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End-to-End Radiographic System Simulation

Allen R. Mathews*, Thomas J.T. Kwan, Kevin L. Buescher, Charles M. Snell,

Kenneth J. Adarns

Abstract

This is the final report on a one-year, Laboratory-Directed Research and
Development (LDRD) project at the Los Alamos National Laboratory
(LANL). The objective of this project was to develop a validated end-to-
end radiographic model that could be applied to both x-rays and protons.
The specific objectives were to link hydrodynamic, transport, and
magneto-hydrodynamic simulation software for purposes of modeling
radiographic systems. In addition, optimization and analysis algorithms
were to be developed to validate physical models and optimize the design
of radiographic facilities.

Background and Research Objectives

This is the final report of a one-year LDRD-PD project. A follow-on project was

obtained from Nuclear Weapons Directorate of the Laboratory.

Simulation codes based on physical models have been in use at the National

Laboratories for many years to assist in the design and assessment of stockpile weapons.

Our goal was to apply the same codes to model experimental diagnostics such as proton

and x-ray radiography. To adequately simulate the radiographic process for either x-ray

or proton beams, it was necessary to link together the individual codes to model each

aspect of the radiographic process. For example, in the case of x-rays, a pulsed, high-

energy electron accelerator produces an intense beam of electrons that impinge upon a

metal converter target. The short pulse produces x-rays through a Bremsstrahlung

radiation process, and the resulting x-ray beam is transported through a dynamic object

intended to represent the weapon system under investigation. In order to perform

radiography analysis, accurate transport models are required to define the Bremsstrahlung

source and contamination in the object. Several authors [refs. 1-4] have examined the

accuracy of various Bremsstrahlung models in transport codes such as MCNP [ref. 5],

ITS [ref. 6], and EGS [ref. 14]. From these studies, possible deficiencies in MCNP were

identified as needing correction.

*Principal Investigator, e-mail: arm@lanl.gov
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As the x-rays traverse the object, they are either absorbed or scattered by the

intervening material. Absorption leads to attenuation of the incident beam intensity, and

scatter results in a non-uniform radiation background that is only indirectly correlated to

the object shape. In addition to the dynamic object, shielding material, collimators, and

metal vessels used to contain the explosion by-products all contribute attenuation and

scatter as the beam continues through the radiographic system. Finally, the detector (film

or electronic camera) adds a background distribution as a result of non-uniform response

or sensitivity. Proton radiography is subject to similar types of variations, although many

of the physical processes are different. Each of these elements must be modeled and

understood before data concerning the object of interest can be extracted.

In general, the programs developed to simulate the relevant physical processes use

different data structures and file formats that are unique to their individual application.

One goal of this LDRD was to identi& the common items that could be shared between

codes, and provide a means for statically linking them. As a result, information needed

for each step of the simulation process could be provided for the code that modeled that

particular element. By linking this process with the hydrocodes that simulate the

implosion process, it planned to vary both the object and associated radiographic system

until the simulation matched the data. Such a technique had been implemented in the

past, but the individual code elements, especially those that shaped the object, did not

adequately model physical processes.

Once the entire radiographic system had been modeled, the result could be

applied to optimize new and anticipated radiographic facilities. Activities associated with

such a task included positioning of the various system components (e.g., object,

collimator, shielding) to minimize scatter and maximize signal strength. For electron

accelerators, the many relationships among beam current, spot size, and conversion

target specification can be explored to optimize the information content of experiments

conducted with that facility.

Importance to LANL’s Science and Technology Base and National R&D Needs

With cessation of underground nuclear testing, radiography has become one of the

major means for assessing the performance and safety of the stockpile. Radiography is

used in conjunction with electrical pins and other diagnostics to extract information about

interface locations and density distributions in above-ground tests of weapons systems.

As new experimental facilities such as DARHT begin operation, along with new

computational capabilities, such as ASCI, it is necessary to find means to combine their
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capabilities. This LDRll was intended both to provide tools for validating simulation

models and to develop a means to improve analysis of radiographic data and systems.

