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Chapter 1: Introduction 

Motivation and Previous Work 

In 2003, Siemens Medical Systems introduced a newly manufactured high-energy 

electron driven linear accelerator called the Oncor.  Figure 1.1 shows the Siemens Oncor 

at the University of Missouri-Columbia located in the Veterinary Medicine School.  The 

Oncor is capable of producing high-energy photons at 15 MV from a 15 MeV electron 

beam and heavy metal X-ray converter.  The interest and motivation of this project is to 

use a simple head in conjunction with a linear accelerator to produce neutrons. 

Figure 1.1 Siemens Oncor Linear Accelerator 
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 Previously, at the University of Missouri-Columbia in October of 2014, an 

experiment was done using this Siemens Oncor electron driven linear accelerator (linac) 

to activate gold foil (Au-197) in a one liter beaker of heavy water (D2O).  Heavy water 

(deuterium) has a threshold value of 2.224 MeV for the (ɤ, n) photonuclear reaction.  The 

neutrons produced in the heavy water from high energy photons were moderated by 

surrounding paraffin wax blocks as well as the heavy water itself.  The paraffin wax was 

used for neutron thermalization, reflecting and shielding.  The neutrons interacted with 

the gold foil to produce Au-198.  Measurements of the Au-198 production were 

conducted by Matt Gott using a High Purity Germanium (HPGe) counter detecting the 

411 keV ɤ indicating Au-198.  Gott observed Au-196 production in the experiment by 

detecting gammas at 332 and 355 keV.  These gammas are an indication of Au-196 and 

were likely due to the Au-197(ɤ, n) Au-196 photonuclear reaction.  Figure 1.2 shows the 

beam parameters for irradiating the gold foil.  Figure 1.3 is the gamma spectra from 

detection using a Geiger Muller detector following irradiation19.   
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Figure 1.2 Beam Parameters for Gold Foil Irradiation 

 

Figure 1.3 Gamma Spectra of Irradiated Gold Foil 

 

 In 2003 at the University of Missouri-Columbia, Greg Dale completed his PhD 

work on the proposed system in Figure 1.4.  Dale used Monte Carlo N-Particle (MCNP) 

transport code to model the system.  Using MCNP, he was able to show neutron 

production in this system and compare dose rates from his code to experimental data to 

verify his results.  Motivated by this work, Dr. John Gahl conducted the experiment on 
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Au-198 production in 2014 using the Siemens Oncor linac from Figure 1.1.  The reflector 

and shielding in Figure 1.4 were both simulated by the paraffin wax and the system was 

set up in a vertical format based on the design of the Siemens Oncor linac.  Production of 

Au-198 was used as the diagnostic to show that neutron production and thermalization 

were occurring in this system.  The goal of this project was to show that a low cost, high-

flux thermal neutron generator was possible from this proposed design1. 

 

 

Figure 1.4 Schematic of the proposed system to produce a high-flux thermal neutron 

generator using an electron driven accelerator (from Dale). 

 

 Neutrons have no charge and can directly interact with the nucleus of an atom 

without being repelled by the coulomb barrier.  Neutrons, in this case, are useful for 

producing short-lived radioactive isotopes (radioisotopes) for medical treatment such as 

nuclear medicine imaging and therapy.  Many of the radioisotopes used in 

radiopharmaceuticals are produced by neutron bombardment of a target.   
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 The proposed system above can thus be used as a neutron irradiator or possibly an 

external beam source.  In the experiment, it was used as a neutron irradiator.  In future 

work, it has the potential to be used as an external beam source.  This can be done by 

adjusting the setup to have a beam tube coming out of one of the sides of the reflector 

that will transport the neutrons from the heavy water, through the wax moderator in a 

specific direction outward toward an external target.  Currently, there is still a need for a 

neutron source with high thermal flux suitable for installation in industrial or clinical 

environments for production of short-lived radioisotopes for medical purposes or for 

neutron therapy.  Electron linear accelerators are commercially available, have a long 

history of use in hospitals and are found in nearly every major oncology department in 

the U.S. 

 An electron accelerator, when fitted with an X-ray converter, produces very 

intense and energetic photon flux through bremsstrahlung.  This can be used to produce 

neutrons through photonuclear reactions.  A neutron source created by using an electron 

accelerator can be referred to as a photoneutron source.  The electron accelerator injects 

an electron beam into a heavy metal converter to produce photons by bremsstrahlung.  

Then, these photons interact with the deuterated heavy water target to produce neutrons 

in the (ɤ, n) reaction.  Heavy water was selected as the target due to deuterium's low (ɤ, n) 

threshold of 2.224 MeV.  Most nuclides have a (ɤ, n) threshold of about 8 MeV.  Figure 

1.5 shows the cross-section data for deuterium with a fitted Lorentz curve. 
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Figure 1.5 Cross-section data of D(ɤ, n) and Lorentz curve fitted2. 

 

 Based on an evaluation done by Kase and Harada2, the neutron yield using a 

heavy metal target (tungsten) irradiated by 100 MeV electrons was only two times more 

efficient than that of the converter and heavy water target irradiated by 10 to 20 MeV 

electrons.  Thus, there is no distinct disadvantage to using high-energy electrons in terms 

of neutron yield.  Also, it costs less for a 10-30 MeV linac than 100 MeV electron 

accelerator, there are smaller physical requirements, easier maintenance and less induced 

radioactivity.  The system used for this experiment was the Siemens Oncor linac set on a 

15 MeV beam of electrons.  Figure 1.6 is a ghost view of the Siemens Oncor linac head5.  
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This image shows where the beam of photons are emitted from the heavy metal X-ray 

converter and how the jaws, filter, and collimator are set up to shape and moderate the 

beam. 

