To get the average flux, it took EVENT 350 times less

computational time than with MCNPX. To get within 37 percent in such a small

fraction of the time shows the true power of deterministic methods. In fact, the

deterministic code could be bolstered with a larger number of energy groups, a finer

finite element discretization, and/or a finer angular approximation (all not necessary

for this investigation) to bring the results closer if that was needed.

With these flux distributions from each code for the two different cases, CINDER is

now ready to be run. As previously noted, the material is “burned” for 30 seconds,

followed by 6 seconds of decay time, followed by 1 second more of decay. At that

point, the delayed photon spectra is captured for use with the transport codes.

Four different gamma spectra results were found and are displayed in Figure 3.25. As

is expected from the flux results, where EVENT generally predicted a higher flux, its

delayed gamma spectra are higher. The shapes match extremely well though, as is

also expected. The flux is essentially a multiplier on the delayed spectra, so a higher

input flux generally will result in a higher spectra. Either way, in the detectable

region (>3 MeV), there are plenty of gammas being created.

It is also useful at this point to see what the spectra would look like without irra-

diation. This will give an idea of how effective the active interrogation can be. The

signal that is produced in the activation of the material must overcome this back-

ground signal, otherwise no flags may be thrown in the interrogation. Figure 3.26

gives the photon spectra when the material is just decaying – as when using passive

methods to interrogate cargo.
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Figure 3.25: Comparison of delayed gamma spectra at 7 seconds post-irradiation
calculated by CINDER2008 due to neutron only or dual neutron/photon sources
as transported by MCNPX and EVENT. The spectra is as emitted from the U3O8

target volume.

As can be seen in the figure, little to no photons are being released in the 3-6 MeV

range, the range that is being monitored after irradiation. This shows that neutron

and/or photon irradiation holds promise for detection.

Now that the photon spectra have been determined, it can be re-transported out of

the cargo and to the detecting surface. By doing this, it shows the potential amount

of measurable radiation coming from the interrogation. This source was modeled in

both MCNPX and EVENT to track the outgoing current along the detection face.

This result can then be compared and contrasted with the experimental result, as-
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Figure 3.26: Delayed gamma signal produced by the natural decay of uranium in the
U3O8 target as a constant background signal.

suming a certain detector efficiency.

The experimental results for this value, as presented by Slaughter [84], are not ex-

plicitly given. However, they can be extracted from a graph. The value as extracted

through this method, at the 6 second post-irradiation mark, is approximately 60

photons per second (approximately 40 photons per second after a background cor-

rection). As this data was determined from a graphical representation, it should be

assumed to have a high uncertainty, approximately 20%. So long as the calculated

values are of the correct order of magnitude, they are assumed to match well. This

is especially true due to the assumption of the detector efficiency.
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The following table, Table 3.13, gives a summary of the results from these calcu-

lations. This table assumes a 30% detector efficiency for both the MCNPX and

EVENT models. This means that the current across the detector face of the cargo

was multiplied by 3/10
ths to give an approximate detection rate.

The results in Table 3.13 are the ultimate outcome and measure of the active interro-

Table 3.13: Detected photons as calculated by EVENT and MCNPX at 7 seconds
post-irradiation. Assumes 30% detector efficiency for all photons. Experiment mea-
sured approximately 40 photons per second.

(in photons per second) MCNPX EVENT
Neutron only case 43.47 94.02
Dual source case 54.55 108.41

gation. These numbers represent the total signal that is observed by the detector. In

comparison to the experimental results, the neutron only cases for both MCNPX and

EVENT are comparable, off by 8.7 and 135 percent, respectively. Considering the

uncertainty experimental result and detector efficiency, matching to about a factor

of two is promising, even with all the approximations made with the EVENT model.

Note also that the EVENT model is 2D, so there is no leakage through the top and

bottom of the cargo. These values for the neutron only case are of the correct order

and are therefore taken as a correct representation of the system.

Just as important as the comparison to the experimental results is the comparison

of the single and dual particle beams. This comparison shows how effective the pho-

ton beam was in causing further fission, leading to more detectable signal. For the

MCNPX and EVENT models, the addition of the photon beam led to a 20.31 and

15.29 percent increase in the detectable signal, respectively. This is a measurable

difference, especially considering the much lower cross sections for the photonuclear

reactions.

This increase in the total detectable radiation in the 3-6 MeV range shows that the

dual particle beam can make a difference, especially when the cargo material is highly

neutron scattering. Hence, a dual particle active interrogation scheme has a great

97



Chapter 3. Results

advantage over a single particle beam.

It is worthwhile to note also the computational times for each set of problems. These

are given in Table 3.143. Note that this is the total computational time for the prob-

lem run in TINDER, which includes the initial transport, the CINDER calculation,

and the final transport model. As can be seen, the EVENT models were by far much

less computationally expensive than the MCNPX models. A savings on these prob-

lems of approximately 7 hours is huge considering this is simply a scoping problem.

Dozens of these could be run with different target and cargo materials, making the

expensive MCNPX runs add up quickly. As the final results are comparable to both

the experiment and rigorous MCNPX runs, the calculations with EVENT are the

best suited for this model.

Table 3.14: Computer time required for full TINDER demonstration calculation.
(in seconds) MCNPX EVENT

Neutron only case 17901.9 76.13
Dual source case 18174.6 68.22

3.2.3 Sensitivity Analysis on CINDER2008

A byproduct of the research listed in Section 3.2.2 is the need to have a handle on the

sensitivity of the transmutation calculation to the input flux. As the Monte Carlo

calculations are expensive, it would be best to be able to run deterministic trans-

port codes to find the volume averaged flux. From the results of the demonstration

problem, it appears as if the output spectra from CINDER are not highly sensitive

to the input flux. This assertion is to be qualified.

In order to perform the sensitivity analysis, a proper method is needed to vary the

input flux, run the CINDER calculation, and track the final results. The DAKOTA

3As calculated on the same machine running Fedora 13 Linux, 8GB of memory, and 4
dual core processors.
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code from Sandia National Laboratories [87] is well suited for this type of problem.

Although designed for massively parallel computations and hundreds of varied in-

puts used to perform an uncertainty quantification, it is still more than capable of

handling a relatively simple sensitivity analysis study. Effectively, Dakota is a wrap-

per around a “black-box” program. It will send the program a randomized input

parameter and will read back response functions that measure the effect of that ran-

domization. Based on the input and response, the sensitivity of the calculation can

be determined.

The demonstration problem was chosen as the standard model for the sensitivity

analysis to keep in line with the discussion previously. Additionally, as the investi-

gation is into CINDER’s sensitivity to the flux inputs, there is no need to run the

transport calculation each time. A standard neutron and photon flux is all that is

necessary, as it can be subsequently perturbed for the study. Therefore, the MCNPX

dual beam model from the previous section was used as the standard. A perturba-

tion is then imposed on that flux.

Now, a fluctuation must be introduced on the flux for each iteration. For this study,

a 10 percent maximum individual bin perturbation was used. Therefore, the iter-

ation is assigned a random multiplicative value between -10 and 10 percent. Each

bin was then perturbed by a random amount in the range of 0 to that multiplicative

value (an introduction of random noise with a maximum value). This led to a per-

turbed flux distribution which was then used in CINDER. Five hundred iterations

were performed to properly characterize the sensitivity. Figure 3.27 gives a graphical

example of how this perturbation allocation works.

Not only does a method have to be defined for the inputs, but some sort of metric

must be devised to measure its ultimate effect on the output. Since the output in

question is the delayed photon spectra at 6 to 7 seconds post-irradiation, the metric

is built around that vector. As it is not a scalar quantity, the metric is the L2 norm

of the relative error between spectra bin values (unperturbed/standard to perturbed
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Figure 3.27: Example of how the perturbation is allocated for each group. The light
grey region about the black multigroup flux denotes the range that the flux can be
perturbed (in one selected direction only). The dark grey denotes the selected value
within that range for that bin.

result). This relative error gives a vector of differences, which can then be manipu-

lated. For the L2 norm, these values combined in a root mean square fashion, as the

error metric was done in the previous section. This gives a single value measuring

the distance from the true delayed spectrum value. An additional norm is also given,

the L-infinity norm, which gives the maximum difference of a single value over the

whole spectrum.

With the input and outputs defined, the Dakota sensitivity analysis was performed.

Three separate cases were run: perturb only the neutron flux, perturb only the

photoflux and perturb the neutron and photon fluxes independently but simultane-

ously. These three cases therefore will show the effect of noise or uncertainty in the

fluxes on the final product, individually and combined.

These results are shown in Figures 3.28 through 3.31.

Quite a bit of information can be deduced from these results. To do so, it is necessary
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Figure 3.28: Distribution of the error (as measured by norms) due to a random
perturbation of the input neutron flux in CINDER2008.

to discuss each plot individually. It should be noted that although a continuum might

be anticipated to a norm of zero, due to the numerical precision in CINDER2008

and the probability of getting 25 random zero perturbations, this continuum is not

observed with the 500 iterations performed.

Figure 3.28 shows the response of the output beta delayed gamma spectra on the

perturbations of the neutron flux. First, the banded nature of the plot is due to the

fact that a range was available at each level in terms of the amount of perturbation

allowed. If only the maximum was applied to each bin, a single linear response would

be observed because that would simply be a multiplier on the entire flux. The grey

squares on the plot denote the overall effect of the perturbations. These are based on

the L2 norm. The black triangles give the maximum individual response, the L-∞
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Figure 3.29: Distribution of the error (as measured by norms) due to a random
perturbation of the input photoflux in CINDER2008.

norm. The plot shows that the individual effect, on average, is linear and approxi-

mately a 5% offset per 10% input perturbation. This is true in both the positive and

negative directions.

Overall, the effect of a perturbed neutron flux on the total spectra are approximately

20% per 10% perturbation. Therefore a the uncertainty can be doubled on the whole

through the calculation if it is input incorrectly. On the other hand, individual points

only take approximately half the uncertainty that was input. Although not dramat-

ically sensitive, the output gamma spectra are sensitive to the neutron flux that is

input for this case.

Moving onto the photoflux sensitivity, Figure 3.29 shows the same results but this

time for a perturbed photoflux, while holding the neutron flux at the constant level.
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Figure 3.30: Distribution of the error (as measured by norms) due to independent
random perturbations of the input neutron and photon flux in CINDER2008, plotted
versus the maximum perturbation of the neutron flux.

The limits were kept the same but a much lower effect is observed. Only approx-

imately a 1% change in the total spectra output is observed with a 10% noise on

the photoflux. For individual values it is even lower at about 0.4%. As that is an

extremely small effect on the output, this problem is insensitive to the photoflux.

This does bring the need for some discussion, however. First, the main reason of the

ineffectiveness of noise on the outcome are the very low photonuclear reaction rate.

The cross sections for photonuclear reactions are much much lower than those of neu-

tron induced reactions. Therefore, if the neutron and photon flux are approximately

on the same order, the photoflux will have very little effect on the overall behavior

of the system (although they still contribute measurably to the active interrogation

systematics). This low level effect is especially noticeable in the disjointed nature
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Figure 3.31: Distribution of the error (as measured by norms) due to independent
random perturbations of the input neutron and photon flux in CINDER2008, plotted
versus the maximum perturbation of the photoflux.

of the plot in the positive region. Due to the precision of the numbers input into

the calculation, low noise has little or no effect on the actual reactions rates. Once

the precision level is reached (as with the positive region with higher perturbation

levels), the true continuum of values is observed. This is an issue that begins with

how CINDER reads data into memory, and its byproduct is a non-physical result.

The next case is shown in Figures 3.30 and 3.31. For this model, both the neutron

and photon fluxes were perturbed independently, with the same two responses being

measured. As shown with the individual cases, the response based on the pertur-

bations of the neutron flux is dominant. Similar levels of response are observed as

well, approximately 18% and 5% for the total and individual measures, respectively.

The same trend is observed as above, while when looking at the response based on
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the photon flux fluctuations shows effectively no trend. The response of the system

to any perturbations in the photoflux are effectively uncorrelated due to the fact

that the neutron induced reactions dominate. Therefore, in the dual particle regime,

where perturbations in the neutron and photon fluxes can both be present, it will

only be the neutron perturbations that affect the output. Again, the sensitivity is

not enormous, but there is a definite response.

Effectively, this sensitivity study shows that for the problem at hand, dual particle

active interrogation, the main signal will come from the neutron induced reactions.

Therefore, knowing it well is the most important step. For every 10% that the signal

differs in all energy bins, a response of around 20% in the total output can be ob-

served. The problem is therefore sensitive to the flux input. However, it is insensitive

to the photoflux input, as only a 1% response is observed.

As shown in the demonstration in the previous section, even a large difference in the

flux and spectra, the detectable amount of photons are still reasonable. This is espe-

cially true when knowing the effect of geometric and physics assumptions associated

with those results.

3.2.4 Summary of Code Demonstration

To demonstrate the use of the TINDER code system, a sample problem involving

active interrogation of nuclear materials was modeled. This model was based off an

experiment performed at Lawrence Livermore National Laboratory which involved

neutron interrogation of mock cargo systems. A U3O8 target was placed in an array

of plywood to simulate a hydrogenous cargo. This is typical of most plastics, furni-

ture, and liquids that are shipped.

In this type of system, the neutrons have a difficult time reaching the target due to

scattering off the low-Z material. Therefore, the particles could be highly scattered

and shielded versus a higher-Z material (e.g. steel or other heavier materials). To
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boost the output, adding a photon source can aid in the fissions occurring, there-

fore increasing the signal. Photons transport well through light materials (not well

through high-Z materials unlike neutrons) and therefore would reach the target bet-

ter in this situation.

To model this dual particle system, including the decay of the fission products from

both neutron- and photon-induced fission, TINDER has been assembled to couple

the unique dual particle advances in the CINDER transmutation code with trans-

port methods, namely MCNPX and EVENT. MCNPX is taken as the gold standard

Monte Carlo code for the high energy particle modeling and EVENT is taken as a

representative deterministic method. Each has their specific purpose: MCNPX can

give highly detail results using few physics simplifications but the calculations are

expensive, and EVENT can give the general results extremely fast but simplifications

are required.

To begin the demonstration, the assumptions and model details were presented.

Next, the two transport methods were compared to see the differences in the model-

ing of the irradiation portion. Once these differences were quantified, the differences

in the results from CINDER and the retransport of those delayed gammas could take

place.

There were notable differences in the calculated fluxes for the irradiation step. Al-

though general trends were consistent, absolute values were slightly different between

codes, especially at high and low neutron energies. Overall, the neutron flux spectra

were up to 37% between the two codes, mainly due to the mentioned discrepancies.

The photoflux results were closer, a maximum difference of 29% between the two

results was observed. This is due to the lack of large discrepancies in the data–there

were just general trends for EVENT to be higher in these calculations.

These differences are attributed to several factors. First, the physics simplifications

that are done in the even-parity deterministic method are bound to cause slight errors

as not everything can be captured. This includes the slowing down of neutrons and
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photons, which although general trends were captured, they were not the same as the

Monte Carlo results. Additionally the nuclear data can play a big role in these results

as well. There are fewer removal cross sections represented in the MATXS data for

EVENT than in the ACE data for MCNPX, therefore causing higher photofluxes.

Other differences could lie in the spatial discretization of the deterministic method as

well as angular representation. Overall, though, the simulation results are in agree-

ment.

After that comparison, the transmutation calculation took place. Each transport

code’s results caused slight differences in the output beta-delayed gamma spectra,

but again, trends were all matched. The signal is dominated by the low energy nat-

ural decay of the uranium, but in the high energy, fission product decay range, the

trends were well matched between all methods. As expected, the introduction of a

second beam causes the output signal to increase, especially in the region of interest.

This increase is generally caused by the introduction of photofission into the system,

even though it is of a low reaction rate compared to others.

Those spectra was then modeled to be retransported out of the system at the time

step of 6 to 7 seconds post-irradiation. This was captured in the experiment and

allows for the initial background signals to die off. What is left is the signal that

should be captured to see if there is special nuclear material in the cargo. This is

then modeled again in MCNPX and EVENT to see the response on a face where

detectors would be located. These values, along with an assumed detector efficiency,

can then be compared to the measured value.

For EVENT, the results are slightly high in terms of the detection rate of photons.

This can be attributed to several factors. One could be the assumed detector effi-

ciency, which was 30%. Another could be the fact that the whole calculation showed

a trend on the high side for photofluxes, which could be causing the detection rate

to also be high. Finally, and perhaps most importantly, the model is based on a 2D

(infinite in the vertical direction) representation of the experiment. Therefore, any
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leakage that would be seen through the top and bottom of the cargo is not taken

into account. This could easily cause the signal to be much higher than what was

experimentally measured. Whatever the cause, the dual particle system caused an

increase of 15% in the simulation output signal – a good reason to use this method

in a real world situation.

For MCNPX, the results match extremely well. Only a few percent error was ob-

served between the MCNPX model and the experimental results, even while assuming

a 30% detector efficiency. Additionally, a slightly larger increase in the signal was

seen when switching to a dual particle beam, increasing the detected rate by 20.31%.

This is a huge increase and the models confirm the worth of this method.

In the end, both methods show promise for this type of modeling. TINDER per-

formed well for this system, keeping human interaction to a minimum and allowing

for these calculations to be run in just over a minute using the deterministic transport

method. If higher precision is required, MCNPX can be used, but the effort takes

nearly 7 hours to process. Either method is suggested depending on the activity

at hand. If a simple scoping exercise is needed to provide results quickly, EVENT

should be used. For a large calculation where precision is desired over computational

time, MCNPX is the better option.
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Conclusions and Further Work

Recently, a need for dual neutral particle transmutation modeling capabilities has

arisen. As there has been no previous need for anything more than neutron induced

transmutation modeling, a method was needed to fill this need. Additionally, for

these programs to fully function, they need the volume averaged scalar flux to be

calculated using a dual particle transport code. Therefore, not only is there a need

for a dual particle transmutation capability, but it would be best to at the same time

couple this directly to a transport code. That was the goal of this research.