Scientific Approach and Accomplishments

In the end-to-end x-ray radiographic chain modeling, the electron beam source

can be from a linear induction accelerator (DARHT), pulsed power diode (machines at

AWE), or a radio frequency accelerator (PHERMEX). The electron beams have their

own unique attributes due to the different technologies. The electron beam is then

focused onto a Bremsstrahlung converter foil to generate a pulse of x-rays for imaging

purposes. Details of the final electron beam transport and its interaction with the target

are essential in the determination of the spot size and energy and angular spectra of the x-

ray pulse since it serves as the beginning of the radiographic chain model. Next-

generation x-ray radiography machines must use high electron beam current to provide

the necessary dose and very small spot size to achieve the desired optical resolution.

However, such a high current in a small area can lead to detrimental side effects not

present in old machines. The intense local energy deposition from the high intensity

electron beam causes vaporization of the Bremsstrahlung target. The hot plasma

generated provides a source of positive ions that rapidly accelerate into the negative

potential well of the incoming electron beam. As ions propagate upstream, they partially

charge-neutralize the electron beam. The stable propagation of the electron beam to the

target is disrupted, and its spot size at the target begins to increase [1]. As ions move

farther upstream, they neutralize an ever-increasing length of the electron beam, causing

its spot size to diverge. This complicated phenomenon has been successfully modeled

using our two-dimensional fully electromagnetic, relativistic particle-in-cell code

MERLIN. From our study, we developed the concept of self-biased targets to control the

ions so that the spot size is stable throughout the beam pulse [2-4]. The self-consistency

of the simulation required the link between MERLIN and a Monte Carlo electron

transport code. We accomplished our objective by constructing a cumulative probability

table based on the output of the Monte Carlo code CYLTRAN to model the transmitted

and reflected electrons from the target in our particle-in-cell code.

The production of x-rays by the electron beam as its goes through the target

material has been studied. In this case, the characteristics of the electron beam are
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determined by our particle-in-cell code MERLIN, then the electron beam is used as

source input into the Monte Carlo code CYLTRAN to determined the x-ray output

characteristics. Hydrodynamic motion of the target has also been studied through a static

link between the Monte Carlo code CYLTRAN which determines the temperature of the

foil due to electron energy deposition with an equation of state and a two-dimensional

hydrodynamic code which predicts the evolution of converter foil [5]. The interplay

between the physics models in particle-in-cell, Monte Carlo transport, and hydrodynamic

codes can accurately determine characteristics of the radiation source, which is then used

in the numerical chain for radiographic modeling. One of the goals of our project is to

simulate the physical processes of different levels through concurrent execution of the

numerical codes. In this first year, we were able to achieve our objective through static

links. It was our desire to achieve the dynamic link between the codes according to our

project plan for the next two years. In addition, one of the accomplishments last year was

the conversion of MERLIN to the ASCI platform, which is the future of our

computational arena.

The focus of the efforts in transport code development and validation was the

integration into MCNP [ref. 5] of the ITS3.0 [ref. 6] radiative and collisional stopping

power [refs. 6,7], and Bremsstrahlung production models [refs. 6,8]. The integration was

achieved with the development of a patch to MCNP4B and a new electron physics library

database, e13w. The patch that upgrades the physics treatment of the Bremsstrahlung

production and the density effect stopping power to ITS3.0 has been developed and is

being verified and validated [ref. 9]. In the process of successfully achieving these goals,

several other related or otherwise unforeseen problems were identified. These include:

Bremsstrahlung angular distribution models, electron step-size, and thick target

Bremsstrahlung production problems. The following discussion provides more details,

The relative differences of the radiative stopping power calculated with MCNP4B

and ITS3.0 can be quite large at low electron energies. Over the range of interest to

radiography, the differences are a few percent. The radiative stopping power in the

patched version of MCNP4B (hereafter referred to as MCNP4BNU) includes the same

empirical parameterization as was used in the el 1 (the current MCNP4B database)

treatment, but also includes a correction for electron-electron Bremsstrahlung from the

4
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e13w database [ref. 8]. The differences are all less than 0.1 percent (agreement to at least

three significant figures) except for Z=94. The reason for this discrepancy is attributed to

differences in fundamental constants and atomic weights. In particular, the difference for

Plutonium is very pronounced due to the fact that the ITS3.0 weight default is

significantly different from that in MCNP. When the atomic weights and fundamental

constants are brought into agreement for Pu, the relative difference is reduced to zero.