 

 

Figure 1.6 Ghosted View of Siemens Oncor linac head5. 

 

 Using a heavy water system, Kase and Harada found the peak photoneutron yield 

was calculated to occur when using a 30 MeV monoenergetic beam of electrons from the 

linac2.  A 15 MeV electron beam was chosen because it is commercially available and 

still produces a nice photoneutron spectrum similar to the one produced by fission.  Thus, 

this beam energy is shown to be suitable for thermalization. 
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 The goal of this master’s project was to model the neutron production by 

benchmarking the experimental data collected by Matt Gott using MCNP transport code.  

This can be used to show that the experimental system can be used as a neutron generator 

to produce short-lived radioisotopes or potentially as an external beam source for neutron 

therapy.  Additionally, this code can be used for projecting neutron production of higher 

energy electron beams currently available in national laboratories.  Applications include 

calculating activation of other materials in this and similar systems, adjusting the size of 

the system to adjust neutron production, and many other potential uses. 
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Chapter 2: Neutron Production Using An 

Electron Driven Accelerator 

 When electrons interact with a heavy metal target (i.e. Tantalum or Tungsten), 

high energy bremsstrahlung photons and slowed down electrons are emitted.  7 MeV is 

the approximate energy needed for photoneutron production in heavy water.  This results 

from the peak energy of photons created having about one-third the energy of the incident 

electrons causing the photonuclear reaction.  Since deuterium has the (ɤ, n) reaction 

threshold value of 2.224 MeV, 7 MeV is a close minimum approximation for the 

photoneutron threshold value in this case.  When high energy photons interact with the 

deuterated water with energy greater than the threshold value (2.224 MeV), high energy 

neutrons can be produced through the (ɤ, n) photonuclear reaction.  The production of 

neutrons depends highly on the photoneutron production cross-section of the materials 

with which they interact.  In this project, the heavy water was used as the target for 

neutron production.  The heavy water was surrounded by paraffin wax to act as a 

moderator and reflector for the neutrons.  Also, the heavy water itself moderates the 

neutrons.   

Neutrons have no charge and can directly interact with the nucleus of an atom 

without being repelled by the charge force (Coulomb barrier).  Neutrons, in this case, are 

useful for producing short-lived radioactive isotopes (radioisotopes) for medical 

treatment such as nuclear medicine imaging and therapy.  Many of the radioisotopes used 
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in radiopharmaceuticals are produced by neutron bombardment of a target.   

In this project, thermalized neutrons were used to produce Au-198 from natural 

gold (Au-197).  Figure 2.1 shows the cross-sections for gold7.  When natural gold absorbs 

a neutron (radiative capture), it undergoes the Au-197(n, ɤ)Au-198 reaction.  The 

radiative capture cross-section for Au-197 is explicitly shown in Figure 2.2.  Au-198 

production was used to determine the approximate amount of neutrons produced by a 15 

MeV electron beam incident on a heavy metal converter causing the (ɤ, n) photonuclear 

reaction in a heavy water target directly beneath.   

 

 

Figure 2.1 Gold Cross Sections 
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Figure 2.2 Radiative Capture Cross Section for Au-197 

 

2.1 Assumptions and Primary Methodology 

 

 When an x-ray converter is fitted to an electron accelerator using a high energy 

electron beam, a very energetic photon flux is produced through the bremsstrahlung 

effect.  These bremsstrahlung photons then travel in a beam shaped by the jaws and 

multileaf collimator inside the head of the linear accelerator.  This high energy photon 

beam enters the heavy water (deuterium) target in this project’s system.  Deuterium has a 

photoneutron threshold value of 2.224 MeV for the (ɤ, n) photonuclear reaction.  

Previous studies1,8-9,17 have been conducted on photonuclear reactions in D2O, Be and Pb 

targets and have shown that more photoneutrons were produced in D2O targets.  
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Deuterium simply has the largest continuous photonuclear cross section in comparison to 

other targets.  Figure 2.3 shows the entire photonuclear cross-section for deuterium6.  

Any photons with energy greater than 2.224 MeV are capable of producing neutrons in 

the heavy water.  The photonuclear cross-sections used in calculations are contained 

within Monte Carlo N-Particle (MCNP) transport code14. 

 

 

Figure 2.3 Deuterium (H-2) Photonuclear Cross-Section 

 

 The neutrons produced from the (ɤ, n) photonuclear reaction create a broad 

energy spectrum in the heavy water.  Heavy water acts as a moderator to thermalize the 

neutrons.  Thermalization is the process that reduces the speed of fast neutrons (in the 

MeV range) by collisions.  Since energy is conserved, when a neutron knocks on the 

moderating material and scatters, some of the neutrons' kinetic energy is transferred to 
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the moderating material.  Thus, the neutron loses energy causing it to slow down.  

Paraffin wax walls surrounding the tank of heavy water act as a moderator and reflector 

for the neutrons.  Paraffin wax is a hydrogenated material (67.37% H-1).  Low mass 

atoms like hydrogen, due to their mass similar to neutrons, are useful for moderation and 

reflection of neutrons.  It takes a fast neutron, on average, 12 collisions in water to reach 

the thermal energy level. 

 It is useful to moderate the neutrons because the neutron capture cross-sections at 

the thermal and epithermal energies are much larger than those for fast neutrons.  For this 

project, when irradiating a material to produce a short lived radioisotope for medical 

purposes, thermalized neutrons will be most effective.  The peak thermal neutron flux 

occurs at 0.056 eV. 