The ground work has been laid for this research, beginning with the background

and history of existing transmutation methods, photonuclear reactions, and coupled

transmutation/transport modeling. From this review, it was found that there is cur-

rently no tool that has the capability of modeling the activation and depletion due

to photons, let alone photons and neutrons simultaneously. Additionally, there are

very limited instances of coupling transport methods to burnup calculations, with

the even parity method yet to be used. By doing that coupling with the even par-

ity transport and dual particle transmutation codes, a truly unique tool has been

created in the form of the driver code TINDER. Not only has it been coupled to

this unique transport method, though, it has been coupled also to a gold standard
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in high energy Monte Carlo transport methods, MCNPX. This enables TINDER to

calculate not only quick scoping models with EVENT and CINDER, but also high

fidelity models with MCNPX and CINDER.

This has not come without some road blocks along the way. First, the data for

photonuclear reactions is limited. Evaluated cross section data does exist, in limited

quantities, and can easily be formatted into a CINDER library for absorption in-

duced transmutation reactions. Fission product yield data for photofission does not

exist in an evaluated form, however. Therefore, a choice had to be made between

using unevaluated data sets strewn through journals over the last 50 years or using

translated neutron yield data.

It turns out that translating the product yield data from one incident particle to

another has been considered before in research, showing that alpha particle induced

fission and neutron induced fission have product yields that only differ above 25 MeV,

when secondary reactions come into play. Through this translation in energy and

mass, a full library could be created for the CINDER code from Los Alamos National

Laboratory to handle both neutrons and photons simultaneously (along with some

code modifications). This library and method was thoroughly validated and verified

versus experimental data, showing that the translation was correct and matched ex-

isting, unevaluated data.

Once a dual particle transmutation code had been created, CINDER2008, it then

had to be coupled to a transport code to keep human hands off the calculation as

much as possible. This also allows for many iterations to take place between the

codes for burn-up or similar modeling. The TINDER driver code was created to do

just this. It couples a transport code (through a user created wrapper) to CINDER,

while keeping track of input files and fluxes, material inventories, and delayed gamma

spectra at each step of the calculation.

To verify and demonstrate TINDER, a model was developed that could be compared

to real world calculations. As the driver of this research was dual particle active in-
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terrogation of cargo, this was the sample problem chosen. No experiments exist for

dual particle sources, so using an incident neutron only case along with the validation

that had been done of the dual particle portion of CINDER, modeling was able to

move forward by verifying single particle source results. After that verification had

taken place, a dual incident particle model was created and proved to be fruitful.

This regime was able to produce over 15% more photons in the output signal versus

the neutron only case.

Not only was a demonstration done in terms of a sample problem, but it was shown

that a sensitivity analysis on CINDER was a good idea. Due to the inconsistencies

that will always be present between transport codes in calculating the fluxes, CIN-

DER was tested to see how sensitive it would be to perturbations in the flux. In

the active interrogation sample problem, the output beta delayed gamma signal was

sensitive to variations in the neutron flux, in fact a 10% overall noise in the data

could produce a 20% different output spectra. On the other hand, it was extremely

insensitive to the photoflux, producing only a 5% difference in the output due to a

10% noise. This sensitivity analysis shows that to properly characterize the problem,

the neutron flux for active interrogation is the most important parameter. Through

the demonstration problem, though, the flux differences and their effect were shown

to not effect the results to the point of non-physicality.

Overall, this research has yielded several unique capabilities. First, the dual particle

transmutation code, including the physics translation and validation, is a modeling

capability not yet seen. Also, to date there has been no even parity transport method

coupled to transmutation. TINDER has accomplished this coupling with no human

interaction once started. Additionally, TINDER has brought the first instance of a

dual particle coupled transmutation/transport method and has been demonstrated

on active interrogation systems. Finally, a sensitivity analysis has been performed

on the input to CINDER in terms of the neutron and photon fluxes.

All of this research has come together to fulfill the goal set out at the start – a dual
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particle transmutation code coupled to dual particle transport for both scoping and

high fidelity modeling.

Although this research has addressed the questions at hand, there is further work

that can be done to extend it. One large improvement can be done in the way of

fission product yield data. An evaluation of the existing photofission product yields

could be performed to possibly improve this data, or at least allow for the use of

non-translated data. This would take a large effort and knowledge of how fission

product yield evaluations have been performed. A supplement to the current library

would be a useful addition.

Additional work could be done in the way of cross section data. Although there is

existing data in the library, information is given for about half the nuclides that are

given in neutron data. This would require experimental work to fill in the data gaps,

but would greatly enhance the results in CINDER2008 by covering more physics.

Similar to the fission product yield data, an evaluation would be necessary before

this data is used in the code. This was evident in the current research with the 238Np

validation case, where a fission product yield set was populated from the translation,

but there was no evaluated cross section data.

Another item that would be useful for future efforts is the inclusion of other par-

ticles, for example protons, alpha particles, etc., in the transmutation calculation.

This would allow for a greater understanding of the large contributors to the trans-

mutation of the media. A difficulty in this would be properly defining the fluxes for

these particles as their transport is more difficult to model than neutral particles

like neutrons and photons. Additional difficulty would come in the population of the

cross section and fission product yield libraries.

A further extension of this work would be the extension of TINDER to other appli-

cations, like reactor burn-up. Transport scripts have been written for this purpose

but have not been included in this work as it was not the thrust of the effort. Their
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comparison to other methods could be done to allow reactor calculations to be per-

formed with EVENT/CINDER in little computational time.

Finally, it would be useful to focus on improvements to the transport side of the

code suite. By using deterministic adjoint calculations to improve the biasing of the

Monte Carlo calculation, the final calculation could combine the speed of determin-

istic transport with the fidelity of Monte Carlo methods. This could happen external

to the TINDER code, then be brought in once the method is stable. This speed-up

is just one method that could be used to improve the transport calculation. Any

number of these improvements could be performed to enhance the overall method.
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Tabulated Photofission Validation

Results

The tables in the following sections give the tabular data for the photofisison yield

validation presented in Sections 3.1.3 through 3.1.6.
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A.1 235U Photofission Validation Tabulated Results
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Table A.1: Photofission yield results for 235U, experiment[1] versus CINDER
(6 MeV), 9.7 MeV excitation

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
64 1.77678E-09 - -
65 1.37242E-10 - -
66 3.93154E-06 - -
67 9.34297E-06 - -
68 2.68236E-05 - -
69 6.20254E-05 - -
70 2.06301E-04 - -
71 5.15715E-04 - -
72 6.34572E-04 - -
73 1.07589E-03 - -
74 4.16541E-03 - -
75 1.17473E-02 - -
76 2.60977E-02 - -
77 5.67596E-02 - -
78 8.87878E-02 9.50000E-02 4.70000E-02
79 1.44586E-01 - -
80 2.16871E-01 - -
81 3.61386E-01 - -
82 6.53772E-01 - -
83 1.20761E+00 - -
84 1.97357E+00 1.18000E+00 1.30000E-01
85 2.16983E+00 1.74000E+00 1.20000E-01
86 3.48165E+00 - -
87 2.99717E+00 2.94000E+00 2.50000E-01
88 3.96142E+00 3.88000E+00 2.10000E-01
89 5.39372E+00 4.55000E+00 2.40000E-01
90 6.03856E+00 - -
91 6.42321E+00 5.91000E+00 2.50000E-01
92 6.11191E+00 6.02000E+00 3.70000E-01
93 6.15287E+00 6.17000E+00 5.00000E-01
94 6.42119E+00 6.73000E+00 4.80000E-01
95 6.33396E+00 6.41000E+00 3.60000E-01
96 6.22559E+00 - -
97 6.07224E+00 6.02000E+00 3.10000E-01
98 5.73079E+00 - -
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Table A.2: Photofission yield results for 235U, experiment[1] versus CINDER
(6 MeV), 9.7 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
99 5.07674E+00 5.58000E+00 2.60000E-01
100 4.13729E+00 - -
101 3.39360E+00 4.10000E+00 2.50000E-01
102 2.66947E+00 - -
103 2.41715E+00 2.74000E+00 2.30000E-01
104 1.32089E+00 1.66000E+00 1.30000E-01
105 1.23805E+00 1.03000E+00 7.00000E-02
106 4.28870E-01 - -
107 2.68342E-01 - -
108 1.86006E-01 - -
109 1.22451E-01 - -
110 1.03608E-01 - -
111 5.81439E-02 - -
112 7.22373E-02 2.10000E-01 4.30000E-02
113 5.97338E-02 - -
114 5.88602E-02 - -
115 6.85241E-02 1.80000E-01 2.40000E-02
116 5.67781E-02 - -
117 5.47708E-02 - -
118 5.47881E-02 - -
119 5.97648E-02 - -
120 6.46443E-02 - -
121 6.96114E-02 - -
122 8.16007E-02 - -
123 9.94825E-02 2.18000E-01 4.00000E-02
124 1.19469E-01 - -
125 1.56503E-01 - -
126 2.59172E-01 - -
127 3.88869E-01 8.49000E-01 6.30000E-02
128 6.47380E-01 - -
129 1.61642E+00 - -
130 2.54068E+00 - -
131 3.73564E+00 4.02000E+00 3.30000E-01
132 4.36453E+00 4.73000E+00 1.90000E-01
133 6.46505E+00 5.83000E+00 3.00000E-01
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Table A.3: Photofission yield results for 235U, experiment[1] versus CINDER
(6 MeV), 9.7 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
134 5.75234E+00 5.96000E+00 2.40000E-01
135 5.57971E+00 6.59000E+00 2.80000E-01
136 6.49079E+00 - -
137 5.86468E+00 - -
138 6.58721E+00 - -
139 6.00297E+00 - -
140 5.78625E+00 5.90000E+00 2.00000E-01
141 6.50719E+00 5.73000E+00 3.20000E-01
142 5.98960E+00 5.03000E+00 3.70000E-01
143 6.14341E+00 4.72000E+00 3.80000E-01
144 5.44415E+00 - -
145 3.98901E+00 - -
146 3.07189E+00 2.20000E+00 1.60000E-01
147 2.01785E+00 1.86000E+00 1.30000E-01
148 1.43412E+00 - -
149 1.03579E+00 8.60000E-01 8.00000E-02
150 6.37116E-01 - -
151 3.18077E-01 4.85000E-01 5.00000E-02
152 2.48648E-01 - -
153 1.48757E-01 - -
154 8.05581E-02 - -
155 5.07201E-02 - -
156 2.08842E-02 - -
157 1.09373E-02 - -
158 6.36522E-03 - -
159 2.08902E-03 - -
160 1.09548E-03 - -
161 4.38053E-04 - -
162 1.59075E-04 - -
163 4.97655E-05 - -
164 2.88882E-05 - -
165 9.45626E-06 - -
166 2.48979E-06 - -
167 5.96633E-07 - -
168 2.68123E-07 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.4: Photofission yield results for 235U, experiment[1] versus CINDER
(6 MeV), 9.7 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
169 9.44820E-08 - -
170 2.48358E-08 - -
171 7.95911E-09 - -
172 1.19210E-09 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.5: Photofission yield results for 235U, experiment[1] versus CINDER
(6 MeV), 11.6 MeV excitation

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
64 1.77678E-09 - -
65 1.37242E-10 - -
66 3.93154E-06 - -
67 9.34297E-06 - -
68 2.68236E-05 - -
69 6.20254E-05 - -
70 2.06301E-04 - -
71 5.15715E-04 - -
72 6.34572E-04 - -
73 1.07589E-03 - -
74 4.16541E-03 - -
75 1.17473E-02 - -
76 2.60977E-02 - -
77 5.67596E-02 - -
78 8.87878E-02 9.60000E-02 3.30000E-02
79 1.44586E-01 - -
80 2.16871E-01 - -
81 3.61386E-01 - -
82 6.53772E-01 - -
83 1.20761E+00 - -
84 1.97357E+00 1.44000E+00 1.90000E-01
85 2.16983E+00 1.90000E+00 1.40000E-01
86 3.48165E+00 - -
87 2.99717E+00 3.21000E+00 2.50000E-01
88 3.96142E+00 3.88000E+00 1.60000E-01
89 5.39372E+00 4.74000E+00 2.50000E-01
90 6.03856E+00 - -
91 6.42321E+00 5.73000E+00 2.50000E-01
92 6.11191E+00 5.76000E+00 3.00000E-01
93 6.15287E+00 6.14000E+00 5.00000E-01
94 6.42119E+00 6.44000E+00 4.80000E-01
95 6.33396E+00 6.33000E+00 2.80000E-01
96 6.22559E+00 - -
97 6.07224E+00 5.71000E+00 3.00000E-01
98 5.73079E+00 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.6: Photofission yield results for 235U, experiment[1] versus CINDER
(6 MeV), 11.6 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
99 5.07674E+00 5.29000E+00 2.20000E-01
100 4.13729E+00 - -
101 3.39360E+00 4.18000E+00 2.40000E-01
102 2.66947E+00 - -
103 2.41715E+00 2.67000E+00 1.90000E-01
104 1.32089E+00 1.77000E+00 1.50000E-01
105 1.23805E+00 1.24000E+00 7.00000E-02
106 4.28870E-01 - -
107 2.68342E-01 - -
108 1.86006E-01 - -
109 1.22451E-01 - -
110 1.03608E-01 - -
111 5.81439E-02 - -
112 7.22373E-02 3.10000E-01 3.20000E-02
113 5.97338E-02 3.07000E-01 4.90000E-02
114 5.88602E-02 - -
115 6.85241E-02 2.95000E-01 2.90000E-02
116 5.67781E-02 - -
117 5.47708E-02 - -
118 5.47881E-02 - -
119 5.97648E-02 - -
120 6.46443E-02 - -
121 6.96114E-02 - -
122 8.16007E-02 - -
123 9.94825E-02 3.08000E-01 7.30000E-02
124 1.19469E-01 - -
125 1.56503E-01 4.54000E-01 9.10000E-02
126 2.59172E-01 - -
127 3.88869E-01 9.16000E-01 5.50000E-02
128 6.47380E-01 1.38000E+00 1.30000E-01
129 1.61642E+00 - -
130 2.54068E+00 - -
131 3.73564E+00 4.16000E+00 2.50000E-01
132 4.36453E+00 4.79000E+00 1.80000E-01
133 6.46505E+00 5.55000E+00 2.80000E-01
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Appendix A. Tabulated Photofission Validation Results

Table A.7: Photofission yield results for 235U, experiment[1] versus CINDER
(6 MeV), 11.6 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
134 5.75234E+00 5.88000E+00 2.00000E-01
135 5.57971E+00 6.19000E+00 2.60000E-01
136 6.49079E+00 - -
137 5.86468E+00 - -
138 6.58721E+00 - -
139 6.00297E+00 - -
140 5.78625E+00 5.62000E+00 2.10000E-01
141 6.50719E+00 5.45000E+00 3.70000E-01
142 5.98960E+00 5.22000E+00 3.90000E-01
143 6.14341E+00 4.40000E+00 3.10000E-01
144 5.44415E+00 3.50000E+00 5.20000E-01
145 3.98901E+00 - -
146 3.07189E+00 2.24000E+00 1.40000E-01
147 2.01785E+00 1.64000E+00 1.20000E-01
148 1.43412E+00 - -
149 1.03579E+00 8.11000E-01 9.90000E-02
150 6.37116E-01 - -
151 3.18077E-01 4.73000E-01 4.10000E-02
152 2.48648E-01 - -
153 1.48757E-01 2.07000E-01 2.80000E-02
154 8.05581E-02 - -
155 5.07201E-02 - -
156 2.08842E-02 - -
157 1.09373E-02 - -
158 6.36522E-03 - -
159 2.08902E-03 - -
160 1.09548E-03 - -
161 4.38053E-04 - -
162 1.59075E-04 - -
163 4.97655E-05 - -
164 2.88882E-05 - -
165 9.45626E-06 - -
166 2.48979E-06 - -
167 5.96633E-07 - -
168 2.68123E-07 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.8: Photofission yield results for 235U, experiment[1] versus CINDER
(6 MeV), 11.6 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
169 9.44820E-08 - -
170 2.48358E-08 - -
171 7.95911E-09 - -
172 1.19210E-09 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.9: Photofission yield results for 235U, experiment[1] versus CIN-
DER(20 MeV), 14.1 MeV excitation

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
64 5.95601E-07 - -
65 1.33857E-08 - -
66 4.47395E-04 - -
67 1.05648E-03 - -
68 1.47032E-03 - -
69 2.06106E-03 - -
70 3.43327E-03 - -
71 5.29594E-03 - -
72 1.04271E-02 - -
73 1.48113E-02 - -
74 2.26788E-02 - -
75 3.42713E-02 - -
76 5.50655E-02 - -
77 8.38328E-02 - -
78 1.35466E-01 1.35000E-01 2.70000E-02
79 2.06208E-01 - -
80 2.60130E-01 - -
81 4.73007E-01 - -
82 8.28267E-01 - -
83 1.17497E+00 - -
84 1.50725E+00 1.35000E+00 1.90000E-01
85 2.31160E+00 1.95000E+00 1.40000E-01
86 2.25613E+00 - -
87 3.19226E+00 2.84000E+00 2.10000E-01
88 3.76405E+00 3.63000E+00 1.50000E-01
89 4.30299E+00 4.39000E+00 2.20000E-01
90 4.70745E+00 - -
91 5.00145E+00 5.64000E+00 2.40000E-01
92 5.18490E+00 5.80000E+00 3.20000E-01
93 5.04070E+00 5.91000E+00 4.40000E-01
94 5.16751E+00 5.98000E+00 4.30000E-01
95 5.03188E+00 6.18000E+00 2.70000E-01
96 5.29306E+00 - -
97 5.07238E+00 5.55000E+00 2.90000E-01
98 4.82679E+00 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.10: Photofission yield results for 235U, experiment[1] versus CIN-
DER(20 MeV), 14.1 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
99 4.25552E+00 5.23000E+00 2.40000E-01
100 3.50995E+00 - -
101 3.16706E+00 3.99000E+00 2.00000E-01
102 2.96973E+00 - -
103 2.29789E+00 2.73000E+00 2.00000E-01
104 2.08173E+00 1.77000E+00 1.50000E-01
105 2.14024E+00 1.31000E+00 1.10000E-01
106 1.52644E+00 9.53000E-01 1.43000E-01
107 1.23161E+00 - -
108 1.42043E+00 - -
109 1.25647E+00 - -
110 1.42467E+00 - -
111 1.31787E+00 - -
112 1.47041E+00 5.68000E-01 4.40000E-02
113 1.30430E+00 5.12000E-01 7.10000E-02
114 1.32484E+00 - -
115 1.32881E+00 5.22000E-01 4.00000E-02
116 1.17992E+00 - -
117 1.19230E+00 5.34000E-01 7.10000E-02
118 1.19010E+00 - -
119 1.17012E+00 - -
120 1.15048E+00 - -
121 1.33861E+00 - -
122 1.22059E+00 - -
123 1.29961E+00 5.17000E-01 5.10000E-02
124 1.43001E+00 - -
125 1.61056E+00 7.16000E-01 7.70000E-02
126 2.13486E+00 - -
127 2.19817E+00 1.17000E+00 6.00000E-02
128 2.50961E+00 1.48000E+00 1.40000E-01
129 3.19224E+00 - -
130 3.47819E+00 - -
131 3.70863E+00 4.06000E+00 2.30000E-01
132 5.26158E+00 4.63000E+00 2.10000E-01
133 5.01097E+00 5.46000E+00 2.80000E-01
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Appendix A. Tabulated Photofission Validation Results