Determining the collisional stopping power was already included in several

upgrades to the ITS3.0 physics package. In particular, MCNP4B used the recommended

ICRU [ref. 10] ionization potentials for the calculation to the collisional stopping power.

The only significant difference between MCNP4B and ITS3.O was the treatment of the

density effect in the stopping power. MCNP4B used the model of Sternheimer and

Peierls [ref. 11], while ITS3.0 uses the more accurate and recent model of Sternheimer,

Seltzer and Berger [ref. 12]. The main difference in the two density effect treatments is

whether the material is a conductor or not in the ref. 12 model. If the material is a

conductor, which the code checks either by default or by user assignment, the density

effect will be non-zero at low energies; albeit a small number. The new model brings the

level of agreement to less than 0.1 percent. With these changes to MCNP, the patch has

brought MCNP4BNU into almost complete compliance with the ICRU standard. Note

that the ICRU standard does not include the correction for electron-electron

Bremsstrahlung.

The Bremsstrahlung production of MCNP4B was based on an internal physics

model. Essentially the code integrated recommended formulae from ref. 13 over various

energy ranges to obtain production cross sections, spectra, and angular distributions. The

ITS3.O model follows more of the data evaluation path used for neutrons in MCNP. That

is, the database has the essential parameterization of the evaluation of the physics, and the

code uses the evaluator’s recommendations rather than evaluating the physics model

itself. However, the angular distribution is still calculated internally, though on a finer

energy grid. This procedure has the advantage of allowing for improved future

evaluations without involving major changes to the code.

The e13w database and patch incorporate the parameterizations and

recommendations of the ITS3.0 code. The Bremsstrahlung production cross-sections for
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MCNP4B (en database) and ITS3.O are significantly different across a wide energy

range. This is due to the fact that the e13w database incorporates an evaluation that

integrates the differential cross section from a fractional photon energy of unity to 10-6,

while ell performs the integration from 1 to 10-3. Note that this also explains why the

cross sections increase with decreasing photon energy. If the evaluation went to the same

absolute photon energy, the cross sections would indeed decrease with decreasing photon

energy. The differences between ell and e13w cross sections are a few percent at high

energies, but much larger at low energies. The transition to larger relative differences

occurs between 100 keV and 1 MeV. Comparison between results from MCNP4B and

MCNP4BNU shows the net impact on the spectrum is negligible, even though the cross

section has changed somewhat.

There was an inconsistency between the K x-ray and fluorescence models used in

MCNP. In an attempt to make the code more modular and, hopefhlly, to circumvent

fiture model inconsistencies, these two relaxation processes have been combined into

one routine. Moreover, the previous electron impact ionization K x-ray model used only

the average K line as the emission energy and now lines from the photon fluorescence

treatment are used. Another change was in the Auger treatment, where the energy of an

Auger electron was always the K-shell energy. This has been replaced in the database

with the more common EK-2EL value. The changes make the line model more consistent

with experimental results.

In addition to improvements in x-ray modeling, we also developed new models

for proton cross sections that are applicable to proton radiography. To aid the validation

of simulation models and connect to experimental data, we began development of a

“designer-assisted analysis tool.” This software provides a means for weapon designers

to vary the models and parameters used as input to simulation codes and calculate the

difference between synthetic and actual experimental data for a variety of diagnostics.

We began work on automated methods to exercise a simplified simulation of the DARHT

accelerator to determine robust operating points. This would allow the accelerator

operators to produce a more consistent, higher quality beam, yielding better radiographic

data.
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In the area of radiographic reconstruction, we developed a new means for

analyzing radiographic data for axi-symmetric objects obtained from oblique views.

Prior to this, such data were treated as if the radiographic beam was perpendicular to the

object’s axis of symmetry, leading to errors in the reconstructed density distribution.

Because there are often advantages to rotating the object to an oblique (i.e., non-

perpendicular) angle, it is necessary to include this modification in the analysis. We

created efficient computational methods to simulate and analyze such data. The analysis

is based on a Regularized Least Squares approach coupled with iterative solution

techniques to compute the object’s density profile from the radiographic data [6]. This

capability, coupled with the complete radiographic system model also under

development, will allow us to determine the best view angles to maximize the

information that can be extracted from radiographic experiments.
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