 To calculate the production of a short-lived radioisotope (i.e. Au-198), a High 

Purity Germanium (HPGe) detector was first used to count the activity of the 

radioisotope following irradiation.  An HPGe detector uses the high purity germanium to 

measure the incident effect of charged particles or photons.  Since Au-198 is a gamma 

emitter with a short-half life, an HPGe detector was useful for counting.  Using the net 

counts and peak efficiency of the detector, the corrected effective net count was 

calculated.  Then, based on the abundance of Au-198 compared to any other active 

radioisotopes being counted, the corrected abundance count was calculated.  Using the 

decay constant, the decay time since the end of irradiation, and the abundance corrected 

count, the decay corrected count was found.  From the decay corrected count and count 

time, the activity in disintegrations per second (DPS) was found.  The activity was 

calculated using the conversion from DPS to μCi.   
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2.2 Computer Programs – Transport Code 

 In this project, Monte Carlo N-Particle (MCNP5 and MCNP6)14 transport code 

was used for the neutron transport calculations occurring in the system.  Developed at 

Los Alamos National Laboratory (LANL), MCNP is a general purpose, generalized 

geometry, continuous energy, coupled neutron, photon, electron transport code.  It can be 

used to model a variety of nuclear reactions.  Primary uses for MCNP include modeling 

criticality, shielding, dosimetry, activation and thermal particle scattering.  In this project, 

MCNP was used to model the bremsstrahlung photons produced by the x-ray converter, 

the (ɤ, n) photonuclear reaction in heavy water, the neutron flux in the heavy water and 

gold foil, and the production of Au-198 in the pure gold (Au-197) foil target from 

radiative capture. 

 MCNP's default cross-section setting is not accurate for light isotopes at low 

neutron energies (< 4 MeV).  The S(α,β) treatment, available in special cross-section files 

provided with MCNP, can be used as a correction for this and accounts for chemical 

binding and crystal structure efforts for a limited combination of substances and 

temperatures.  The S(α,β) treatment was used in this project for heavy water (hwtr.60t).  

This S(α,β) file was for heavy water at 273.15 K. 

 Appendix A contains a sample MCNP input file with a simple system containing 

the beam source, x-ray converter and a point detector 1 meter away to calculate the dose 

rate (in rem/hr/mA).  Appendix B contains a more complex sample MCNP file modeling 

the beam source, x-ray converter, heavy water target in a 1 liter borosilicate glass beaker 
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surrounded by paraffin wax, and the gold foil square target propped up 3 cm on an upside 

down small pyrex-glass beaker.  Figure 2.5 is this geometry as a whole plotted using 

Cygwin15.  Figure 2.6 is a zoomed in view of the heavy water in the borosilicate glass 

beaker with the gold foil propped up 3 cm on an upside down small beaker.  The 

statistical uncertainties of the answers calculated with MCNP are less than 1% unless 

stated otherwise. 

 

Figure 2.5 Geometry of MCNP model in Appendix B with cell cards labeled. 

 The cell cards in Figures 2.5 and 2.6 are labeled by number.  Table 2.1 indicates 

which material belongs to each cell number.  Each material for these cells is assigned a 

specific density, shape and size. 
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Table 2.1 Cell number and material. 

 

Figure 2.6 Close-up of the paraffin wax walls in green, air in blue, heavy water in 

yellow, borosilicate glass beakers in orange and cell 3 is the thin Au foil sitting flat 

on top of the upside down beaker. 
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 The MCNP geometry plotter was run under Cygwin in this project.  Cygwin is a 

Unix-like environment and command line interface for Windows.  The important plotting 

features used in this project include coloring of the cells by material, labeling by cell 

cards, labeling by surface cards, zoom and plotting mesh tally results to view areas of 

high and low flux. 
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Chapter 3: Results 

 

 In this chapter, the computational project results of the electron driven accelerator 

thermal neutron source are stated and discussed.  The first section of this chapter presents 

the x-ray converter and its' setup based on calculations.  The modeling of the x-ray 

converter is compared with literature.  Then, the more complex modeling of the 

experimental system used to activate gold is compared to experimental data.  These are 

both in close agreement.  The second section presents the neutron yield and 

corresponding results.  The results from the modeling of the thermal neutron flux in the 

heavy water and gold are shown.  The third section discusses the results of the Au-196 

production that occurred.  Natural gold (Au-197) has a Au-197(ɤ, n)Au-196 photonuclear 

reaction with high energy gammas.   

 

3.1 X-Ray Converter 

 

 The very intense and energetic photon flux used in this project was produced by 

an electron accelerator fitted with an x-ray converter.  Figure 3.1 and Figure 3.2 show an 

x-ray converter assembly inside the head of an electron driven linear accelerator18 similar 

to a Siemens Oncor.  On the left of the figure is the head of an electron driven linear 

accelerator fitted with an x-ray converter.  This setup is used for the production of high 

energy photons, focused on a specific target.  The electron beam is incident on the back 
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surface of high Z (heavy metal) material known as an x-ray converter.  The interaction 

between the high energy electrons and the heavy metal produces bremsstrahlung photons 

while the electrons are slowed down in the high Z material.  Photons are produced 

efficiently this way when the converter material is half the thickness required to stop the 

electrons in the high Z material.  Tantalum (Ta, Z=73) was used in this project because it 

is the x-ray converter material in a Siemens Oncor linear accelerator.  Another commonly 

used x-ray converter material is tungsten (W, Z=74).   

On the right of Figure 3.1 is the electron driven accelerator without the heavy 

metal converter.  This setup is used for high energy electron production, aimed at a 

specified target, in the form of a beam. 