Table A.11: Photofission yield results for 235U, experiment[1] versus CIN-
DER(20 MeV), 14.1 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
134 5.54314E+00 5.59000E+00 2.70000E-01
135 5.45936E+00 6.03000E+00 2.50000E-01
136 6.49733E+00 - -
137 5.03303E+00 6.21000E+00 5.70000E-01
138 5.26202E+00 - -
139 5.27908E+00 - -
140 3.93057E+00 5.73000E+00 2.20000E-01
141 3.68137E+00 5.44000E+00 2.90000E-01
142 4.32610E+00 4.78000E+00 3.50000E-01
143 3.28593E+00 4.25000E+00 3.00000E-01
144 2.69541E+00 3.60000E+00 3.00000E-01
145 2.34053E+00 - -
146 1.91443E+00 2.24000E+00 1.30000E-01
147 1.28241E+00 1.67000E+00 1.10000E-01
148 1.04742E+00 - -
149 6.22640E-01 8.47000E-01 6.90000E-02
150 4.83258E-01 - -
151 3.36063E-01 4.08000E-01 3.60000E-02
152 2.37222E-01 - -
153 1.81964E-01 2.01000E-01 3.40000E-02
154 8.92073E-02 - -
155 6.42307E-02 - -
156 4.71195E-02 - -
157 3.26191E-02 - -
158 1.97674E-02 - -
159 1.16376E-02 - -
160 7.02266E-03 - -
161 4.55139E-03 - -
162 2.76810E-03 - -
163 1.68043E-03 - -
164 9.89701E-04 - -
165 5.83335E-04 - -
166 2.57726E-04 - -
167 2.07333E-04 - -
168 1.18622E-04 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.12: Photofission yield results for 235U, experiment[1] versus CIN-
DER(20 MeV), 14.1 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
169 7.90816E-05 - -
170 3.89740E-05 - -
171 2.07542E-05 - -
172 1.68026E-05 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.13: Photofission yield results for 235U, experiment[1] versus CIN-
DER(20 MeV), 70 MeV endpoint energy

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
64 5.95601E-07 - -
65 1.33857E-08 - -
66 4.47395E-04 - -
67 1.05648E-03 - -
68 1.47032E-03 - -
69 2.06106E-03 - -
70 3.43327E-03 - -
71 5.29594E-03 - -
72 1.04271E-02 - -
73 1.48113E-02 - -
74 2.26788E-02 - -
75 3.42713E-02 - -
76 5.50655E-02 - -
77 8.38328E-02 - -
78 1.35466E-01 1.55000E-01 1.90000E-02
79 2.06208E-01 - -
80 2.60130E-01 - -
81 4.73007E-01 - -
82 8.28267E-01 - -
83 1.17497E+00 - -
84 1.50725E+00 1.29000E+00 1.40000E-01
85 2.31160E+00 1.81000E+00 1.30000E-01
86 2.25613E+00 - -
87 3.19226E+00 2.81000E+00 2.10000E-01
88 3.76405E+00 3.55000E+00 1.50000E-01
89 4.30299E+00 4.24000E+00 2.20000E-01
90 4.70745E+00 - -
91 5.00145E+00 5.36000E+00 2.30000E-01
92 5.18490E+00 5.72000E+00 3.30000E-01
93 5.04070E+00 5.55000E+00 4.00000E-01
94 5.16751E+00 5.95000E+00 4.30000E-01
95 5.03188E+00 6.01000E+00 2.60000E-01
96 5.29306E+00 - -
97 5.07238E+00 5.27000E+00 2.70000E-01
98 4.82679E+00 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.14: Photofission yield results for 235U, experiment[1] versus CIN-
DER(20 MeV), 70 MeV endpoint energy, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
99 4.25552E+00 5.13000E+00 2.30000E-01
100 3.50995E+00 - -
101 3.16706E+00 3.98000E+00 2.20000E-01
102 2.96973E+00 - -
103 2.29789E+00 2.76000E+00 2.00000E-01
104 2.08173E+00 1.84000E+00 1.40000E-01
105 2.14024E+00 1.35000E+00 1.40000E-01
106 1.52644E+00 1.11000E+00 2.40000E-01
107 1.23161E+00 - -
108 1.42043E+00 - -
109 1.25647E+00 - -
110 1.42467E+00 - -
111 1.31787E+00 - -
112 1.47041E+00 7.74000E-01 6.00000E-02
113 1.30430E+00 8.08000E-01 8.10000E-02
114 1.32484E+00 - -
115 1.32881E+00 7.11000E-01 5.10000E-02
116 1.17992E+00 - -
117 1.19230E+00 7.15000E-01 7.80000E-02
118 1.19010E+00 - -
119 1.17012E+00 - -
120 1.15048E+00 - -
121 1.33861E+00 - -
122 1.22059E+00 - -
123 1.29961E+00 - -
124 1.43001E+00 - -
125 1.61056E+00 8.47000E-01 7.30000E-02
126 2.13486E+00 - -
127 2.19817E+00 1.21000E+00 6.00000E-02
128 2.50961E+00 1.48000E+00 1.20000E-01
129 3.19224E+00 - -
130 3.47819E+00 - -
131 3.70863E+00 3.93000E+00 2.10000E-01
132 5.26158E+00 4.46000E+00 2.10000E-01
133 5.01097E+00 5.30000E+00 2.80000E-01
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Appendix A. Tabulated Photofission Validation Results

Table A.15: Photofission yield results for 235U, experiment[1] versus CIN-
DER(20 MeV), 70 MeV endpoint energy, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
134 5.54314E+00 5.67000E+00 3.70000E-01
135 5.45936E+00 5.80000E+00 2.60000E-01
136 6.49733E+00 - -
137 5.03303E+00 6.19000E+00 5.30000E-01
138 5.26202E+00 - -
139 5.27908E+00 - -
140 3.93057E+00 5.34000E+00 2.30000E-01
141 3.68137E+00 5.18000E+00 3.70000E-01
142 4.32610E+00 4.48000E+00 3.40000E-01
143 3.28593E+00 4.18000E+00 3.00000E-01
144 2.69541E+00 3.62000E+00 2.80000E-01
145 2.34053E+00 - -
146 1.91443E+00 2.23000E+00 1.30000E-01
147 1.28241E+00 1.60000E+00 9.00000E-02
148 1.04742E+00 - -
149 6.22640E-01 8.18000E-01 6.00000E-02
150 4.83258E-01 - -
151 3.36063E-01 4.63000E-01 4.00000E-02
152 2.37222E-01 - -
153 1.81964E-01 2.15000E-01 3.70000E-02
154 8.92073E-02 - -
155 6.42307E-02 - -
156 4.71195E-02 - -
157 3.26191E-02 - -
158 1.97674E-02 - -
159 1.16376E-02 - -
160 7.02266E-03 - -
161 4.55139E-03 - -
162 2.76810E-03 - -
163 1.68043E-03 - -
164 9.89701E-04 - -
165 5.83335E-04 - -
166 2.57726E-04 - -
167 2.07333E-04 - -
168 1.18622E-04 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.16: Photofission yield results for 235U, experiment[1] versus CIN-
DER(20 MeV), 70 MeV endpoint energy, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
169 7.90816E-05 - -
170 3.89740E-05 - -
171 2.07542E-05 - -
172 1.68026E-05 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.17: Photofission yield results for 235U, CINDER(20 MeV), versus 234U(n,f)
with 14.8 MeV neutrons [2]

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
64 5.95601E-07 - -
65 1.33857E-08 - -
66 4.47395E-04 - -
67 1.05648E-03 - -
68 1.47032E-03 - -
69 2.06106E-03 - -
70 3.43327E-03 - -
71 5.29594E-03 - -
72 1.04271E-02 1.02982E-02 5.82915E-04
73 1.48113E-02 - -
74 2.26788E-02 - -
75 3.42713E-02 - -
76 5.50655E-02 - -
77 8.38328E-02 - -
78 1.35466E-01 - -
79 2.06208E-01 - -
80 2.60130E-01 - -
81 4.73007E-01 - -
82 8.28267E-01 - -
83 1.17497E+00 - -
84 1.50725E+00 - -
85 2.31160E+00 - -
86 2.25613E+00 - -
87 3.19226E+00 - -
88 3.76405E+00 - -
89 4.30299E+00 - -
90 4.70745E+00 - -
91 5.00145E+00 - -
92 5.18490E+00 - -
93 5.04070E+00 5.05193E+00 4.85763E-01
94 5.16751E+00 - -
95 5.03188E+00 5.05193E+00 1.94305E-01
96 5.29306E+00 - -
97 5.07238E+00 4.91592E+00 2.91458E-01
98 4.82679E+00 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.18: Photofission yield results for 235U, CINDER(20 MeV), versus 234U(n,f)
with 14.8 MeV neutrons [2], continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
99 4.25552E+00 4.27471E+00 3.88610E-01
100 3.50995E+00 - -
101 3.16706E+00 - -
102 2.96973E+00 - -
103 2.29789E+00 - -
104 2.08173E+00 - -
105 2.14024E+00 2.14707E+00 1.74875E-01
106 1.52644E+00 - -
107 1.23161E+00 - -
108 1.42043E+00 - -
109 1.25647E+00 - -
110 1.42467E+00 - -
111 1.31787E+00 1.32127E+00 4.85763E-02
112 1.47041E+00 1.47672E+00 9.71525E-02
113 1.30430E+00 - -
114 1.32484E+00 - -
115 1.32881E+00 1.30184E+00 1.26298E-01
116 1.17992E+00 - -
117 1.19230E+00 - -
118 1.19010E+00 - -
119 1.17012E+00 - -
120 1.15048E+00 - -
121 1.33861E+00 - -
122 1.22059E+00 - -
123 1.29961E+00 - -
124 1.43001E+00 - -
125 1.61056E+00 - -
126 2.13486E+00 - -
127 2.19817E+00 - -
128 2.50961E+00 - -
129 3.19224E+00 - -
130 3.47819E+00 - -
131 3.70863E+00 - -
132 5.26158E+00 4.17756E+00 3.88610E-01
133 5.01097E+00 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.19: Photofission yield results for 235U, CINDER(20 MeV), versus 234U(n,f)
with 14.8 MeV neutrons [2], continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
134 5.54314E+00 - -
135 5.45936E+00 - -
136 6.49733E+00 - -
137 5.03303E+00 4.97421E+00 2.23451E-01
138 5.26202E+00 - -
139 5.27908E+00 - -
140 3.93057E+00 3.83753E+00 1.55444E-01
141 3.68137E+00 3.69180E+00 2.91458E-01
142 4.32610E+00 - -
143 3.28593E+00 3.29347E+00 1.65159E-01
144 2.69541E+00 2.69113E+00 1.94305E-01
145 2.34053E+00 - -
146 1.91443E+00 - -
147 1.28241E+00 1.28241E+00 8.74373E-02
148 1.04742E+00 - -
149 6.22640E-01 - -
150 4.83258E-01 - -
151 3.36063E-01 - -
152 2.37222E-01 - -
153 1.81964E-01 1.82647E-01 1.45729E-02
154 8.92073E-02 - -
155 6.42307E-02 - -
156 4.71195E-02 4.72161E-02 2.13736E-03
157 3.26191E-02 - -
158 1.97674E-02 - -
159 1.16376E-02 1.16583E-02 1.16583E-03
160 7.02266E-03 - -
161 4.55139E-03 4.56617E-03 4.85763E-04
162 2.76810E-03 - -
163 1.68043E-03 - -
164 9.89701E-04 - -
165 5.83335E-04 - -
166 2.57726E-04 - -
167 2.07333E-04 - -
168 1.18622E-04 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.20: Photofission yield results for 235U, CINDER(20 MeV), versus 234U(n,f)
with 14.8 MeV neutrons [2], continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
169 7.90816E-05 - -
170 3.89740E-05 - -
171 2.07542E-05 - -
172 1.68026E-05 - -
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Appendix A. Tabulated Photofission Validation Results

A.2 238U Photofission Validation Tabulated Results
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Appendix A. Tabulated Photofission Validation Results

Table A.21: Photofission yield results for 238U, experiment[3] versus CINDER
(6 MeV), 9.7 MeV excitation

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
64 1.77678E-09 - -
65 1.37242E-10 - -
66 3.93154E-06 - -
67 9.34297E-06 - -
68 2.68236E-05 - -
69 6.20254E-05 - -
70 2.06301E-04 - -
71 5.15715E-04 - -
72 6.34572E-04 - -
73 1.07589E-03 - -
74 4.16541E-03 - -
75 1.17473E-02 - -
76 2.60977E-02 - -
77 5.67596E-02 - -
78 8.87878E-02 - -
79 1.44586E-01 - -
80 2.16871E-01 - -
81 3.61386E-01 - -
82 6.53772E-01 - -
83 1.20761E+00 - -
84 1.97357E+00 7.60000E-01 1.40000E-01
85 2.16983E+00 9.30000E-01 6.90000E-02
86 3.48165E+00 - -
87 2.99717E+00 1.87000E+00 1.40000E-01
88 3.96142E+00 2.27000E+00 1.60000E-01
89 5.39372E+00 3.00000E+00 1.80000E-01
90 6.03856E+00 - -
91 6.42321E+00 4.41000E+00 1.90000E-01
92 6.11191E+00 4.56000E+00 2.90000E-01
93 6.15287E+00 4.93000E+00 4.30000E-01
94 6.42119E+00 5.52000E+00 4.00000E-01
95 6.33396E+00 5.92000E+00 2.50000E-01
96 6.22559E+00 - -
97 6.07224E+00 6.03000E+00 3.00000E-01
98 5.73079E+00 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.22: Photofission yield results for 238U, experiment[3] versus CINDER
(6 MeV), 9.7 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
99 5.07674E+00 6.76000E+00 2.80000E-01
100 4.13729E+00 - -
101 3.39360E+00 5.82000E+00 3.30000E-01
102 2.66947E+00 - -
103 2.41715E+00 5.61000E+00 4.00000E-01
104 1.32089E+00 3.69000E+00 2.70000E-01
105 1.23805E+00 2.71000E+00 2.80000E-01
106 4.28870E-01 1.74000E+00 1.70000E-01
107 2.68342E-01 - -
108 1.86006E-01 - -
109 1.22451E-01 - -
110 1.03608E-01 - -
111 5.81439E-02 - -
112 7.22373E-02 1.15000E-01 2.20000E-02
113 5.97338E-02 - -
114 5.88602E-02 - -
115 6.85241E-02 7.50000E-02 7.00000E-03
116 5.67781E-02 - -
117 5.47708E-02 8.70000E-02 1.10000E-02
118 5.47881E-02 - -
119 5.97648E-02 - -
120 6.46443E-02 - -
121 6.96114E-02 - -
122 8.16007E-02 - -
123 9.94825E-02 8.30000E-02 1.50000E-02
124 1.19469E-01 - -
125 1.56503E-01 - -
126 2.59172E-01 - -
127 3.88869E-01 3.07000E-01 1.80000E-02
128 6.47380E-01 - -
129 1.61642E+00 1.07000E+00 1.30000E-01
130 2.54068E+00 - -
131 3.73564E+00 3.73000E+00 2.40000E-01
132 4.36453E+00 4.95000E+00 1.60000E-01
133 6.46505E+00 6.80000E+00 3.40000E-01
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Appendix A. Tabulated Photofission Validation Results

Table A.23: Photofission yield results for 238U, experiment[3] versus CINDER
(6 MeV), 9.7 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
134 5.75234E+00 6.88000E+00 2.30000E-01
135 5.57971E+00 6.73000E+00 2.80000E-01
136 6.49079E+00 - -
137 5.86468E+00 6.20000E+00 4.80000E-01
138 6.58721E+00 - -
139 6.00297E+00 - -
140 5.78625E+00 6.10000E+00 2.00000E-01
141 6.50719E+00 5.40000E+00 3.80000E-01
142 5.98960E+00 5.07000E+00 4.70000E-01
143 6.14341E+00 4.80000E+00 3.40000E-01
144 5.44415E+00 4.60000E+00 3.20000E-01
145 3.98901E+00 - -
146 3.07189E+00 3.05000E+00 2.20000E-01
147 2.01785E+00 2.40000E+00 1.70000E-01
148 1.43412E+00 - -
149 1.03579E+00 1.36000E+00 1.10000E-01
150 6.37116E-01 - -
151 3.18077E-01 7.92000E-01 6.20000E-02
152 2.48648E-01 - -
153 1.48757E-01 3.00000E-01 4.70000E-02
154 8.05581E-02 - -
155 5.07201E-02 - -
156 2.08842E-02 - -
157 1.09373E-02 - -
158 6.36522E-03 - -
159 2.08902E-03 - -
160 1.09548E-03 - -
161 4.38053E-04 - -
162 1.59075E-04 - -
163 4.97655E-05 - -
164 2.88882E-05 - -
165 9.45626E-06 - -
166 2.48979E-06 - -
167 5.96633E-07 - -
168 2.68123E-07 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.24: Photofission yield results for 238U, experiment[3] versus CINDER
(6 MeV), 9.7 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
169 9.44820E-08 - -
170 2.48358E-08 - -
171 7.95911E-09 - -
172 1.19210E-09 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.25: Photofission yield results for 238U, experiment[3] versus CINDER
(6 MeV), 11.6 MeV excitation