 

 

Figure 3.1 Inside the Head of an Electron Driven Linear Accelerator 
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Figure 3.2 Linear Accelerator Fitted with X-Ray Converter 

 Using the Continuous Slowing Down Approximation (CSDA)3, the photon 

production can be maximized by calculating 30-60% of the incident electron range and 

using that for the x-ray converter thickness.  When electrons penetrate further than 60% 

of CSDA range, then they usually do not have enough energy left to create further 

bremsstrahlung.  Thus, a target thicker than 60% of the CSDA range will only attenuate 

the photons produced in the first part of the x-ray converter. The CSDA calculations were 
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used because the x-ray converter thickness was reported proprietary.  Based on 

simulations of the Siemens Oncor using MCNP, Jabbari21 did not report a converter 

thickness.  To maximize the photon fluence in the simulation, the CSDA calculation was 

used for converter thickness. 

 Based on the CSDA, for electron beams used in this project, converter dimensions 

were chosen accordingly and can be seen on Table 3.1.  The thickness is in units of cm 

and the CSDA range as a fraction (r/r0). 

 

Table 3.1 X-ray Converter Dimensions 

 

 

 For a 15 MeV electron beam, the Tantalum (Ta) converter thickness that 

maximizes the total forward going X-Ray energy is 60% of the CSDA4.  As shown in 

Table 3.2, the CSDA range (in g/cm2) for Ta is 8.106.  Using the density of Ta, 16.6 

g/cm3, the CSDA range is 0.4883 cm.  Using this r/r0 value (60%), the ideal thickness 

was calculated.  Thus, a 0.2830 cm thick Tantalum x-ray converter was used in the 

modeling for this project. 
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Table 3.2 Electron CSDA Ranges for Each Source Electron Kinetic Energy4 

 

 With an electron energy of 15 MeV, the D2O target can produce neutrons due to 

the (ɤ, n) reaction threshold of approximately 2.224 MeV in deuterium.  However, a 

heavy metal (W, Ta, etc.) has a higher (ɤ, n) reaction threshold of approximately 8 MeV.  

This results in neutron production from a 100 MeV beam of electrons that are comparable 

with that of a heavy metal converter followed by the heavy water target using these 15 

MeV energy electrons.  Thus, the benefits of using the lower energy electrons include: 

they are more commercially available, less capital cost for an electron accelerator of this 

energy, easier maintenance for the machine, and lower amounts of induced radioactivity. 

 

3.2 Neutron Yield 

 

 The largest neutron yield from electron irradiation through a heavy metal 

converter into heavy water occurrs at 30 MeV2,3.  In the benchmarking of the experiment 

conducted at the University of Missouri-Columbia, a Siemens Oncor linear electron 

accelerator used a 15 MeV electron beam for 10.2 minutes.  According to calculations 
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and literature, the maximum total forward going x-ray energy for a 15 MeV electron 

beam occurs at a thickness of 0.2830 cm for Tantalum.  In the benchmarking, the 1-liter 

borosilicate beaker filled with the heavy water target had a radius of 5.2 cm, height of 

11.33 cm and was 76.37 cm away from the source particles incident on the converter. 

 In this project, the neutron yield was calculated for the ideal converter thickness. 

The thermal neutron flux was calculated as the summation of all tallies below 0.5 eV, 

which corresponds approximately to the cadmium cutoff energy.  The thermal neutron 

flux in the gold was found to be 5.61E4 n/cm2/sec.  The thermal neutron flux in the heavy 

water was found to be 1.33E5 n/cm2/sec.  Table 3.3 and Figure 3.3 show the thermal 

neutron distribution in the gold. Table 3.4 and Figure 3.4 show the thermal neutron 

distribution in the heavy water.  The thermal neutron flux in heavy water was found to be 

higher in literature because the modeling was done with the electron beam and high Z 

converter set up right on top of the heavy water.  In the Siemens Oncor linac, the exit 

window for the electron beam onto the high Z converter is located approximately 57.7 cm 

up inside the head of the machine.  Then, in the experiment, the paraffin wax box lid to 

the system had a height of 10 cm and the heavy water was sitting 8.67 cm below this.  

Thus, the high energy photons had to travel at least 76.37 cm before reaching the heavy 

water to produce neutrons.  This difference in height was a significant factor in the 

difference between the results found, for example in Dale1, and the MCNP modeled 

results of the Siemens Oncor system. 
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Table 3.3 Thermal Neutron Flux in Heavy Water 
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Figure 3.3 Thermal Neutron Flux in Heavy Water 

 

 

Table 3.4 Thermal Neutron Flux in Gold 
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Figure 3.4 Thermal Neutron Flux in Gold 

 

 The total neutron flux in the heavy water was calculated to be 5.17E7 n/cm2/sec.  

Figure 3.5 shows the neutron energy distribution from thermal to fast in the heavy water.  

The total neutron flux in the gold was found to be 2.12E7 n/cm2/sec.  Figure 3.6 shows 

the neutron energy distribution from thermal to fast in the gold.   
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Figure 3.5 Neutron Flux in Heavy Water 

 

Figure 3.6 Neutron Flux in Gold 
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 Based on the production of neutrons, their energy spectrum, their moderation both 

in heavy water and the surrounding moderator (paraffin wax), the production of Au-198 

was calculated.  Au-197 has a (n, ɤ) radiative capture cross-section of 98.7 b.  MCNP 

uses an evaluated nuclear data file (ENDF) to calculate the production of Au-198 for all 

the different energies of neutrons interacting with the Au-197.  For example, neutrons 

with a specific energy of 1E-11 MeV have an explicit cross-section assigned to them for 

Au-197(n, ɤ)Au-198 reaction in the ENDF.  Using these data, the Au-198 production is 

calculated for all neutrons at this energy.  These calculations are performed by MCNP for 

neutrons of all energies using specified values in the ENDF for this system, and this is 

how the total Au-198 production is calculated. 

 In Greg Dale’s previous work modeling a similar system in MCNP, the neutron 

production was greater due to higher beam power, greater beam current and less distance 

between the x-ray converter and tank of heavy water.  When the system was modeled 

closer to Dale’s set up in this project, the neutron production increased close to the flux 

Dale obtained from modeling.  Using a tally to calculate the thermal neutron flux, MCNP 

showed this to be 1.92E9 neutrons/cm2/sec for a 15 MeV 1 kW electron beam.  Dale 

showed 9.81E9 neutrons/cm2/sec to be the thermal neutron flux in this similar system for 

a 10 MeV 10 kW electron beam.  The issue with this modeling is that it is not possible in 

reality to get the heavy water this close to the electron beam source and x-ray converter 

using a Siemens Oncor linac due to design of the machine.    
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3.3 Au-196 Production 

 

 In the experimental results, there was clear production of Au-196.  Natural gold 

can react with high energy photons in the Au-197(ɤ, n)Au-196 photonuclear reaction.  

Figure 3.7 shows the photonuclear reaction cross-section.  The cross-section peak occurs 

between 10 and 20 MeV.  Au-196 emits gammas at 333.02 and 355.74 keV.  A High 

Purity Germanium (HPGe) detector was used for counting gammas in this project. 

 

Figure 3.7 Au-197(ɤ, n)Au-196 Photonuclear Cross-Section 

 From MCNP modeling on the photon flux in the gold foil, a total flux of 1.11E9 

photons/cm2/sec were found above the 8 MeV threshold value for the Au-197(ɤ, n)Au-

196 photonuclear reaction.  Figure 3.8 is the average photon flux in the gold foil above 8 

MeV.  Figure 3.9 is the average photon flux in the gold foil for all energies. 
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Figure 3.8 The Average Photon Flux in the Au Foil Above 8 MeV 

 

Figure 3.9 The Average Photon Flux in the Au Foil for All Energies 
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Binning the photon flux by energies matched up to the ENDF for this 

photonuclear reaction, the Au-196 production rate was solved for using the macroscopic 

cross section, photon flux and volume.  Multiplying Equation 3.1 below by the Au-196 

production rate, where λ is the decay constant for Au-196 based on the 6.167 day half-

life, and tirr is the time of irradiation of the pure gold foil, gives the answer in DPS.  This 

can be converted to µCi.  The Au-196 activity was found to be 26.72 DPS, or 7.22E-4 

µCi.  Gott counted 38.01 DPS (1.03E-3 µCi) of Au-196 activity in the experiment. 

 

 

Also, the Au-197(n, 2n)Au-196 nuclear reaction could have produced some of the 

Au-196.  Figure 3.8 below shows this cross-section.  Figure 1.3 shows the gammas at 

333.02 and 355.74 keV indicating the presence Au-196.  Table 3.5 shows the Au-196 and 

Au-198 production in the foil, their observed x-rays and calculated activity.  Table 3.6 

compares the Au-198 and Au-196 total activity from counting experimentally and MCNP 

calculations.  Due to the much higher fluence of gammas, it is much more likely that the 

Au-196 production is a result of the (ɤ, n) reaction. 
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Figure 3.10 Au-197(n, 2n)Au-196 Reaction Cross-Section 
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Table 3.6 Comparing the Au-198 and Au-196 Total Activity 
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Chapter 4: Analysis 

 

 This chapter interprets the results and discusses what they mean.  The thermal 

neutron flux was significant enough to produce detectable amounts of Au-198 as well as 

Au-196.  The first section discusses how the Au-198 was calculated, counted 

experimentally and the possible reasons for slight differences between the two.  The 

second section analyzes the neutron flux and production calculated by MCNP in the 

modeled system and compares this to literature. 

 

4.1 Au-198 Production 

 

 The results from MCNP transport code were under 6% tally error and 3% 

variance of variance (VOV).  Based on MCNP calculations of Au-198 production rate, 

activity ranged from 33.76 to 45.67 decays per second (DPS).  From the experimental 

results, Au-198 activity was measured at 40.29 DPS, or 1.09E-03 µCi.  Table 4.1 shows 

the Au-198 activation (in DPS and µCi), number of source particles run, mean (in 

neutrons/cm2/sec/mA), tally error and variance of variance for the mean.  The mean was 

able to be converted to neutron flux by multiplying by the current of the electron beam 

(in mA).  Then, the neutron flux was converted to production rate by multiplying by the 

macroscopic cross-section (in cm-1), the volume of the pure gold foil (in cm3). 
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The activation was calculated using an F4 tally with a 102 reaction in cell 2 of the 

code.  The 102 reaction in cell 2 is the (n, ɤ) reaction in the gold foil.  The F4 tally is the 

track length estimate of cell flux.  Tallies are calculated on a per source particle basis in 

MCNP; the more source particles run, the more accurate results become.  A multiplier 

card was used to convert this tally from electrons/cm2 into neutrons/cm2/sec/mA.  From 

there, the result can be multiplied by the beam current to get the neutron flux in 

neutrons/cm2/sec.  Next, the macroscopic cross-section and volume of the gold foil were 

multiplied with the neutron flux to get the result in neutrons/sec.  Finally, this can be 

multiplied by Equation 3.1, where λ is the decay constant for Au-198 based on the 2.6952 

day half-life.  The calculated activity of 43.77 DPS (1.18E-03 µCi) after 1e11 source 

particles ran in MCNP was within 8.6% of the experimental result of 40.29 DPS (1.09E-