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
64 1.77678E-09 - -
65 1.37242E-10 - -
66 3.93154E-06 - -
67 9.34297E-06 - -
68 2.68236E-05 - -
69 6.20254E-05 - -
70 2.06301E-04 - -
71 5.15715E-04 - -
72 6.34572E-04 - -
73 1.07589E-03 - -
74 4.16541E-03 - -
75 1.17473E-02 - -
76 2.60977E-02 - -
77 5.67596E-02 - -
78 8.87878E-02 - -
79 1.44586E-01 - -
80 2.16871E-01 - -
81 3.61386E-01 - -
82 6.53772E-01 - -
83 1.20761E+00 - -
84 1.97357E+00 9.00000E-01 9.00000E-02
85 2.16983E+00 1.09000E+00 9.00000E-02
86 3.48165E+00 - -
87 2.99717E+00 2.12000E+00 1.60000E-01
88 3.96142E+00 2.45000E+00 1.20000E-01
89 5.39372E+00 3.10000E+00 1.70000E-01
90 6.03856E+00 - -
91 6.42321E+00 4.30000E+00 1.90000E-01
92 6.11191E+00 4.78000E+00 2.50000E-01
93 6.15287E+00 5.15000E+00 3.90000E-01
94 6.42119E+00 5.57000E+00 4.00000E-01
95 6.33396E+00 6.10000E+00 3.40000E-01
96 6.22559E+00 - -
97 6.07224E+00 5.82000E+00 2.90000E-01
98 5.73079E+00 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.26: Photofission yield results for 238U, experiment[3] versus CINDER
(6 MeV), 11.6 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
99 5.07674E+00 6.13000E+00 2.60000E-01
100 4.13729E+00 - -
101 3.39360E+00 5.71000E+00 3.10000E-01
102 2.66947E+00 - -
103 2.41715E+00 5.14000E+00 3.70000E-01
104 1.32089E+00 3.51000E+00 2.60000E-01
105 1.23805E+00 2.67000E+00 1.80000E-01
106 4.28870E-01 1.67000E+00 2.30000E-01
107 2.68342E-01 - -
108 1.86006E-01 - -
109 1.22451E-01 - -
110 1.03608E-01 - -
111 5.81439E-02 - -
112 7.22373E-02 1.84000E-01 2.70000E-02
113 5.97338E-02 1.95000E-01 4.00000E-02
114 5.88602E-02 - -
115 6.85241E-02 1.72000E-01 2.10000E-02
116 5.67781E-02 - -
117 5.47708E-02 1.71000E-01 2.40000E-02
118 5.47881E-02 - -
119 5.97648E-02 - -
120 6.46443E-02 - -
121 6.96114E-02 - -
122 8.16007E-02 - -
123 9.94825E-02 1.76000E-01 2.20000E-02
124 1.19469E-01 - -
125 1.56503E-01 - -
126 2.59172E-01 - -
127 3.88869E-01 5.33000E-01 3.60000E-02
128 6.47380E-01 - -
129 1.61642E+00 1.38000E+00 1.10000E-01
130 2.54068E+00 - -
131 3.73564E+00 4.02000E+00 2.60000E-01
132 4.36453E+00 4.68000E+00 3.10000E-01
133 6.46505E+00 6.34000E+00 3.70000E-01

143



Appendix A. Tabulated Photofission Validation Results

Table A.27: Photofission yield results for 238U, experiment[3] versus CINDER
(6 MeV), 11.6 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
134 5.75234E+00 6.87000E+00 2.50000E-01
135 5.57971E+00 6.58000E+00 2.90000E-01
136 6.49079E+00 - -
137 5.86468E+00 6.13000E+00 5.50000E-01
138 6.58721E+00 - -
139 6.00297E+00 - -
140 5.78625E+00 5.91000E+00 2.00000E-01
141 6.50719E+00 5.38000E+00 2.90000E-01
142 5.98960E+00 5.02000E+00 4.40000E-01
143 6.14341E+00 4.72000E+00 3.40000E-01
144 5.44415E+00 4.24000E+00 4.60000E-01
145 3.98901E+00 - -
146 3.07189E+00 3.15000E+00 2.10000E-01
147 2.01785E+00 2.22000E+00 1.50000E-01
148 1.43412E+00 - -
149 1.03579E+00 1.22000E+00 1.50000E-01
150 6.37116E-01 - -
151 3.18077E-01 7.42000E-01 6.70000E-02
152 2.48648E-01 - -
153 1.48757E-01 3.24000E-01 5.30000E-02
154 8.05581E-02 - -
155 5.07201E-02 - -
156 2.08842E-02 - -
157 1.09373E-02 - -
158 6.36522E-03 - -
159 2.08902E-03 - -
160 1.09548E-03 - -
161 4.38053E-04 - -
162 1.59075E-04 - -
163 4.97655E-05 - -
164 2.88882E-05 - -
165 9.45626E-06 - -
166 2.48979E-06 - -
167 5.96633E-07 - -
168 2.68123E-07 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.28: Photofission yield results for 238U, experiment[3] versus CINDER
(6 MeV), 11.6 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
169 9.44820E-08 - -
170 2.48358E-08 - -
171 7.95911E-09 - -
172 1.19210E-09 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.29: Photofission yield results for 238U, experiment[3] versus CINDER
(6 MeV), 13.4 MeV excitation

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
64 1.77678E-09 - -
65 1.37242E-10 - -
66 3.93154E-06 - -
67 9.34297E-06 - -
68 2.68236E-05 - -
69 6.20254E-05 - -
70 2.06301E-04 - -
71 5.15715E-04 - -
72 6.34572E-04 - -
73 1.07589E-03 - -
74 4.16541E-03 - -
75 1.17473E-02 - -
76 2.60977E-02 - -
77 5.67596E-02 - -
78 8.87878E-02 - -
79 1.44586E-01 - -
80 2.16871E-01 - -
81 3.61386E-01 - -
82 6.53772E-01 - -
83 1.20761E+00 - -
84 1.97357E+00 8.40000E-01 1.30000E-01
85 2.16983E+00 2.06000E+00 1.50000E-01
86 3.48165E+00 - -
87 2.99717E+00 2.60000E+00 1.10000E-01
88 3.96142E+00 - -
89 5.39372E+00 3.01000E+00 1.60000E-01
90 6.03856E+00 - -
91 6.42321E+00 4.30000E+00 1.90000E-01
92 6.11191E+00 4.80000E+00 2.70000E-01
93 6.15287E+00 5.02000E+00 3.60000E-01
94 6.42119E+00 5.33000E+00 3.80000E-01
95 6.33396E+00 5.70000E+00 2.50000E-01
96 6.22559E+00 - -
97 6.07224E+00 5.87000E+00 2.90000E-01
98 5.73079E+00 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.30: Photofission yield results for 238U, experiment[3] versus CINDER
(6 MeV), 13.4 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
99 5.07674E+00 6.17000E+00 2.60000E-01
100 4.13729E+00 - -
101 3.39360E+00 5.59000E+00 3.00000E-01
102 2.66947E+00 - -
103 2.41715E+00 4.97000E+00 3.70000E-01
104 1.32089E+00 3.56000E+00 2.60000E-01
105 1.23805E+00 2.68000E+00 1.10000E-01
106 4.28870E-01 1.64000E+00 2.40000E-01
107 2.68342E-01 - -
108 1.86006E-01 - -
109 1.22451E-01 - -
110 1.03608E-01 - -
111 5.81439E-02 - -
112 7.22373E-02 3.11000E-01 4.80000E-02
113 5.97338E-02 2.90000E-01 3.90000E-02
114 5.88602E-02 - -
115 6.85241E-02 2.70000E-01 2.50000E-02
116 5.67781E-02 - -
117 5.47708E-02 2.81000E-01 3.10000E-02
118 5.47881E-02 - -
119 5.97648E-02 - -
120 6.46443E-02 - -
121 6.96114E-02 - -
122 8.16007E-02 - -
123 9.94825E-02 2.77000E-01 3.40000E-02
124 1.19469E-01 - -
125 1.56503E-01 - -
126 2.59172E-01 - -
127 3.88869E-01 6.67000E-01 4.20000E-02
128 6.47380E-01 - -
129 1.61642E+00 1.40300E+00 9.20000E-02
130 2.54068E+00 - -
131 3.73564E+00 3.90000E+00 2.40000E-01
132 4.36453E+00 4.74000E+00 3.90000E-01
133 6.46505E+00 6.30000E+00 3.50000E-01
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Appendix A. Tabulated Photofission Validation Results

Table A.31: Photofission yield results for 238U, experiment[3] versus CINDER
(6 MeV), 13.4 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
134 5.75234E+00 6.84000E+00 2.20000E-01
135 5.57971E+00 6.65000E+00 2.80000E-01
136 6.49079E+00 - -
137 5.86468E+00 6.11000E+00 5.50000E-01
138 6.58721E+00 - -
139 6.00297E+00 - -
140 5.78625E+00 5.59000E+00 2.00000E-01
141 6.50719E+00 5.05000E+00 3.70000E-01
142 5.98960E+00 4.88000E+00 3.70000E-01
143 6.14341E+00 4.53000E+00 3.20000E-01
144 5.44415E+00 3.97000E+00 3.40000E-01
145 3.98901E+00 - -
146 3.07189E+00 2.90000E+00 1.70000E-01
147 2.01785E+00 2.16000E+00 1.20000E-01
148 1.43412E+00 - -
149 1.03579E+00 1.38000E+00 1.10000E-01
150 6.37116E-01 - -
151 3.18077E-01 7.57000E-01 7.00000E-02
152 2.48648E-01 - -
153 1.48757E-01 3.16000E-01 5.30000E-02
154 8.05581E-02 - -
155 5.07201E-02 - -
156 2.08842E-02 - -
157 1.09373E-02 - -
158 6.36522E-03 - -
159 2.08902E-03 - -
160 1.09548E-03 - -
161 4.38053E-04 - -
162 1.59075E-04 - -
163 4.97655E-05 - -
164 2.88882E-05 - -
165 9.45626E-06 - -
166 2.48979E-06 - -
167 5.96633E-07 - -
168 2.68123E-07 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.32: Photofission yield results for 238U, experiment[3] versus CINDER
(6 MeV), 13.4 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
169 9.44820E-08 - -
170 2.48358E-08 - -
171 7.95911E-09 - -
172 1.19210E-09 - -

149



Appendix A. Tabulated Photofission Validation Results

Table A.33: Photofission yield results for 238U, experiment[3] versus CINDER
(6 MeV), 14.7 MeV excitation

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
64 1.77678E-09 - -
65 1.37242E-10 - -
66 3.93154E-06 - -
67 9.34297E-06 - -
68 2.68236E-05 - -
69 6.20254E-05 - -
70 2.06301E-04 - -
71 5.15715E-04 - -
72 6.34572E-04 - -
73 1.07589E-03 - -
74 4.16541E-03 - -
75 1.17473E-02 - -
76 2.60977E-02 - -
77 5.67596E-02 - -
78 8.87878E-02 - -
79 1.44586E-01 - -
80 2.16871E-01 - -
81 3.61386E-01 - -
82 6.53772E-01 - -
83 1.20761E+00 - -
84 1.97357E+00 9.00000E-01 1.00000E-01
85 2.16983E+00 1.20000E+00 9.00000E-02
86 3.48165E+00 - -
87 2.99717E+00 1.99000E+00 1.40000E-01
88 3.96142E+00 2.62000E+00 1.40000E-01
89 5.39372E+00 3.04000E+00 1.60000E-01
90 6.03856E+00 - -
91 6.42321E+00 4.20000E+00 1.90000E-01
92 6.11191E+00 4.76000E+00 2.50000E-01
93 6.15287E+00 4.93000E+00 3.50000E-01
94 6.42119E+00 5.32000E+00 3.80000E-01
95 6.33396E+00 5.75000E+00 2.50000E-01
96 6.22559E+00 - -
97 6.07224E+00 5.69000E+00 2.90000E-01
98 5.73079E+00 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.34: Photofission yield results for 238U, experiment[3] versus CINDER
(6 MeV), 14.7 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
99 5.07674E+00 6.09000E+00 2.50000E-01
100 4.13729E+00 - -
101 3.39360E+00 5.51000E+00 2.80000E-01
102 2.66947E+00 - -
103 2.41715E+00 4.82000E+00 3.50000E-01
104 1.32089E+00 3.37000E+00 2.60000E-01
105 1.23805E+00 2.57000E+00 2.40000E-01
106 4.28870E-01 1.75000E+00 1.80000E-01
107 2.68342E-01 - -
108 1.86006E-01 - -
109 1.22451E-01 - -
110 1.03608E-01 - -
111 5.81439E-02 - -
112 7.22373E-02 4.91000E-01 4.90000E-02
113 5.97338E-02 4.41000E-01 5.20000E-02
114 5.88602E-02 - -
115 6.85241E-02 4.44000E-01 3.60000E-02
116 5.67781E-02 - -
117 5.47708E-02 4.46000E-01 4.50000E-02
118 5.47881E-02 - -
119 5.97648E-02 - -
120 6.46443E-02 - -
121 6.96114E-02 - -
122 8.16007E-02 - -
123 9.94825E-02 4.50000E-01 5.90000E-02
124 1.19469E-01 - -
125 1.56503E-01 5.53000E-01 7.30000E-02
126 2.59172E-01 - -
127 3.88869E-01 8.94000E-01 5.30000E-02
128 6.47380E-01 - -
129 1.61642E+00 1.51600E+00 9.50000E-02
130 2.54068E+00 - -
131 3.73564E+00 3.95000E+00 2.40000E-01
132 4.36453E+00 4.63000E+00 1.50000E-01
133 6.46505E+00 6.10000E+00 3.10000E-01
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Appendix A. Tabulated Photofission Validation Results

Table A.35: Photofission yield results for 238U, experiment[3] versus CINDER
(6 MeV), 14.7 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
134 5.75234E+00 6.43000E+00 2.20000E-01
135 5.57971E+00 6.27000E+00 2.60000E-01
136 6.49079E+00 - -
137 5.86468E+00 5.97000E+00 5.20000E-01
138 6.58721E+00 - -
139 6.00297E+00 - -
140 5.78625E+00 5.62000E+00 1.80000E-01
141 6.50719E+00 5.34000E+00 2.90000E-01
142 5.98960E+00 4.60000E+00 3.80000E-01
143 6.14341E+00 4.39000E+00 3.10000E-01
144 5.44415E+00 3.82000E+00 3.20000E-01
145 3.98901E+00 - -
146 3.07189E+00 2.82000E+00 1.80000E-01
147 2.01785E+00 2.22000E+00 1.30000E-01
148 1.43412E+00 - -
149 1.03579E+00 1.22200E+00 8.90000E-02
150 6.37116E-01 - -
151 3.18077E-01 6.94000E-01 6.80000E-02
152 2.48648E-01 - -
153 1.48757E-01 3.16000E-01 3.80000E-02
154 8.05581E-02 - -
155 5.07201E-02 - -
156 2.08842E-02 - -
157 1.09373E-02 - -
158 6.36522E-03 - -
159 2.08902E-03 - -
160 1.09548E-03 - -
161 4.38053E-04 - -
162 1.59075E-04 - -
163 4.97655E-05 - -
164 2.88882E-05 - -
165 9.45626E-06 - -
166 2.48979E-06 - -
167 5.96633E-07 - -
168 2.68123E-07 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.36: Photofission yield results for 238U, experiment[3] versus CINDER
(6 MeV), 14.7 MeV excitation, continued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
169 9.44820E-08 - -
170 2.48358E-08 - -
171 7.95911E-09 - -
172 1.19210E-09 - -
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A.3 239Pu Photofission Validation Tabulated Re-

sults
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Appendix A. Tabulated Photofission Validation Results

Table A.37: Photofission yield results for 239Pu, experiment[4] versus CINDER
Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
65 7.50635E-10 - -
66 1.22584E-06 - -
67 2.03314E-06 - -
68 6.11606E-06 - -
69 2.03923E-05 - -
70 7.13464E-05 - -
71 1.83420E-04 - -
72 4.27994E-04 - -
73 4.61352E-04 - -
74 1.27162E-03 - -
75 2.43061E-03 - -
76 7.86468E-03 - -
77 2.12828E-02 - -
78 3.64873E-02 - -
79 6.73656E-02 - -
80 1.11574E-01 - -
81 1.82458E-01 - -
82 2.75154E-01 - -
83 3.79096E-01 - -
84 5.99472E-01 - -
85 7.23683E-01 8.51000E-01 6.80000E-02
86 1.04064E+00 - -
87 1.18746E+00 - -
88 1.60028E+00 1.62000E+00 2.10000E-01
89 2.07679E+00 - -
90 2.43481E+00 - -
91 2.94682E+00 2.89000E+00 2.30000E-01
92 3.47785E+00 3.20000E+00 1.60000E-01
93 4.11331E+00 4.02000E+00 2.00000E-01
94 4.74153E+00 - -
95 4.42442E+00 4.39000E+00 1.30000E-01
96 5.33762E+00 - -
97 5.69340E+00 4.63000E+00 1.70000E-01
98 5.59012E+00 - -
99 6.10611E+00 5.76000E+00 2.20000E-01
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Appendix A. Tabulated Photofission Validation Results