03 µCi).  The modest difference in computational and experimental results could be due 

to x-ray converter thickness, the small volume of gold (.00366 cm3), short half-life of Au-

198, time between irradiation and detection, the experiment being ran just once or using a 

modeled system on MCNP. 
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 A major benefit to using MCNP modeling is that the relative error and variance of 

variance (VOV) can be seen.  The MCNP simulations were run using an HP laptop with a 

64-bit Operating System and a quad core.  In a quad core laptop, the processor has four 

available cores that can work in parallel with one another.  More cores enable the 

computer to multitask and run multiple calculations simultaneously.  In national 

laboratories, more cores per processor are available which can run simulations at a better 

rate.  MCNP transport code calculates on a per source particle basis.  Thus, the more 

source particles run, the more accurate results that can be provided.  There were 1E11 

source particles run in a simulation to calculate Au-198 production and the neutron flux 

in heavy water using this model at Los Alamos National Lab (LANL).  The MCNP 

results were accurate, and the code can be used again in future work.   

 

4.2 Neutron Flux and Production 

 

 One common way to determine the neutron flux or production in a system is to 

test the Au-198 production within it.  The experiment conducted in 2014 proved neutron 

production occurred through the activation of Au-198 that was measured at 1.09E-3 µCi.  

A thermal neutron flux is required for this activation of Au-198, and it was produced in 

this 1 liter heavy water beaker from a 15 MeV linac setup. 

 Using MCNP, the neutron flux in the heavy water (D2O) can be tallied and 

calculated as a total.  Table 4.2 shows the neutron flux per mA total for all energies. 
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Table 4.2 Total Neutron Flux per mA in Heavy Water 

 

These data can be binned by different energies as shown in Tables 4.3 and 4.4.  

Then, the amount of thermal, epithermal and fast neutrons can be examined as well.  

From a 15 MeV linac, the thermal neutron flux found in the gold is 5.61E4 n/cm2/sec 

shown in Table 3.4.  Thermal neutron flux in the heavy water is 1.33E5 n/cm2/sec, as 

shown in Table 3.3. 
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Table 4.3 Neutron Flux in Gold binned by energy. 
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Table 4.4 Neutron Flux in Heavy Water binned by energy. 
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Comparing this to Dale’s1 past work with MCNP, a 10 MeV, 10 kW linac was 

calculated to reach up to 1.4E10 n/cm2/sec/mA.  These results came from a model with a 

large (301,440 cm3) tank of heavy water surrounded by a reflector.  A heavy metal 

converter was located immediately adjacent to the heavy water.  In the actual experiment 

using the Siemens Oncor electron linear accelerator, the heavy water is roughly 76.37 cm 

away from the electrons’ exit window.  Due to the configuration of the linac, the closest 

the heavy water could be set up to the exit window is 57.7 cm away.  The beaker used in 

the experiment contained just less than 1000 cm3 of heavy water as shown in Figure 4.2. 

 

Figure 4.1 Heavy water used experimentally 
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Based on literature17,20, at 15 MeV the forward-direction (0 degrees) x-rays 

emitted from a high Z target will have a beam current scaled dose rate of 100,000 rad-

m2/mA/min.  The beam power was calculated using the distance from the bottom of the 

beaker to the converter.  In this setup and model, this distance was 87 cm.  Using the 

beam current scaled dose rate, which is calculated in rad-m2/mA/min, the beam current in 

mA can be calculated.  The Siemens Oncor linac was run at 500 MU/min for the 

experiment which is equivalent to 500 rad/min at the point of interest.  The point of 

interest was set up to be the bottom of the 1 liter beaker of heavy water.  By multiplying 

the distance squared by the beam current squared dose rate, the beam current dose rate 

remains.  Then, the dose rate from the Siemens Oncor linac can be divided by this beam 

current dose rate to get the beam current at the point of interest.  The beam current was 

found to be 3.78E-3 mA at 87 cm away from the converter for a 15 MeV electron beam. 

When the distance between the converter and heavy water tank is narrowed to 8.5 

cm, the beam current can reach 0.69 mA for forward going x-rays.  This 8.5 cm of space 

leaves room for the converter between the beam source and heavy water target as well as 

room for material used for moderation and shielding.  With a 15 MeV 0.69 mA electron 

beam, the beam power can reach 10.4 kW.  When a cylindrical tank of heavy water with 

a 40 cm radius and 60 cm height is modeled tangent to the heavy metal converter and 

beam source incident on the converter, MCNP yields 1.91E9 neutrons/cm2/mA/sec at 0.5 

eV or less.  Thus, a thermal neutron flux of 1.32E9 neutrons/cm2/sec based on the 0.69 

mA beam power is plausible in this unreflected target.  These results are consistent with 

results obtained by Dale1.  The difference in converter thickness and distance from the 
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beam source to the heavy water may be contributing factors for the difference in results.  

Thus, these fundamental differences in the configuration of his modeled experiment 

explain the difference in thermal neutron flux from one system to the other. 
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Chapter 5: Conclusions 

5.1 Summary of Results 

Experimental results from the Au-198 production experiment in 2014 at the 

University of Missouri-Columbia were benchmarked in MCNP transport modeling in this 

project.  The 1 liter of heavy water (D2O) modeled in MCNP had a neutron flux of 

5.17E7 neutrons/cm2/sec, and a thermal neutron flux of 1.33E5 neutrons/cm2/sec.  The 

1.2 cm by 1.2 cm thin piece of gold foil had a neutron flux of 2.12E7 neutrons/cm2/sec, 

and a thermal neutron flux of 5.61E4 neutrons/cm2/sec.  From MCNP modeling, the 

resulting Au-198 activity was 43.77 DPS (1.18E-3 µCi).  The relative error for the Au-

198 production tally (f014 tally, Appendix B) was 5.15% and the variance of variance 

(VOV) was 2.25% after 1E11 source particles were run. 