Table A.38: Photofission yield results for 239Pu, experiment[4] versus CINDER, con-
tinued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
100 6.10998E+00 - -
101 6.04949E+00 - -
102 6.13776E+00 - -
103 5.90050E+00 5.55000E+00 2.80000E-01
104 5.70185E+00 - -
105 4.76486E+00 3.96000E+00 2.00000E-01
106 4.23817E+00 3.70000E+00 2.60000E-01
107 3.00961E+00 - -
108 2.14516E+00 - -
109 1.21290E+00 - -
110 6.07241E-01 - -
111 3.06071E-01 1.24200E+00 7.50000E-02
112 1.62843E-01 9.55000E-01 5.70000E-02
113 8.23859E-02 7.10000E-01 6.90000E-02
114 8.16114E-02 - -
115 8.33658E-02 3.94000E-01 2.70000E-02
116 7.50643E-02 - -
117 7.50030E-02 3.92000E-01 3.30000E-02
118 7.44174E-02 - -
119 7.28991E-02 - -
120 7.48743E-02 - -
121 7.78659E-02 - -
122 8.24293E-02 - -
123 9.27980E-02 - -
124 1.09903E-01 - -
125 1.49757E-01 - -
126 2.30372E-01 - -
127 3.69309E-01 1.43000E+00 1.50000E-01
128 6.59055E-01 - -
129 1.11798E+00 - -
130 2.22807E+00 - -
131 3.91605E+00 4.67000E+00 1.50000E-01
132 5.30408E+00 4.96000E+00 1.60000E-01
133 5.87451E+00 5.43000E+00 2.10000E-01
134 6.60384E+00 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.39: Photofission yield results for 239Pu, experiment[4] versus CINDER, con-
tinued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
135 6.74514E+00 6.32000E+00 2.60000E-01
136 7.41610E+00 - -
137 6.51524E+00 - -
138 6.29692E+00 - -
139 5.72286E+00 5.18000E+00 2.60000E-01
140 5.61452E+00 4.55000E+00 1.80000E-01
141 4.78549E+00 4.23000E+00 1.40000E-01
142 5.87634E+00 - -
143 4.53486E+00 3.26000E+00 1.30000E-01
144 3.92533E+00 2.83000E+00 1.10000E-01
145 3.23667E+00 2.33000E+00 1.50000E-01
146 2.76771E+00 - -
147 2.23685E+00 1.64200E+00 6.40000E-02
148 1.75725E+00 - -
149 1.59767E+00 - -
150 9.82320E-01 - -
151 9.07984E-01 7.45000E-01 7.40000E-02
152 6.78498E-01 - -
153 4.68989E-01 3.85000E-01 2.70000E-02
154 3.19318E-01 - -
155 2.39372E-01 1.61000E-01 1.80000E-02
156 1.59656E-01 - -
157 9.97744E-02 9.80000E-02 1.50000E-02
158 7.97141E-02 - -
159 3.59214E-02 - -
160 1.99976E-02 - -
161 1.02356E-02 - -
162 3.74426E-03 - -
163 1.79564E-03 - -
164 6.97965E-04 - -
165 2.99283E-04 - -
166 1.29750E-04 - -
167 4.49999E-05 - -
168 6.98389E-06 - -
169 3.99787E-06 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.40: Photofission yield results for 239Pu, experiment[4] versus CINDER, con-
tinued

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
170 1.69791E-06 - -
171 6.98737E-07 - -
172 3.79600E-07 - -
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Appendix A. Tabulated Photofission Validation Results

A.4 U-nat Photofission Validation Tabulated Re-

sults
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Appendix A. Tabulated Photofission Validation Results

Table A.41: Photofission yield results for U-nat, experiment[5] versus CINDER
Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
65 1.15258E-08 - -
66 7.04496E-06 - -
67 1.68919E-05 - -
68 2.36467E-05 - -
69 3.62738E-05 - -
70 6.24967E-05 - -
71 1.05613E-04 - -
72 2.02536E-04 - -
73 5.13655E-04 - -
74 1.33051E-03 - -
75 3.62027E-03 - -
76 8.05901E-03 - -
77 1.88395E-02 3.20000E-02 4.00000E-03
78 4.78776E-02 5.90000E-02 2.00000E-03
79 7.70800E-02 - -
80 1.31108E-01 - -
81 2.12091E-01 - -
82 3.15133E-01 - -
83 4.90291E-01 5.90000E-01 6.00000E-02
84 8.63378E-01 1.03000E+00 1.70000E-01
85 1.05682E+00 - -
86 1.55402E+00 - -
87 1.81519E+00 - -
88 2.75288E+00 - -
89 3.41669E+00 2.80000E+00 1.00000E-01
90 3.92853E+00 - -
91 4.37893E+00 3.90000E+00 1.00000E-01
92 4.82874E+00 - -
93 5.29161E+00 - -
94 5.46207E+00 - -
95 5.59957E+00 - -
96 5.79588E+00 - -
97 5.92536E+00 5.80000E+00 2.00000E-01
98 5.88561E+00 - -
99 6.15254E+00 6.60000E+00 -
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Appendix A. Tabulated Photofission Validation Results

Table A.42: Photofission yield results for U-nat, experiment[5] versus CINDER,
continued.

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
100 5.90492E+00 - -
101 5.77527E+00 - -
102 5.63904E+00 - -
103 4.91664E+00 2.90000E+00 2.00000E-01
104 4.59121E+00 - -
105 2.69063E+00 2.50000E+00 1.00000E-01
106 2.04681E+00 2.00000E+00 2.00000E-01
107 1.12096E+00 - -
108 5.12370E-01 - -
109 1.95090E-01 - -
110 1.44257E-01 - -
111 8.83958E-02 7.70000E-01 2.00000E-02
112 7.98277E-02 5.20000E-01 3.00000E-02
113 6.21368E-02 6.00000E-01 3.00000E-02
114 5.58636E-02 - -
115 6.02471E-02 8.80000E-02 2.20000E-02
116 5.18598E-02 - -
117 5.15900E-02 5.00000E-01 2.00000E-02
118 5.27585E-02 - -
119 5.14338E-02 - -
120 5.11673E-02 - -
121 5.75532E-02 - -
122 6.00974E-02 - -
123 7.47517E-02 - -
124 9.13389E-02 - -
125 1.41089E-01 - -
126 2.06765E-01 - -
127 2.76802E-01 9.30000E-01 2.00000E-02
128 6.02607E-01 - -
129 1.04453E+00 - -
130 2.05023E+00 - -
131 3.22071E+00 4.30000E+00 1.00000E-01
132 4.76435E+00 4.90000E+00 1.00000E-01
133 5.46436E+00 6.20000E+00 3.00000E-01
134 6.79841E+00 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.43: Photofission yield results for U-nat, experiment[5] versus CINDER,
continued.

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
135 6.60395E+00 - -
136 6.69222E+00 - -
137 6.47049E+00 4.70000E+00 3.00000E-01
138 6.27650E+00 - -
139 6.05670E+00 4.60000E+00 1.00000E-01
140 6.61581E+00 5.00000E+00 3.00000E-01
141 5.52866E+00 4.90000E+00 3.00000E-01
142 5.44029E+00 - -
143 4.79654E+00 3.80000E+00 3.00000E-01
144 4.82314E+00 3.40000E+00 2.00000E-01
145 3.61268E+00 - -
146 3.10707E+00 - -
147 2.59569E+00 - -
148 1.84431E+00 - -
149 1.43171E+00 - -
150 1.03476E+00 - -
151 7.64632E-01 - -
152 5.20369E-01 - -
153 3.43871E-01 - -
154 1.86693E-01 - -
155 1.17820E-01 - -
156 5.72038E-02 - -
157 4.23952E-02 - -
158 1.49149E-02 - -
159 6.89985E-03 - -
160 2.79344E-03 - -
161 1.09331E-03 - -
162 3.32442E-04 - -
163 7.55044E-05 - -
164 4.18493E-05 - -
165 1.83628E-05 - -
166 9.64073E-06 - -
167 5.38917E-06 - -
168 2.82103E-06 - -
169 1.57359E-06 - -
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Appendix A. Tabulated Photofission Validation Results

Table A.44: Photofission yield results for U-nat, experiment[5] versus CINDER,
continued.

Atomic Mass CINDER Yield Experimental Exerpimental
Number Fraction Yield Fraction Uncertainty
171 3.28252E-07 - -
172 2.54790E-07 - -
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Appendix A. Tabulated Photofission Validation Results

A.5 238Np Photofission Validation Comparison Tab-

ulated Results
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Table A.45: Photofission yield results for 238Np
Atomic Mass CINDER Yield Atomic Mass CINDER Yield
Number Fraction Number Fraction
65 2.42616E-10 100 6.43623E+00
66 1.84857E-07 101 6.12601E+00
67 3.68673E-07 102 5.76821E+00
68 1.87801E-06 103 5.56223E+00
69 6.86196E-08 104 4.12651E+00
70 2.44247E-05 105 3.10737E+00
71 6.19128E-05 106 2.33029E+00
72 1.50497E-04 107 1.71281E+00
73 3.68983E-04 108 1.30535E+00
74 6.67091E-04 109 6.33616E-01
75 1.31879E-03 110 2.96340E-01
76 6.01484E-03 111 9.55255E-02
77 1.04399E-02 112 7.32474E-02
78 2.43615E-02 113 5.15428E-02
79 5.63171E-02 114 5.29653E-02
80 1.11545E-01 115 4.88140E-02
81 2.35704E-01 116 4.78502E-02
82 3.57566E-01 117 4.29612E-02
83 4.83629E-01 118 5.29366E-02
84 7.30778E-01 119 5.32668E-02
85 9.77493E-01 120 5.30229E-02
86 1.30619E+00 121 5.28636E-02
87 1.75145E+00 122 6.04638E-02
88 2.15847E+00 123 7.57198E-02
89 2.54538E+00 124 7.27506E-02
90 3.34114E+00 125 1.31019E-01
91 3.92163E+00 126 1.65212E-01
92 4.38925E+00 127 3.55751E-01
93 5.11532E+00 128 1.49976E+00
94 5.13669E+00 129 1.75844E+00
95 5.66832E+00 130 2.72784E+00
96 5.48742E+00 131 3.60000E+00
97 6.19464E+00 132 4.85378E+00
98 6.06027E+00 133 6.46702E+100
99 6.10888E+00 134 7.07351E+00
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Table A.46: Photofission yield results for 238Np, continued
Atomic Mass CINDER Yield Atomic Mass CINDER Yield
Number Fraction Number Fraction
135 7.25997E+00 154 1.87276E-01
136 6.70482E+00 155 1.41897E-01
137 6.26179E+00 156 1.00513E-01
138 6.13490E+00 157 3.22163E-02
139 5.63220E+00 158 1.27717E-02
140 5.49556E+00 159 6.49426E-03
141 5.33958E+00 160 2.50882E-03
142 4.79766E+00 161 7.79691E-04
143 4.64979E+00 162 3.02637E-04
144 4.13997E+00 163 1.29642E-04
145 3.45049E+00 164 5.62869E-05
146 2.79973E+00 165 1.92651E-05
147 2.22771E+00 166 1.12573E-05
148 1.71915E+00 167 1.56218E-06
149 1.30298E+00 168 4.03374E-07
150 9.93843E-01 169 1.18961E-07
151 7.27038E-01 170 4.08730E-07
152 4.59944E-01 171 1.19674E-07
153 3.65138E-01 172 4.66060E-07
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Appendix B

Sample Input Files

The following are sample input files for the models run in TINDER for Section 3.2.2.

The first three files are for EVENT and the second three are for MCNPX.
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Appendix B. Sample Input Files

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1R6IWYPXW�XMRHIV�IZIRX%GX�MRTYX 4EKI���SJ��


MRTYX��
��GMRHIVI\IG!��GMRHIV����K��
��HIFYK!��
��XVERWI\IG!��XMRHIVCIZIRX�TP��
��RKVTW!����
��KKVTW!����
��FYVRPMFR!���YWV�PSGEP�GMRHIV�HEXE�'��PMFCJMWWMSR��
��FYVRPMFK!���YWV�PSGEP�GMRHIV�HEXE�'��PMFCKEQQECZ������
��FYVRPMFKP�!���YWV�PSGEP�GMRHIV�HEXE�GMRHIVKP�HEX��
��FYVRPSGMR!��LSQI�[QEVXMR�GMRHIV���
��WTIGXVE*MPI!�WTIGXVECP�
�


QEXIVMEPW
��Y�S�
��Y�������������������I��
��Y�������������������I��
��S�������������������I��


FYVRYT
GEPGYPEXMSR!�XIWX��
ZSPGG!��������I��
JP\QPX!�I��
JPSWMK!�����I����
WMKRMJ!�����I����
ITWQ!��
ITWR!��
I\TSRQE\!��
OGLR!��
OPMF!��
RJI!��
PXWHR^!���
RPMRXP!��
RSWEQI!��
KEWSTX!��
VYRCXEF!��
WYJJM\!���
JMRICHK!�����
GSEVWICHK!������
JMRICHR!�����
GSEVWICHR!������
JP\QPXK!�I��
RJIK!��
HIWGVMTXMSR!�YQM\�WTLIVI�-RTYX�(IGO�JSV�'-2()6����K��
JPY\REQI!�XEPP]�����
KJPY\REQI!�XEPP]�����
RGEQT�!��
�
�����������������
�����������W�
���������
����������W�
����������W�
�
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Appendix B. Sample Input Files

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1WYPXW�XMRHIV�IZIRX%GX�MRTYX�\� 4EKI���SJ��

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�KIQ�JMPI��MRTYX�\�
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�TVSFPIQ�GSRXVSP�TEVEQIXIVW
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

XMXPI�Y�S��TYGO�MR�E�[SSH�FS\��JM\IH�WSYVGI�TVSFPIQ
TVSFPIQ�VEHMEXMSR
GEWI�JM\IH
TEVXMGPI�RIYXVSR
GSHI�IZIRX
QSHI�JSV[EVH
KISQIXV]�V^
ERKPI��
KVSYTW����$������PMFVEV]��1%8<7��
WGEXXIV��
YTWGEXXIV�RS
JMWWMSR�]IW
QSRMXSV�FEPERGI

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�KISQIXV]�HIJMRMXMSRW�STXMSRW
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

TRX�T�����������������
TRX�T�����������������
TRX�T�����������������
TRX�T�����������������
TRX�T���������������
TRX�T���������������
TRX�T���������������
TRX�T�����������������
TRX�T�����������������
TRX�T���������������
TRX�T���������������
TRX�T���������������

PMR�P���T���T�
PMR�P���T���T�
PMR�P���T���T�
PMR�P���T���T�
PMR�P���T���T�
PMR�P���T���T�
PMR�P���T���T�
PMR�P���T���T�
PMR�P���T���T�
PMR�P���T���T�
PMR�P���T���T�
PMR�P���T���T��
PMR�P���T���T��
PMR�P���T���T��
PMR�P���T���T�
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*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1WYPXW�XMRHIV�IZIRX%GX�MRTYX�\� 4EKI���SJ��

PMR�P���T���T��
PMR�P���T���T�

VIKMSR�TYGO�P���P���P���P�
VIKMSR�[H���P���P���P���P�
VIKMSR�[H���P���P���P���P��
VIKMSR�[H���P���P���P���P��
VIKMSR�[H���P���P���P���P��
VIKMSR�[H���P���P���P���P��

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�QIWLMRK�STXMSRW
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

HMZMHI����P��P��P��P��P��P��P��P��P��P���P���P���P���P���P���P���P��
HIJEYPX�MXZ���

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�QEXIVMEP�WTIGMJMGEXMSRW
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

$���RYGPIEV�HEXE�PMFVEV]
PMFVEV]�XVERW\�QEX\W���MRT�JMHS

$���GVSWW�WIGXMSR�XEFPI�PIRKXLW
\WXEF�������

QEX�Y���
QEX�Y���
QEX�S��
QEX�GREX
QEX�L�

QM\�Y�S�
QM\�Y�S��Y������������I��
QM\�Y�S��Y������������I��
QM\�Y�S��S������������I��
QM\�[SSH
QM\�[SSH�GREX����������I��
QM\�[SSH�S�������������I��
QM\�[SSH�L�������������I��

WYVJEGI�X��������I����������I����������I����������I����������I����B
���������I����������I����������I����������I����������I����B
���������I����������I����������I����������I����������I����B
���������I����������I����������I����������I����������I����B
���������I����������I����������I����������I����������I����B
���������I����������I����������I����������I����������I����B
���������I����������I����������I����������I����������I����B
���������I����������I����������I����������I����������I����B
���������I����������I���

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�HIJMRI�FSYRHEV]�GSRHMXMSRW
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
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Appendix B. Sample Input Files

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1WYPXW�XMRHIV�IZIRX%GX�MRTYX�\� 4EKI���SJ��

FSYRHEV]�X��P�
FSYRHEV]�VIJPIGX�P���P��P�
FSYRHEV]�ZEGYYQ�P��P��P���P���P���P��

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�EWWMKR�TVSTIVXMIW�XS�VIKMSRW
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

TVSTIVXMIW�TYGO�Y�S�
TVSTIVXMIW�[H���[SSH
TVSTIVXMIW�[H���[SSH
TVSTIVXMIW�[H���[SSH
TVSTIVXMIW�[H���[SSH
TVSTIVXMIW�[H���[SSH

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�HIJMRI�EZIVEKIW
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

EZIVEKI���TYGO
$EZIVEKI���[H��[H��[H��[H��[H�

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�QIWL�XLI�KISQIXV]
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

JMPP

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�HEXE
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

HEXE

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�WXST�VYR
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

WXST
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Appendix B. Sample Input Files

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1WYPXW�XMRHIV�IZIRX%GX�MRTYX�\� 4EKI���SJ��

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�KIQ�JMPI��MRTYX�\�
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�TVSFPIQ�GSRXVSP�TEVEQIXIVW
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

XMXPI�Y�S��TYGO�MR�E�[SSH�FS\���������1I:�R�K�WSYVGI
TVSFPIQ�VEHMEXMSR
GEWI�JM\IH
TEVXMGPI�RIYXVSR
GSHI�IZIRX
QSHI�JSV[EVH
KISQIXV]�\]
ERKPI��
KVSYTW����$������PMFVEV]��1%8<7��
WGEXXIV��
YTWGEXXIV�RS
JMWWMSR�]IW
QSRMXSV�FEPERGI

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�KISQIXV]�HIJMRMXMSRW�STXMSRW
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

TRX�T��������������
TRX�T��������������
TRX�T��������������
TRX�T��������������
TRX�T��������������
TRX�T��������������

PMRI�P��T��T�
PMRI�P��T��T��T�
PMRI�P��T��T�
PMRI�P��T��T�
PMRI�P��T��T�
PMRI�P��T��T�
PMRI�P��T��T�

VIKMSR�TYGO�P��P��P�
VIKMSR�[H�P��P��P��P�

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�QIWLMRK�STXMSRW
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