These modeling results are in close agreement with the experimental data.  

Experimental data showed 40.29 DPS (1.09E-3 µCi) of activity from 12 hours counting 

on an HPGe detector in the gold foil following irradiation.  MCNP modeling and 

experimental data were within 8.6% of one another.  There were a few small differences 

in modeling and experiment that could have caused the modest difference in results such 

x-ray converter thickness. 

The experimental data also showed the production of Au-196.  Natural gold (Au-

197) can become Au-196 by the Au-197(ɤ, n)Au-196 reaction.  The high energy 

bremsstrahlung photons can induce this reaction.  MCNP modeling yielded 26.72 DPS 

for Au-196 production from this photonuclear reaction.  Gott counted 38.01 DPS in the 

experiment.  It is possible for some activity to have come from the Au-197(n, 2n)Au-196 
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reaction.  However, it is much more likely that the Au-196 production occurred due to the 

(ɤ, n) photonuclear reaction because of the higher fluence of gammas. 

 In Dale’s previous work modeling a similar system in MCNP, the neutron 

production was greater due to higher beam power, greater beam current and less distance 

between the x-ray converter and tank of heavy water.  In this configuration when the 

system was modeled closer to Dale’s, the neutron production was similar to the flux Dale 

calculated.  Using a tally to calculate the thermal neutron flux, MCNP showed this to be 

1.92E9 neutrons/cm2/sec for a 15 MeV 1 kW electron beam.  Dale showed 9.81E9 

neutrons/cm2/sec as the thermal neutron flux in his system for a 10 MeV 10 kW electron 

beam.  The difference between modeling and reality is that it is not possible to position 

the heavy water this close to the electron beam source and x-ray converter with a 

Siemens Oncor linac due to the design of the machine.  If the machine were 

reconditioned and set up accordingly, then these results are feasible to accomplish 

experimentally. 

5.2 Future Work 

 In future work, this code can be used to investigate these types of systems in 

applications such as neutron generation in neutron therapy and activation of short-lived 

radioisotopes for radio-pharmacology.  Variation of tank size configuration as well as 

varying electron beam drivers can be investigated.   

 In the future, an experiment should be conducted with the machine in electron 

beam mode and configured with a heavy metal converter on top of the heavy water target.  

The energetic electrons can then interact with the converter and produce the 

bremsstrahlung photons directly on top of the heavy water tank.  Less power will be lost 
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due to shaping of the beam.  Power will also be conserved since the distance traveled by 

the photons within the head of the linac has been eliminated. 

If this system could be manufactured into a simple head to be placed on existing 

medical linear accelerators, this could then be an inexpensive way for hospitals to 

produce short-lived radioisotopes at their own facilities or conduct neutron therapies.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

46 

 

References 

1.         G. E. Dale and J. M. Gahl, "Applications of thermal neutron generators driven 

with a repetitively pulsed electron linac," in Pulsed Power Plasma Science 

Conference, Las Vegas, NV, June 2001, edited by R. Reinovsky and M. Newton, 

IEEE, No. 01CH37251, Piscataway, NJ, (2001) 1158-1161. 

2.         T. Kase and H. Harada, "An assessment of the continuous neutron source using a 

low-energy electron accelerator," Nucl.Sci.Eng., 126 (1), 59-70 (1997). 

3.         Sohrabi M., and Morgan K. Z. “Neutron dosimetry in high energy x-ray beams of 

medical accelerators,” Phys Med Biol 24, 54-60 (1979). 

4.         J. A. Halbleib and T. W. L. Sanford, "Predicted flash x-ray environments using 

standard converter configurations," SAND83-2572, Sandia National Laboratories, 

Albuquerque, NM (1985). 

5.         Hulsey K. (2004). Exploded view drawing of Siemens Oncor linear accelerator. 

Copyright Kevin Hulsey Illustration, Inc. 

6.         Los Alamos National Laboratory.  Retrieved from 

https://t2.lanl.gov/nis/data/endf/endfvii-g.html  

7.         Los Alamos National Laboratory.  Retrieved from 

https://t2.lanl.gov/nis/data/endf/endfvii.1-n.html  

8.         T. N. Vasina, V. M. Golokov, and M. R. Yakovlev, "Photoneutron yields from 

targets of 2H2O, Be, and 238U irradiation with bremsstrahlung from 4- to 8-MeV 

electrons," At.Energ.[Sov.J.At.Energy], 66 (1), 75-77 (1989). 

9.         V. M. Golovkov, T. N. Basina, and M. R. Yakovlev, "Measurement of the 



 

47 

 

photoneutron flux density distribution from cylindrical targets," 

Izv.Vyssh.Uchebn.Zaved., Fiz.[Sov.Phys.J.], 32 (9), 5-9 (1989). 

10. Sim, Doug (2012).  “Detector Regions.”  Retrieved from  

https://en.wikipedia.org/wiki/Geiger%E2%80%93M%C3%BCller_tube  

11. M.J. Berger, J.S. Coursey, M.A. Zucker and J. Chang. “Stopping-Power and 

Range Tables for Electrons, Protons and Helium Ions,” NISTIR 4999. October 

1998.  