HIJEYPX�MXZ���

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�QEXIVMEP�WTIGMJMGEXMSRW
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
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Appendix B. Sample Input Files

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1WYPXW�XMRHIV�IZIRX%GX�MRTYX�\� 4EKI���SJ��

$���RYGPIEV�HEXE�PMFVEV]
PMFVEV]�XVERW\�QEX\W���MRT�JMHS

$���GVSWW�WIGXMSR�XEFPI�PIRKXLW
\WXEF�������

QEX�Y���
QEX�Y���
QEX�S��
QEX�GREX
QEX�L�

QM\�Y�S�
QM\�Y�S��Y������������I��
QM\�Y�S��Y������������I��
QM\�Y�S��S������������I��
QM\�[SSH
QM\�[SSH�GREX����������I��
QM\�[SSH�S�������������I��
QM\�[SSH�L�������������I��

_76'��WSYVGI�W��?76'Aa

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�HIJMRI�FSYRHEV]�GSRHMXMSRW
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

FSYRHEV]�ZEGYYQ�P��P�
FSYRHEV]�VIJPIGX�P��P��P��P�

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�EWWMKR�TVSTIVXMIW�XS�VIKMSRW
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

TVSTIVXMIW�TYGO�Y�S��W�
TVSTIVXMIW�[H���[SSH

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�HIJMRI�EZIVEKIW
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

EZIVEKI���TYGO
HIXIGXSV�H����������������
HIXIGXSV�H�����������������

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�QIWL�XLI�KISQIXV]
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

JMPP

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�HEXE
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

HEXE
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Appendix B. Sample Input Files

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1WYPXW�XMRHIV�IZIRX%GX�MRTYX�\� 4EKI���SJ��

$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$�WXST�VYR
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

WXST
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Appendix B. Sample Input Files

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1R6IWYPXW�XMRHIV�QGRT\%GX�MRTYX 4EKI���SJ��


MRTYX��
��GMRHIVI\IG!��GMRHIV����K��
��HIFYK!��
��XVERWI\IG!��XMRHIVCQGRT\CEGX�TP��
��RKVTW!����
��KKVTW!����
��FYVRPMFR!���QIHME�XVYIGV]TX��GMRHIV�'-2()6�����(EXE�'��PMFCJMWWMSR��
��FYVRPMFK!���QIHME�XVYIGV]TX��GMRHIV�'-2()6�����(EXE�'��PMFCKEQQECZ������
��FYVRPMFKP�!���QIHME�XVYIGV]TX��GMRHIV�'-2()6�����(EXE�GMRHIVKP�HEX��
��FYVRPSGMR!��QIHME�XVYIGV]TX��GMRHIVVYR���
��WTIGXVE*MPI!�WTIGXVECP�
�


QEXIVMEPW
��YQM\
��Y��������������������������)����
��Y��������������������������)���
��S��������������������������)���
��


FYVRYT
GEPGYPEXMSR!�XIWX��
ZSPGG!�����
JP\QPX!�I��
JPSWMK!�����I����
WMKRMJ!�����I����
ITWQ!��
ITWR!��
I\TSRQE\!��
OGLR!��
OPMF!��
RJI!��
PXWHR^!���
RPMRXP!��
RSWEQI!��
KEWSTX!��
VYRCXEF!��
WYJJM\!���
JMRICHK!�����
GSEVWICHK!������
JMRICHR!�����
GSEVWICHR!������
JP\QPXK!�I��
RJIK!��
HIWGVMTXMSR!�YQM\�WTLIVI�-RTYX�(IGO�JSV�'-2()6����K��
JPY\REQI!�XEPP]�����
KJPY\REQI!�XEPP]�����
RGEQT�!��
�
�����������
����������W�
������)�������
���������W�
���������W�
�
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Appendix B. Sample Input Files

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1WYPXW�XMRHIV�QGRT\%GX�MRTYX�\� 4EKI���SJ��

&EVI�YVERMYQ�S\MHI�G]PMRHIV�WYVVSYRHIH�F]�PS[�HIRWMX]�TP][SSH�VGG
'����'IPP�'EVHW
������������������������MQT�R!��MQT�T!�
������������������������MQT�R!��MQT�T!�
������������������������MQT�R!��MQT�T!�

'����7YVJEGI�'EVHW
�����6''������������������������������FEWIH�SR������K
�����644�����������������������������������������GQ

'����(EXE�'EVHW
Q�����������������������������������������������X[IEOIH�TIV�4VYWWMR
Q�����������������������������������������
13()�2�4
*���2��
G
'���'-2()6�����EGXMZEXMSR�GVSWW�WIGXMSRW�TVSZMHIH�MR
'������KVSYT�'-2()6�����JMWWMSR�PMFVEV]�RIYXVSR�IRIVK]�KVSYT�WXVYGXYVI
)����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)���
'
*���4��
G
'������KVSYT�'-2()6�KEQQE�IRIVK]�KVSYT�WXVYGXYVI
)��������)���������)���������)���������)���������)���������)���������)����

���������)���������)���������)���������)���������)���������)���������)����

���������)���������)���������)���������)���������)���������)���������)����
�
���������)���������)���������)���������)���������)���
'
*���4����
G
'�������1I:�'LIGO
)�������������������������JMVWX�KVSYT�[MPP�FI����
_76'��*1���?76'838Aa
G
:30�N�����I��N���ZSP�SJ�VTT
_76'��7()*�796!����437!����������%<7!������6%(!(��4%6!��)6+!����:)'!������(-6!�
WM��������
WT�������a
_76'��7()*�')0!��4%6!4�)6+!H�
WM��?)6+A
WT��?76'A�a
4,=7�2�������N����N��
4,=7�4�������N�����N��
247��I�
46-28
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Appendix B. Sample Input Files

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1WYPXW�XMRHIV�QGRT\%GX�MRTYX�\� 4EKI���SJ��

&EVI�YVERMYQ�S\MHI�G]PMRHIV�WYVVSYRHIH�F]�PS[�HIRWMX]�TP][SSH�VGG
'����'IPP�'EVHW
������������������������MQT�R!��MQT�T!�
������������������������MQT�R!��MQT�T!�
������������������������MQT�R!��MQT�T!�

'����7YVJEGI�'EVHW
�����6''������������������������������FEWIH�SR������K
�����644�����������������������������������������GQ

'����(EXE�'EVHW
Q�����������������������������������������������X[IEOIH�TIV�4VYWWMR
Q�����������������������������������������
13()�2�4
*���2��
G
'���'-2()6�����EGXMZEXMSR�GVSWW�WIGXMSRW�TVSZMHIH�MR
'������KVSYT�'-2()6�����JMWWMSR�PMFVEV]�RIYXVSR�IRIVK]�KVSYT�WXVYGXYVI
)����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)�����������)�����������)�����������)�����������)�����������)����

�����������)���
'
*���4��
G
'������KVSYT�'-2()6�KEQQE�IRIVK]�KVSYT�WXVYGXYVI
)��������)���������)���������)���������)���������)���������)���������)����

���������)���������)���������)���������)���������)���������)���������)����

���������)���������)���������)���������)���������)���������)���������)����
�
���������)���������)���������)���������)���������)���
'
*���4����
G
'�������1I:�'LIGO
)�������������������������JMVWX�KVSYT�[MPP�FI����
_76'��*1���?76'838Aa
G
:30�N�����I��N���ZSP�SJ�VTT
_76'��7()*�796!����437!����������%<7!������6%(!(��4%6!��)6+!�����:)'!������(-6!�
WM��������
WT�������a
_76'��7()*�')0!��4%6!4�)6+!H�
WM��?)6+A
WT��?76'A�a
4,=7�2�������N����N��
4,=7�4�������N�����N��
247��I�
46-28
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Appendix C

Sample TINDER Transport Script

The following is an example of the script that can be written to couple a transport

code to TINDER. This is the script used for the TINDER/EVENT models run in

Section 3.2.2.
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Appendix C. Sample TINDER Transport Script

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1R�XSSPW�XMRHIV�XMRHIVCIZIRX�TP 4EKI���SJ���

���YWV�FMR�TIVP

TEGOEKI�XMRHIVCIZIRX�

YWI�437-<�
YWI�WXVMGX�
YWI�*MPI��'ST]�
YWI�)RZ���+)1C(%8%����,31)����):)28C398��
YWI�'[H��EFWCTEXL��

�KPSFEP�ZEVW�XLEX�EVI�TVSFPIQ�HITIRHIRX
SYV��WREQI�!��XMRHIVCIZIRX�TP��
SYV��ZIVWMSR�!�����C7ITXC��C������
SYV��PS[CPMQMX�!��I����������������PS[�PMQMX�SR�	SJ�XSXEP�QEXIVMEP�XLI�RYGPMHI�QYWX�FI�MR�
SVHIV�XS�FI�MRGPYHIH
SYV��EZIVEKI2YQ�!���
SYV��RXEPP]2EQI�!��XEPP]������
SYV��RXEPP]2EQI3YX�!��XEPP]�����
SYV��KXEPP]2EQI�!��XEPP]������
SYV��KXEPP]2EQI3YX�!��XEPP]�����
SYV��+KVTW�!����
SYV��2KVTW�!����
SYV�$IRIVK])K�!�������)���������)���������)���������)���������)���������)����

�����)���������)���������)���������)���������)���������)����
SYV�$IRIVK])R�!�������)���������)���������)���������)���������)���������)����

�����)���������)���������)���������)���������)���������)����
�����)���������)���������)���������)���������)���������)����
�����)���������)���������)���������)���������)���������)����
�����)���������)���������)���������)���������)���������)����

�GMRHIV����KVSYT�IRIVK]�WXVYGXYVI
SYV�$IRIVK]'K�!�
������)���������)���������)���������)���������)���������)���������)���������)������PSWIWX�
KVSYT�I\XIRX�XS��
��������������������)���������)���������)���������)���������)���������)���������)���������)
���������)����
��������������������)���������)���������)���������)���������)���������)���������)���������)
����
�GMRHIV����KVSYT�IRIVK]�WXVYGXYVI���'-2()6�����WXERHEVH�JMWWMSR
SYV�$IRIVK]'R�!�
��������)�����������)�����������)�����������)�����������)�����������)�����������)�����
�PS[IWX�KVSYT�I\XIRH�XS��

�
�������)�����������)�����������)�����������)�����������)�����������)�����������)�����������)����

�
�������)�����������)�����������)�����������)�����������)�����������)�����������)�����������)����

�
�������)�����������)�����������)�����������)�����������)�����������)�����������)�����������)����

�
�������)�����������)�����������)�����������)�����������)�����������)�����������)�����������)����

�
�������)�����������)�����������)�����������)�����������)�����������)�����������)�����������)����

�
�������)�����������)�����������)�����������)�����������)�����������)�����������)
�����������)����

��������)�����������)�����������)�����������)�����������)�����������)
�����������)�����������)����
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Appendix C. Sample TINDER Transport Script

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1R�XSSPW�XMRHIV�XMRHIVCIZIRX�TP 4EKI���SJ���

��������)�����������)�����������)����
SYV��HIFYK�!���

�KPSFEP�ZEVW���HS�RSX�IHMX
SYV��KVTW��$WVG)VK��$WVG:EP�������XLIWI�WLSYPH�FI�KPSFEP�WMRGI�YWIH�MR�QYPXMTPI�
JYRGXMSRW��KVTW�MW�XLI�'-2()6�WTIGXVE�WXVYGXYVI
SYV�	QEXW�!�_a�
SYV�	IZIRX1EXW�!�_a�
SYV��GYVCHMV�

QEMR���

WYF�QEMR�_
���HIJMRMXMSRW
��Q]��RS[���PMRI��$LSPH���RYQHIR��JREQI���M���GYVOI]���EXTIV���OI]���OI]��
��Q]��E����F����JMVWX���GSYRX���VIQ���MXIV���RSWVG���WVGXSX�

���[VMXI�LIEHIV�PMRI
���RS[��!�PSGEPXMQI�
��TVMRX��XMRHIVCIZIRX�TP�I\IGYXIH�EX��RS[@R��
��TVMRX�
����������������������������������������������������������������������������������������������������������
@R��
��TVMRX��TEVWMRK�MRTYX����@R��

�KIX�XLI�TEXL�SJ�XLMW�JMPI���HIPIXI�XLI�WGVMTX�REQI
�GYVCHMV�!�EFWCTEXL����
�GYVCHMV�!b�W��WREQI���

� TVMRX��GYVCHMV��@R��

�����6)%(�1%87�*-0)���

���STIR�XLI�QEXIVMEPW�JMPI�MJ�MX�I\MWXW
��MJ��I��QEXW�
��_
����STIR�1%87-2�� QEXW��SV�HMI��)6636��'SYPH�RSX�STIR�XLI�QEXW�JMPI�
��a
��IPWI
��_
����HMI��)6636��'SYPH�RSX�PSGEXI�XLI�QEXW�JMPI�
��a

���MRMXMEPM^I�XLI�XSXEP�QEXIVMEP�RYQFIV�HIRWMX]�XS��
���RYQHIR�!�����

���VIEH�XLI�QEXIVMEPW�JMPI
��[LMPI���PMRI�!� 1%87-2"�
��_
����GLSQT��PMRI�
����$LSPH�!�WTPMX������PMRI�
����$LSPH?�A�!�XVMQ�$LSPH?�A�
�����QEXW_�$LSPH?�A�a�!�$LSPH?�A�
�����RYQHIR��!�$LSPH?�A�
�����TVMRX��%>-(����$LSPH?�A���HIR�����QEXW_$LSPH?�Aa��@R��
��a
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*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1R�XSSPW�XMRHIV�XMRHIVCIZIRX�TP 4EKI���SJ���

���GPSWI�XLI�JMPI�RS[
��GPSWI�1%87-2�

�����6)%(�):)28(%8%�*-0)���

���STIR�XLI�IZIRX(EXE�JMPI�XS�HIXIVQMRI�XLI�RYGPMHIW�TVIWIRX�MR�XLI�IZIRX�PMFVEV]
��MJ��I��GYVCHMV��IZIRX(EXE�_
����STIR�IZIRX(EXE�� ���GYVCHMV��IZIRX(EXE��SV�HMI��)6636��'SYPH�RSX�STIR�XLI�IZIRX(EXE�
JMPI���
��a
��IPWI_
����HMI��)6636��'SYPH�RSX�PSGEXI�XLI�IZIRX(EXE�JMPI���
��a

���FVMRK�MR�XLI�QEXIVMEPW�TVIWIRX�MR�XLI�IZIRX�PMFVEV]
��[LMPI���PMRI�!� IZIRX(EXE"�
��_
����GLSQT��PMRI�
����$LSPH�!�WTPMX������PMRI�
�����IZIRX1EXW_$LSPH?�Aa�!�$LSPH?�A�
�����TVMRX��2EQI����$LSPH?�A���%>-(�����IZIRX1EXW_$LSPH?�Aa��@R��
��a

���GPSWI�XLI�JMPI�RS[
��GPSWI�IZIRX(EXE�

�����6)%(�76'�*-0)���

�RS[�GLIGO�XS�WII�MJ�XLIVI�MW�ER�WVG�JMPI�JSV�XLI�WSYVGI�JVSQ�'-2()6��MJ�RSX��EWWYQI��
MJ��I��WVG�_

STIR�WVG�� WVG��SV�HMI��)6636��'SYPH�RSX�STIR�XLI�WVG�JMPI���
�KIX�XLI�JMVWX�PMRI�[LMGL�MW�XLI�RYQFIV�SJ�KVSYTW��XLI�KEQQE�KVSYTW�SYX�SJ�'-2()6
�PMRI�!� WVG"�
GLSQT��PMRI�
�KVTW�!��PMRI�

�RS[�VIEH�MR�XLI�IRIVK]�IHKI�HEXE
JSV��M!���M !�KVTW��M��_

�PMRI�!� WVG"�
GLSQT��PMRI�
$WVG)VK?�MA�!��PMRI�

a

�RS[�WOMT�XLI�XMXPI�PMRI��WTIGXVYQ�
�PMRI�!� WVG"�
�VIEH�XLI�EGXYEP�WSYVGI�WTIGXVYQ��XLI�JMVWX�ZEPYI�QYWX�FI�^IVS�JSV�):)28
�WVGXSX�!�����
$WVG:EP?�A�!�����
JSV��M!���M !�KVTW��M��_

�PMRI�!� WVG"�
GLSQT��PMRI�
$WVG:EP?�MA�!��PMRI�
�WVGXSX�!�$WVG:EP?�MA�

a
�RSWVG�!���
GPSWI�WVG�
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Appendix C. Sample TINDER Transport Script

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1R�XSSPW�XMRHIV�XMRHIVCIZIRX�TP 4EKI���SJ���

a
IPWI_

�RSWVG�!���
a

�����'34=�):)28�-2498�8)140%8)�*-0)���

���GLIGO�MX�XLI�IRZMVSRQIRXEP�ZEVMEFPI�MW�WIX
��MJ�PIRKXL��+)1C(%8%�!!��_
�����+)1C(%8%�!��,31)���KIQ�HEXE���
��a
��
���STIR�XLI�IZIRX�MRTYX�JMPI�XIQTPEXI��XLI�GSQQERH�PMRI�EVKYQIRX
��MJ��%6+:?�A!!�_
����STIR�XIQTPEXI��%6+:?�A�����SV�HMI��)6636��'SYPH�RSX�STIR�XLI�IZIRX�XIQTPEXI�JMPI�@R��
��a
��IPWI_
����STIR�XIQTPEXI��%6+:?�A�����SV�HMI��)6636��'SYPH�RSX�STIR�XLI�IZIRX�XIQTPEXI�JMPI�@R��
��a
���JREQI�!��+)1C(%8%��%6+:?�A�
��MJ��I��JREQI_
����YRPMRO��JREQI�
��a
��STIR�MRTYX��"�JREQI��SV�HMI��)6636��GSYPH�RSX�STIR�XLI�IZIRX�MRTYX�JMPI�@R��
��
���PSST�XLVSYKL�XLI�XIQTPEXI��SYXTYXXMRK�EPP�XLI�PMRIW�XS�XLI�RI[�IZIRX�MRTYX�JMPI�
����YRXMP�XLI�_1%8a�_1-<a�_76'��JPEKW�EVI�JSYRH
��[LMPI���PMRI�!� XIQTPEXI"�_
����GLSQT��PMRI�

�WII�MJ�QEXIVMEP�WTIGMJMIV
����MJ��PMRI�!b�Q�_1%8a�_

���PSST�XLVSYKL�XLI�LEWL�HIXIVQMRMRK�XLI�SYXTYX�REQIW�ERH�[VMXI�XS�XLI�MRTYX�JMPI
��JSVIEGL��OI]��WSVX�_�E !"�Fa�OI]W�	QEXW_
����JSVIEGL��OI]���WSVX�_�E� !"�F�a�OI]W�	IZIRX1EXW_
�������GYVOI]�!�JPSSV��OI]����

�VIQ�!��GYVOI]�����OI]�
MJ��VIQ"�_

�QIXEWXEFPI�WXEXI��EHNYWX�ETTVSTVMEXIP]
�GYVOI]�!��GYVOI]����������VIQ�

a
�������TVMRX��GYVOI]������ZEPYI���@R��
������MJ��GYVOI]�IU��IZIRX1EXW_�OI]�a�
��IZIRX1EXW_�OI]�a��!��_
���������TVMRX��GYVOI]������IZIRX1EXW_�OI]�a��@R��
���������EXTIV�!��QEXW_�OI]a��RYQHIR�
��������MJ��EXTIV�"��PS[CPMQMX_

��������������TVMRX�MRTYX��QEXIVMEP����OI]���@R��
��������a
������a
����a
��a

�QSZI�SR�XS�RI\X�PMRI
RI\X�

a
�����WII�MJ�QM\XYVI�WTIGMJMIV
����MJ��PMRI�!b�Q�_1-<��_
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Appendix C. Sample TINDER Transport Script

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1R�XSSPW�XMRHIV�XMRHIVCIZIRX�TP 4EKI���SJ���

�������HVST�XLI�XEKW
�������PMRI�!b�W�_1-<����
�������PMRI�!b�W�a���

�������JMVWX��TVMRX�XLI�QM\�MRWXVYGXMSRW�PMRI
������TVMRX�MRTYX��PMRI��@R��

���PSST�XLVSYKL�XLI�LEWL�HIXIVQMRMRK�XLI�SYXTYX�REQIW�ERH�[VMXI�XS�XLI�MRTYX�JMPI
��JSVIEGL��OI]��WSVX�_�E !"�Fa�OI]W�	QEXW_
����JSVIEGL��OI]���WSVX�_�E� !"�F�a�OI]W�	IZIRX1EXW_
�������GYVOI]�!�JPSSV��OI]����

�VIQ�!��GYVOI]�����OI]�
MJ��VIQ"�_

�QIXEWXEFPI�WXEXI��EHNYWX�ETTVSTVMEXIP]
�GYVOI]�!��GYVOI]����������VIQ�

a
�������TVMRX��GYVOI]������ZEPYI���@R��
������MJ��GYVOI]�IU��IZIRX1EXW_�OI]�a�
��IZIRX1EXW_�OI]�a��!��_
���������TVMRX��GYVOI]������IZIRX1EXW_�OI]�a��@R��
���������EXTIV�!��QEXW_�OI]a��RYQHIR�
��������MJ��EXTIV�"��PS[CPMQMX_

��������������TVMRX�MRTYX��PMRI������OI]�������QEXW_�OI]a��@R��
��������a
������a
����a
��a

�QSZI�SR�XS�RI\X�PMRI
RI\X�

a

�WII�MJ�WSYVGI�WTIGMJMIV
MJ���PMRI�!b�Q�_76'��_

�MXIV�!��%6+:?�A�
MJ���PMRI�!b�Q�_76'����_

�JMVWX�WSYVGI�JSYRH��SRP]�YWI�SR�MXIV!�
�PMRI�!b�W�_76'�����

MJ���PMRI�!b�Q�a��_
�WMRKPI�PMRI�SJ�WSYVGI��NYWX�XEOI�GEVI�SJ�MX�ERH�QSZI�SR
�PMRI�!b�W�a���
MJ��MXIV�!!��_

TVMRX�MRTYX��PMRI��@R��
a
RI\X�

a
IPWI_

�QYPXMTPI�PMRIW�SJ�WSYVGI��KS�YRXMP�XLI�IRH�QEVOIV�XLIR�QSZI�SR
MJ��MXIV�!!��_

TVMRX�MRTYX��PMRI��@R��
a

[LMPI���PMRI�!� XIQTPEXI"�_
GLSQT��PMRI�
�GLIGO�JSV�QEVOIV��MJ�TVIWIRX��W[ET��SYXTYX�ERH�QSZI�SR��SXLIV[MWI�SYXTYX�ERH�

OIIT�KSMRK
MJ���PMRI�!b�Q�a��_
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Appendix C. Sample TINDER Transport Script

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1R�XSSPW�XMRHIV�XMRHIVCIZIRX�TP 4EKI���SJ���

�PMRI�!b�W�a���
MJ��MXIV�!!��_

TVMRX�MRTYX��PMRI��@R��
a
PEWX�

a
IPWI_

MJ��MXIV�!!��_
TVMRX�MRTYX��PMRI��@R��

a
a

a
RI\X�

a
a
IPWMJ���PMRI�!b�Q�_76'����_

�WIGSRH�WSYVGI�JSYRH��SRP]�YWI�SR�MXIV!�
�PMRI�!b�W�_76'�����

MJ���PMRI�!b�Q�a��_
�WMRKPI�PMRI�SJ�WSYVGI��NYWX�XEOI�GEVI�SJ�MX�ERH�QSZI�SR
�PMRI�!b�W�a���
MJ��MXIV�"��_

MJ��RSWVG�!!��_
�XLIVI�MW�E�WSYVGI�ZEPYI�XS�WIEVGL�JSV
MJ���PMRI�!b�Q�@?76'@A��_��WSYVGI�WTIGXVYQ�TPEGILSPHIV

�PMRI�!b�W�@?76'@A����
TVMRX�MRTYX��PMRI��B@R��
TVMRX76'��

a
a
IPWI_

�SXLIV[MWI�NYWX�TVMRX�XLI�PMRI
TVMRX�MRTYX��PMRI��@R��

a
a
RI\X�

a
IPWI_

�QYPXMTPI�PMRIW�SJ�WSYVGI��KS�YRXMP�XLI�IRH�QEVOIV�XLIR�QSZI�SR
MJ��MXIV�"��_

MJ��RSWVG�!!��_
�XLIVI�MW�E�WSYVGI�ZEPYI�XS�WIEVGL�JSV

��������������MJ���PMRI�!b�Q�@?76'@A��_��WSYVGI�WTIGXVYQ�TPEGILSPHIV
�PMRI�!b�W�@?76'@A����
TVMRX�MRTYX��PMRI��@R��
TVMRX76'��

a
a
IPWI_

�SXLIV[MWI�NYWX�TVMRX�XLI�PMRI
TVMRX�MRTYX��PMRI��@R��

a
a

[LMPI���PMRI�!� XIQTPEXI"�_
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Appendix C. Sample TINDER Transport Script

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1R�XSSPW�XMRHIV�XMRHIVCIZIRX�TP 4EKI���SJ���

GLSQT��PMRI�
�GLIGO�JSV�QEVOIV��MJ�TVIWIRX��W[ET��SYXTYX�ERH�QSZI�SR��SXLIV[MWI�SYXTYX�ERH�

OIIT�KSMRK
MJ���PMRI�!b�Q�a��_

�PMRI�!b�W�a���
MJ��MXIV�"��_

MJ��RSWVG�!!��_
�XLIVI�MW�E�WSYVGI�ZEPYI�XS�WIEVGL�JSV
MJ���PMRI�!b�Q�@?76'@A��_��WSYVGI�WTIGXVYQ�TPEGILSPHIV

�PMRI�!b�W�@?76'@A����
TVMRX�MRTYX��PMRI��@R��
TVMRX76'��

a
IPWI_

TVMRX�MRTYX��PMRI��@R��
a

a
IPWI_

�SXLIV[MWI�NYWX�TVMRX�XLI�PMRI
TVMRX�MRTYX��PMRI��@R��

a
a
PEWX�

a
IPWI_

MJ��MXIV�"��_
MJ��RSWVG�!!��_

�XLIVI�MW�E�WSYVGI�ZEPYI�XS�WIEVGL�JSV
MJ���PMRI�!b�Q�@?76'@A��_��WSYVGI�WTIGXVYQ�TPEGILSPHIV

�PMRI�!b�W�@?76'@A����
TVMRX�MRTYX��PMRI��@R��
TVMRX76'��

a
IPWI_

TVMRX�MRTYX��PMRI��@R��
a

a
IPWI_

�SXLIV[MWI�NYWX�TVMRX�XLI�PMRI
TVMRX�MRTYX��PMRI��@R��

a
a

a
a
RI\X�

a
a
IPWI_

�JSYRH�WSQI�SXLIV�WSYVGI��NYWX�SYXTYX�MX
TVMRX�MRTYX��PMRI��@R��

a
a

�����SXLIV[MWI
����TVMRX�MRTYX��PMRI��@R��
��a
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Appendix C. Sample TINDER Transport Script

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1R�XSSPW�XMRHIV�XMRHIVCIZIRX�TP 4EKI���SJ���

���GPSWI�XLI�JMPIW�RS[
��GPSWI�MRTYX�
��GPSWI�XIQTPEXI�

�����692�):)28���

���RS[�VYR�IZIRX
��TVMRX��VYRRMRK�IZIRX����@R��
��W]WXIQ��KIQ��W��%6+:?�A��
��W]WXIQ��IZIRX��HT��[EMX��%6+:?�A��S��%6+:?�A��

�����;6-8)�*09<�*-0)���

�RS[�GVIEXI�XLI�JPY\�JMPI
��TVMRX��GVIEXMRK�XVERWJIV�JMPIW����@R��

JPY\):)28��

����'34=�8,)�-2498�398498�83�';(���

�GST]�XLI�MRTYX�JMPI
Q]��J���J��
�J��!��+)1C(%8%��%6+:?�A�

� TVMRX��J���@R��
QOHMV��VYR���%6+:?�A������
�J��!�EFWCTEXL�KIXG[H��
�J��!��J����VYR���%6+:?�A������%6+:?�A�

� TVMRX��J���@R��
GST]��J���J��SV�HMI��;%62-2+��'SYPH�RSX�GST]�XLI�MRTYX�JMPI�GSVVIGXP]�XS�XLI�GYVVIRX�

VYR�JSPHIV@R��
�GST]�XLI�MRXIKVEP�JMPI
�J��!��):)28C398��MRXIKVEP����%6+:?�A�

� TVMRX��J���@R��
�J��!�EFWCTEXL�KIXG[H��
�J��!��J����VYR���%6+:?�A������%6+:?�A���MRX��

� TVMRX��J���@R��
GST]��J���J��SV�HMI��;%62-2+��'SYPH�RSX�GST]�XLI�MRXIKVEP�JMPI�GSVVIGXP]�XS�XLI�GYVVIRX�

VYR�JSPHIV@R��

�GST]�XLI�SYXTYX�JMPI
�J��!��):)28C398��%6+:?�A�

� TVMRX��J���@R��
�J��!�EFWCTEXL�KIXG[H��
�J��!��J����VYR���%6+:?�A������%6+:?�A���SYX��

� TVMRX��J���@R��
GST]��J���J��SV�HMI��;%62-2+��'SYPH�RSX�GST]�XLI�SYXTYX�JMPI�GSVVIGXP]�XS�XLI�GYVVIRX�

VYR�JSPHIV@R��
a

��4IVP�XVMQ�JYRGXMSR�XS�VIQSZI�[LMXIWTEGI�JVSQ�XLI�WXEVX�ERH�IRH�SJ�XLI�WXVMRK
WYF�XVMQ��
_

Q]��WXVMRK�!�WLMJX�
�WXVMRK�!b�W�B@W����
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Appendix C. Sample TINDER Transport Script

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1R�XSSPW�XMRHIV�XMRHIVCIZIRX�TP 4EKI���SJ���

�WXVMRK�!b�W�@W�����
VIXYVR��WXVMRK�

a
��0IJX�XVMQ�JYRGXMSR�XS�VIQSZI�PIEHMRK�[LMXIWTEGI
WYF�PXVMQ��
_

Q]��WXVMRK�!�WLMJX�
�WXVMRK�!b�W�B@W����
VIXYVR��WXVMRK�

a
��6MKLX�XVMQ�JYRGXMSR�XS�VIQSZI�XVEMPMRK�[LMXIWTEGI
WYF�VXVMQ��
_

Q]��WXVMRK�!�WLMJX�
�WXVMRK�!b�W�@W�����
VIXYVR��WXVMRK�

a

WYF�JQMR�_
����Q]��J����J��!$C�
����Q]���JJ�
����MJ���J�� ��J��_�JJ�!��J��a
����IPWI�_�JJ�!��J��a
�����JJ�
a

WYF�JQE\�_
����Q]��J����J��!$C�
����Q]���JJ�
����MJ���J�� ��J��_�JJ�!��J��a
����IPWI�_�JJ�!��J��a
�����JJ�
a

�XLMW�WYF�WIEVGLIW�XLVSYKL�XLI�SYXTYX�JMPI�JSV�XLI�MRTYX�JPY\�REQI�ERH�SYXTYXW�XLEX�XS�XLI�
JPY\�JMPI
WYF�JPY\):)28�
_

�Q]��XEPP]2EQI�!�WLMJX�
Q]��PMRI���JREQI���GSYRX���M���N��$*PH��$JPY\���R��$RJPY\3YX�$KJPY\3YX��HJHI��II�

�II��$RJPY\�$KJPY\�
��Q]��PIRKXL��PIRKXL��

GPSWI�SYXTYX�

�STIR�XLI�QGRT\�SYXTYX�JMPI�ERH�TMGO�SYX�XLI�XEPP]���ERH�XEPP]���MRJSVQEXMSR
� �JREQI�!��):)28C398��MRXIKVEP����%6+:?�A�
��MJ�RSX��I��JREQI_

HMI��)6636��8LI�):)28�SYXTYX�JMPI�[EW�RSX�JSYRH�@R��
��a

STIR�SYXTYX�� �JREQI��SV�HMI��)6636��'SYPH�RSX�STIR�XLI�1'24<�SYXTYX�JMPI�JSV�VIEHMRK�
@R��

�STIR�XLI�JPY\�JMPI�XS�XVERWJIV�XLI�XEPP]�MRJSVQEXMSR��HIPIXI�MX�MJ�E�GST]�EPVIEH]�I\MWXW
MJ��I��JPY\�_

YRPMRO��JPY\��
a

187



Appendix C. Sample TINDER Transport Script

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1R�XSSPW�XMRHIV�XMRHIVCIZIRX�TP 4EKI����SJ���

STIR�JPY\��"JPY\��SV�HMI��)6636��'SYPH�RSX�STIR�XLI�JPY\�XVERWJIV�JMPI�JSV�[VMXMRK�@R��
���WOMT�XLI�LIEHIV�ERH�MRJS�PMRI
���PMRI�!� SYXTYX"���LIEHIV
���PMRI�!� SYXTYX"���MRJSVQEXMSR

���TMGO�XLI�RYQFIV�SJ�KVSYTW�JVSQ�XLI�MRJSVQEXMSR�PMRI��WLSYPH�IUYEP�XLI�XSXEP�SJ�KEQQE�
ERH�RIYXVSR�KVSYTW
��$*PH�!�WTPMX������PMRI�
���R�!��*PH?�A�
��
���QEOI�WYVI�XLMRKW�GLIGO�SYX�FIJSVI�TVSGIIHMRK
��MJ��R��!��2KVTW����+KVTW_
�� HMI��)6636��):)28�SYXTYX�KVSYTW�HS�RSX�IUYEP�XLSWI�WTIGMJMIH�MR�WGVMTX���
��a

���MRMXMEPM^I�XLI�EVVE]�MR�GEWI�ZEPYIW�EVI�^IVS�ERH�SQMXXIH
��JSV��M!���M �R��M��_�JPY\?�MA!����a

�VIEH�XLVSYKL�XLI�IZIRX�MRXIKVEPW�JMPI�ERH�TMGO�SYX�XLI�JPY\�ERH�KVSYT�JSV�XLI�KMZIR�
EZIVEKI�WIX
��[LMPI��PMRI�!� SYXTYX"�_
����GLSQT��PMRI�
����$*PH�!�WTPMX������PMRI�
����
�����WII�MJ�XLMW�MW�ER�MR�FIX[IIR�PMRI��MJ�WS�WOMT�MX
����MJ�WGEPEV�$*PH� ���_RI\X�a
����
�����KIX�XLI�KVSYT�W�JPY\
�����JPY\?�*PH?�A��A�!��*PH?�A�
��a
���GPSWI�XLI�SYXTYX�JMPI

GPSWI�SYXTYX�
�VIZIVWI�XLI�KVSYT�SVHIVW��):)28�SYXTYXW�MR�XLI�WXERHEVH�LMKL�XS�PS[�)�KVSYTMRK��'-2()6�

RIIHW�PS[�XS�LMKL
�N!��
JSV��M!�2KVTW����M"!���M��_

�����XLI�JMVWX�TSVXMSR�SJ�XLI�HEXE�MW�RIYXVSR
�����RJPY\?�NA�!��JPY\?�MA�
�����N���
��a
���N!��
��JSV��M!�R����M"!�R��+KVTW��M��_
�����XLI�VIWX�MW�KEQQEW
�����KJPY\?�NA�!��JPY\?�MA�
�����N���
��a
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�PSST�SZIV�SYXKSMRK�IRIVK]�WXVYGXYVI
�M�!�����GXV�JSV�MRTYX�):)28�WXVGYX
�N�!�����GXV�JSV�SYXTYX�'-2()6�WXVYGX
�RJPY\3YX?�NA�!�����

� �HJHI�!��RJPY\?�MA��IRIVK])R?�MA�
��MJ��HIFYK"�_

� TVMRXJ��I�!	����I�I�!	����I�JPY\!	����I�HJHI!	����I��@R���������IRIVK])R?�MA���RJPY\
?�MA���HJHI�

a
��
���II��!�����
��[LMPI���N� ��PIRKXL��

��M� ��PIRKXL�_��������
��� �II�!�JQMR��IRIVK]'R?�NA���IRIVK])R?�MA�
��� MJ���II�!!��IRIVK]'R?�NA�_

�RJPY\3YX?�NA��!��HJHI���II��II��
������MJ��HIFYK"�_
��������TVMRXJ��������JPY\!	����I�@R���RJPY\3YX?�NA�
������a

�N���
� a
� IPWI�_

�RJPY\3YX?�NA��!��HJHI���II��II��
������MJ��HIFYK"�_
��������TVMRXJ��������JPY\!	����I�@R���RJPY\3YX?�NA�
������a

�M���
�HJHI�!��RJPY\?�MA���IRIVK])R?�MA��IRIVK])R?�M��A�
MJ��HIFYK"�_

���� TVMRXJ��I�!	����I�I�!	����I�JPY\!	����I�HJHI!	����I��@R����IRIVK])R?�M��A��
�IRIVK])R?�MA���RJPY\?�MA���HJHI�

a ����
a

��� MJ��HIFYK"�_
TVMRXJ��II�!	����I��II!	����I��HJHI!	����I��@R����II����II���HJHI�

��� a
� ���II��!��II�

a
����KEQQEW�RI\X���
�MRMXMEPM^I�XLI�SYXKSMRK�JPY\�XS�^IVS
JSV��M!���M ����M��_�KJPY\3YX?�MA�!�����a
�PSST�XLVSYKL�XLI�SYXTYX�WXVYGXYVI�XS�VIKVSYT�XLMRKW
�PIRKXL�!�WGEPEV�$IRIVK])K���WLSYPH�IUYEP��+KVTW
�PIRKXL��!�WGEPEV�$IRIVK]'K���WLSYPH�IUYEP����JSV�'-2()6����

�PSST�SZIV�SYXKSMRK�IRIVK]�WXVYGXYVI
�M�!�����GXV�JSV�MRTYX�):)28�WXVGYX
�N�!�����GXV�JSV�SYXTYX�'-2()6�WXVYGX
�KJPY\3YX?�NA�!�����

� �HJHI�!��KJPY\?�MA��IRIVK])K?�MA�
��MJ��HIFYK"�_

� TVMRXJ��I�!	����I�I�!	����I�JPY\!	����I�HJHI!	����I��@R���������IRIVK])K?�MA���KJPY\
?�MA���HJHI�

a
��
���II��!�����
��[LMPI���N� ��PIRKXL��

��M� ��PIRKXL�_��������

189



Appendix C. Sample TINDER Transport Script

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1R�XSSPW�XMRHIV�XMRHIVCIZIRX�TP 4EKI����SJ���

��� �II�!�JQMR��IRIVK]'K?�NA���IRIVK])K?�MA�
��� MJ���II�!!��IRIVK]'K?�NA�_

�KJPY\3YX?�NA��!��HJHI���II��II��
������MJ��HIFYK"�_
��������TVMRXJ�������KJPY\!	����I�@R���KJPY\3YX?�NA�
������a

�N���
� a
� IPWI�_

�KJPY\3YX?�NA��!��HJHI���II��II��
������MJ��HIFYK"�_
��������TVMRXJ�������KJPY\!	����I�@R���KJPY\3YX?�NA�
������a

�M���
�HJHI�!��KJPY\?�MA���IRIVK])K?�MA��IRIVK])K?�M��A�
MJ��HIFYK"�_

���� TVMRXJ��I�!	����I�I�!	����I�JPY\!	����I�HJHI!	����I��@R����IRIVK])K?�M��A��
�IRIVK])K?�MA���KJPY\?�MA���HJHI�

a ����
a

��� MJ��HIFYK"�_
TVMRXJ��II�!	����I��II!	����I�HJHI!	����I��@R����II����II���HJHI�

��� a
� ���II��!��II�

a

���RS[�[VMXI�XLI�JPY\IW�XS�XLI�JPY\�JMPI��VIQIQFIV�XLI]�WLSYPH�FI�MR�MRGVIEWMRK�IRIVK]�
SVHIV��WS�VIZIVWI�XLIQ
��TVMRX�JPY\��RXEPP]2EQI3YX��@R��
��JSV��M!���M ����M��_
�����XLI�JMVWX�TSVXMSR�SJ�XLI�HEXE�MW�RIYXVSR
����TVMRX�JPY\��RJPY\3YX?�MA��@R��
��a
��TVMRX�JPY\��KXEPP]2EQI3YX��@R��
��JSV��M!���M ����M��_
�����XLI�VIWX�MW�KEQQEW
����TVMRX�JPY\��KJPY\3YX?�MA��@R��
��a

�GPSWI�XLI�STIR�JMPIW
GPSWI�JPY\�

VIXYVR�
a

WYF�TVMRX76'�_
�XLMW�WYF�TVMRXW�XLI�IRIVK]�WTIGXVYQ�JSV�XLI�WSYVGI�WTIGMJMGEXMSR
Q]��P����VIWX���M�$WVG:EP3YX��KVTW8SX�$KEQ7VG��N�$KEQ7VG3YX�

��Q]��PIRKXL��PIRKXL���HJHI��II��II��

�WIX�XLI�XSXEP�RYQFIV�SJ�KVSYTW�XS�XLI�R�ERH�K�VIUYMVIH�F]�):)28
�KVTW8SX�!��2KVTW����+KVTW�
�VIKVSYT�XLI�WVG:EP�MRXS�TEHHIH�^IVSW��RIYXVSRW����RS�WSYVGI�JVSQ�'-2()6�XLIR�XLI�KEQQEW
�MRMXMEPM^I�XLI�SYXKSMRK�WSYVGI�XS�^IVS
JSV��M!���M �+KVTW��M���_��KEQ7VG3YX?�MA�!�����a

190



Appendix C. Sample TINDER Transport Script

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1R�XSSPW�XMRHIV�XMRHIVCIZIRX�TP 4EKI����SJ���

�PSST�XLVSYKL�XLI�SYXTYX�WXVYGXYVI�XS�VIKVSYT�XLMRKW
�PIRKXL�!�WGEPEV�$IRIVK]'K���WLSYPH�IUYEP����JSV�'-2()6����
�PIRKXL��!�WGEPEV�$IRIVK])K���WLSYPH�IUYEP��+KVTW

�PSST�SZIV�SYXKSMRK�IRIVK]�WXVYGXYVI
�M�!�����GXV�JSV�MRTYX�'-2()6�WXVGYX
�N�!�����GXV�JSV�SYXTYX�):)28�WXVYGX
�KEQ7VG3YX?�NA�!�����

� �HJHI�!��WVG:EP?�MA��IRIVK]'K?�MA�
��MJ��HIFYK"�_

� TVMRXJ��I�!	����I�I�!	����I�JPY\!	����I�HJHI!	����I��@R���������IRIVK]'K?�MA���WVG:EP
?�MA���HJHI�

a
��
���II��!�����
��[LMPI���N� ��PIRKXL��

��M� ��PIRKXL�_��������
��� �II�!�JQMR��IRIVK])K?�NA���IRIVK]'K?�MA�
��� MJ���II�!!��IRIVK])K?�NA�_

�KEQ7VG3YX?�NA��!��HJHI���II��II��
�N���

� a
� IPWI�_

�KEQ7VG3YX?�NA��!��HJHI���II��II��
�M���
�HJHI�!��WVG:EP?�MA���IRIVK]'K?�MA��IRIVK]'K?�M��A�
MJ��HIFYK"�_

���� TVMRXJ��I�!	����I�I�!	����I�JPY\!	����I�HJHI!	����I��@R����IRIVK]'K?�M��A��
�IRIVK]'K?�MA���WVG:EP?�MA���HJHI�

a ����
a

��� MJ��HIFYK"�_
TVMRXJ��II�!	����I��II!	����I�HJHI!	����I��@R����II����II���HJHI�

��� a
� ���II��!��II�

a
�VIZIVWI�XLI�KVSYT�SVHIV�XS�KS�XS�HIGVIEWMRK�IRIVK]��MRGVIEWMRK�PIXLEVK]
�N!�+KVTW�
JSV��M!���M �+KVTW��M��_

�N���
�KEQ7VG?�MA�!��KEQ7VG3YX?�NA�

a
�RS[�XEOI�XLEX�ERH�XVERWPEXI�MX�MRXS�XLI�JYPP�):)28�WSYVGI�[MXL�R
K�MR�MX
�N!��
JSV��M!���M �KVTW8SX��M���_

MJ��M �2KVTW_
�WVG:EP3YX?�MA�!�������'-2()6�HSIW�RSX�KMZI�E�RIYXVSR�WSYVGI��WS�WIX�XLMW�TSVXMSR�XS�

^IVS
a
IPWI_

�WVG:EP3YX?�MA�!��KEQ7VG?�NA�
�N���

a
a

���JMKYVI�SYX�LS[�QER]�PMRIW�SJ���ERH�LS[�QER]�SR�XLI�I\XVE�PMRI
�P��!�MRX���KVTW8SX�����
�VIWX�!���KVTW8SX������P����

191



Appendix C. Sample TINDER Transport Script

*MPI���QIHME�XVYIGV]TX��VIWIEVGL�XL1R�XSSPW�XMRHIV�XMRHIVCIZIRX�TP 4EKI����SJ���

�PSST�XLVSYKL�XLI�PMRIW�SJ����
JSV���M!���M �P���M���_

MJ���M� ���P����_
TVMRXJ�MRTYX����������	����)�	����)�	����)�	����)�	����)�B@R��
�WVG:EP3YX?�M��A��WVG:EP3YX?�M����A��WVG:EP3YX?�M����A�
�WVG:EP3YX?�M����A��WVG:EP3YX?�M����A�

a
IPWMJ���M�!!���P����

��VIWX�"���_

TVMRXJ�MRTYX����������	����)�	����)�	����)�	����)�	����)�B@R��
�WVG:EP3YX?�M��A��WVG:EP3YX?�M����A��WVG:EP3YX?�M����A�
�WVG:EP3YX?�M����A��WVG:EP3YX?�M����A�

a
IPWMJ���M�!!���P����

��VIWX�!!���_

TVMRXJ�MRTYX����������	����)�	����)�	����)�	����)�	����)�@R��
�WVG:EP3YX?�M��A��WVG:EP3YX?�M����A��WVG:EP3YX?�M����A�
�WVG:EP3YX?�M����A��WVG:EP3YX?�M����A�

a
a
MJ������VIWX�!!���_
��TVMRXJ�MRTYX����������	����)�	����)�	����)�	����)@R��
���WVG:EP3YX?�P���A��WVG:EP3YX?�P�����A��WVG:EP3YX?�P�����A�
���WVG:EP3YX?�P�����A�
a
IPWMJ���VIWX�!!���_
��TVMRXJ�MRTYX����������	����)�	����)�	����)@R��

�WVG:EP3YX?�P���A��WVG:EP3YX?�P�����A��WVG:EP3YX?�P�����A�
a
IPWMJ���VIWX�!!���_

TVMRXJ�MRTYX����������	����)�	����)@R��
�WVG:EP3YX?�P���A��WVG:EP3YX?�P�����A�

a
IPWMJ���VIWX�!!���_
��TVMRXJ�MRTYX����������	����)@R��

�WVG:EP3YX?�P���A�
a

VIXYVR�
a

192



Bibliography

[1] E. Jacobs, H. Theirens, D. De Frenne, A. De Clercq, P. D’hondt, P. De Gelder,
and A. J. Deruytter. Product yields for the photofission of 235U with 12-, 15,
20-, 30-, and 70-MeV bremsstrahlung. Physical Review C, 21(1):237–245, 1980.

[2] D. R. Nethaway and B. Mendoza. Fission of 234U and 236U with 14.8 MeV
neutrons. Physical Review C, 6(5):1821–1826, 1972.

[3] E. Jacobs, H. Theirens, D. De Frenne, A. De Clercq, P. D’hondt, P. De Gelder,
and A. J. Deruytter. Product yields for the photofission of 238U with 12-, 15,
20-, 30-, and 70-MeV bremsstrahlung. Physical Review C, 19(2):422–432, 1979.

[4] M. Ya. Kondrat’ko, A. V. Mosesov, K. A. Petrzhak, and O. A. Teodorovich.
Yields of products of the photofission of 239Pu (translated). Atomnaya Energiya,
50(1):33–36, 1981.

[5] R. A. Schmitt and N. Sugarman. Uranium photofission yields. Physical Review,
95(5):1260–1267, 1954.

[6] W. L. Myers, C. A. Goulding, C. L. Hollas, and C. E. Moss. Photon and neutron
active interrogation of highly enriched uranium. In International Conference on
Nuclear Data for Science and Technology, Santa Fe, NM, USA, Sept. 26–Oct. 1
2004.

[7] W. R. Martin. Monte carlo depletion. Presentation at CAMS: The Virtual
Nuclear Reactor Center Workshop, August 2006.

[8] Z. Xu, J. Rhodes, and K. Smith. Statistical implications in monte carlo deple-
tions. In PHYSOR 2010: Advances in Reactor Physics to Power the Nuclear
Renaissance, Pittsburgh, PA, USA, May 9–14 2010.

[9] N. Bohr and J. A. Wheeler. The mechanism of nuclear fission. Physical Review,
56(5):426–450, 1939.

193



Bibliography

[10] R. O. Haxby, W. E. Shoupp, W. E. Stephens, and W. H. Wells. Photofission of
uranium and thorium. Physical Review, 57(1):57–62, 1941.

[11] B. Arakatu, Y. Uemura, M. Sonoda, S. Shimizu, K. Kimura, and K. Muraoka.
Photofission of uranium and thorium produced by the γ rays of lithium and flu-
orine bombarded with high-speed protons. Proceedings of Physico-Mathematical
Society of Japan, 23:440, 1941.

[12] R. B. Duffield, R. A. Schmitt, and R. A. Sharp. Mass-yield distributions in the
photofission of radium and other heavy elements. In Proceedings of the Second
United Nations International Conference on the Peaceful Uses of Atomic Energy,
Geneva, Austria, Sept. 1–13 1958.

[13] B. L. Berman. Atlas of photoneutron cross sections obtained with monoener-
getic photons. Technical Report UCRL-78482, Lawrence Livermore Laboratory,
Livermore, CA, USA, December 1976.

[14] F. Carrel, M. Agelou, M. Gmar, F. Laine, J. Loridon, J.-L. Ma, C. Passard, and
B. Poumarede. New experimental results on the cumulative yields from thermal
fission of 235U and 239Pu and from the photofission of 235U and 238U induced
by bremsstrahlung. IEEE Transactions on Nuclear Science, 58(4):2064–2072,
2011.

[15] D. de Frenne, H. Thierens, B. Proot, E. Jacobs, P. De Gelder, and A. De Clercq.
Isotopic distributions and elemental yields for the photofission of 235,238U with
12-30-MeV bremsstrahlung. Physical Review C, 29(5):1908–1911, 1984.

[16] E. Jacobs, A. De Clercq, H. Theirens, D. De Frenne, P. D’hondt, P. De Gelder,
and A. J. Deruytter. Fragment mass and kinetic energy distributions for the
photofission of 238U with 12-, 15, 20-, 30-, and 70-MeV bremsstrahlung. Physical
Review C, 20(6):2249–2265, 1979.

[17] J. L. Meason and P. K. Kuroda. Photofission of 238u induced by 17.5-MeV
monoenergetic gamma rays. Physical Review C, 142:691–695, 1966.

[18] H. Theirens, D. De Frenne, E. Jacobs, A. De Clercq, P. D’hondt, and A. J.
Deruytter. Product yields for the photofission of 235U and 238U with 25-MeV
bremsstrahlung. Physical Review C, 14(3):1058–1067, 1976.

[19] H. Theirens, A. De Clercq, E. Jacobs, P. D’hondt, and D. De Frenne. Kinetic
energy and fragment mass distributions for the spontaneous and photon-induced
fission of 244Pu. Physical Review C, 27(3):1117–1125, 1983.

194



Bibliography

[20] I. N. Vishnevskii, O. I. Davidovskaya, V. A. Zheltonozhskii, and A. N. Savrasov.
Investigation of 235U and 239Pu photofission. Bulletin of the Russian Academy
of Sciences: Physics, 74(4):500–503, 2010.

[21] D. K. Wehe, H. Yang, and M. H. Jones. Observation of 238U photofission prod-
ucts. IEEE Transactions on Nuclear Science, 53(3):1430–1434, 2006.

[22] G. C. Baldwin and G. S. Klaiber. Photo-fission in heavy elements. Physical
Review, 71(1):3–10, 1947.

[23] J. E. Gindler, J. R. Huizenga, and R. A. Schmitt. Photofission and photoneutron
emission in thorium and uranium. Physical Review, 104(2):425–433, 1956.

[24] D. M. Hiller and D. S. Martin Jr. Radiochemical studies on the photofission of
thorium. Physical Review, 90(4):581–585, 1953.

[25] J. C. Hogan, A. E. Richardson, J. L. Meason, and H. L. Wright. Photofission
of 232Th with 9, 15, and 38 MeV peak bremsstrahlung. Physical Review C,
16(6):2296–2305, 1977.

[26] A. De Clercq, E. Jacobs, D. de Frenne, H. Thierens, P. D’hondt, and A. J.
Deruytter. Fragment mass and kinetic energy distribution for the photofission
of 235U and 238U with 25-MeV end-point bremsstrahlung. Physical Review C,
13(4):1536–1543, 1976.

[27] E. Jacobs, A. De Clercq, H. Theirens, D. De Frenne, P. D’hondt, P. De Gelder,
and A. J. Deruytter. Fragment mass and kinetic energy distributions for the
photofission of 235U with 12-, 15, 20-, 30-, and 70-MeV bremsstrahlung. Physical
Review C, 24(4):1795–1798, 1981.

[28] M. Verboven, E. Jacobs, M. Piessens, S. Pommé, D. de Frenne, and A. de Clercq.
Fragment mass and kinetic energy distributions for the photofission of 234U with
12-, 15, and 20-MeV bremsstrahlung. Physical Review C, 42(1):453–456, 1990.

[29] W. Wilke, U. Kneissl, Th. Weber, H. Ströher, L. S. Cardman, P. T. De-
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