12. Y.-J. Chen, et al. “High Intensity Beam and X-Ray Converter Target Interaction 

and Mitigation,” AAC 2002. 

13. S. Sampayan, et. al., “Beam-Target Interaction Experiments for Multipulse 

Bremsstrahlung Converters Applications”, PAC 2001. 

14. X-5 Monte Carlo Team. “MCNP – A General Monte Carlo N-Particle Transport 

Code, Version 5,” April 24, 2003. 

15. Hunt, H. Turney, J. “Cygwin/X User’s Guide.” 2009. 

16. Los Alamos National Laboratory.  Retrieved from 

https://t2.lanl.gov/nis/data/ndbrowseLeslie.php  

17. Ongaro C., Zanini A., Nastasi U., Rodenas J., Ottaviano G, and Manfredotti C. 

“Analysis of photoneutron spectra produced in medical accelerators,” Phys Med 

Biol 45, L55-L61 (2000). 

18. McCall R. C. (1981). Neutron radiation from medical electron accelerators. 

Stanford Linear Accelerator Center, SLAC-PUB-2739. 

19. Private communication with Dr. Matthew Gott. 

20. Anderson, R. Lamey, M. MacPherson, M. Carlone, M. “Simulation of a medical 



 

48 

 

linear accelerator for teaching purposes,” Journal of Applied Medical Physics, 

Vol. 16, No. 3 (2015). 

21. Jabbari, K. Anvar,, H.S. Tavakoli, M.B. Amouheidari, A. “Monte Carlo 

simulation of Siemens ONCOR linear accelerator with EGSnrc code,” 3(3):172-9 

(2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

49 

 

 

 

 

 

 

Appendix A 

 

 

 

 

 

inp1  MCNP input file for dose rate calculations 
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run00 - Bare D2O tank : 50R, 100Z, 15 MeV, 0.1122 cm Ta 
1 1 -16.6   -1      $ Ta, XRC converter 
c 2 2 0.09969 -2      $ Heavy water target 
9 0          1    $ void area 
 
1 rcc 0 0 100 0 0 0.1122 0.5 
c 2 rcc 0 0 0 0 0 100 50 
 
mode p e 
phys:n 15 
c phys:p 1.0 2j 1 
c phys:e 15 6j 0 j 
phys:e 15 2j 1 2j 0 
cut:e j 2.224 
cut:p j 0.01 
imp:p 1 1 
imp:e 1 0 
c fcl:p 1 1r 0 
bbrem 1. 1. 46i 10. 1 
c dbcn 12j 703685 
c ccccccccccccccccccccccccccc 
c 
c Materials are Heavy Water, Tantalum and Light Water 
c 
c ccccccccccccccccccccccccccccc 
m1   73181 1  $ Tantalum 
m2   1002 0.6667  $ Heavy water 
     8016 0.3333 
mt2 hwtr.60t 
c ccccccccccccccccccccccccccccccccc 
c 
c Pencil Beam of Electrons Zero Thickness 
c 
c ccccccccccccccccccccccccccccccccccccc 
sdef  erg=15 par=3 x=0 y=0 z=100.11219 vec=0 0 1 dir=-1 
c cccccccccccccccccccccccccccccccccccc 
c           
c  ICRP-51 (1987), ANSI/ANS 6.1.1 (1991) 
c  Photon dose equivalent response function  
c  (rem-cm^2) 
c                  
c ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
de0 log 1.00E-02 1.50E-02 2.00E-02 3.00E-02 4.00E-02 5.00E-02 6.00E-02  
          8.00E-02 1.00E-01 1.50E-01 2.00E-01 3.00E-01 4.00E-01 5.00E-01  
          6.00E-01 8.00E-01 1.00E+00 1.50E+00 2.00E+00 3.00E+00 4.00E+00  
          5.00E+00 6.00E+00 8.00E+00 1.00E+01 
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df0 log 7.69E-12 8.46E-11 1.01E-10 7.85E-11 6.14E-11 5.26E-11 5.04E-11  
          5.32E-11 6.11E-11 8.90E-11 1.18E-10 1.81E-10 2.38E-10 2.89E-10  
          3.38E-10 4.29E-10 5.11E-10 6.92E-10 8.48E-10 1.11E-09 1.33E-09  
          1.54E-09 1.74E-09 2.12E-09 2.52E-09 
c ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
c Tallies 
c 
c ccccccccccccccccccccccccccccccccccccccc 
fc005 F5 point detector estimate of photon dose (rem/hr/mA) 
 f005:p 0 0 90 0 
fm005 2.2469e19          $ electrons/mA/hr 
c 
fc015 F5 point detector estimate of photon dose (rem/hr/mA) 
 f015:p 0 0 0.1122 0 
fm015 2.2469e19          $ electrons/mA/hr 
c 
nps 1e4 
prdmp 1e8 1e8 j 4 
c 
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Appendix B 

 

 

 

inp2  MCNP input file for Au-198 activation and neutron flux in heavy water 
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Gold (Au-197) Activation via Siemens Oncor Impression Linac                      
c Using 15 MeV electrons from beam through X-Ray Converter (Tantalum)            
c To produce photoneutrons going into the Heavy Water (D20)                      
c And knock off neutrons (any photons >2.2 MeV have enough energy to do so) from 
c These neutrons are the ones we are targeting to use to activate Au-197 to Au-1 
c                                                                                
c ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc  
c                                                                                
c  Cell Cards                                                                    
c                                                                                
c ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc  
1  1 -16.6     -1      $ Tantalum (XRC)                                          
2  2 -19.3     -2      $ Au-197 Target                                           
3  3 -1.11     -3 12 2 $ D2O in 1L beaker                                        
4  6 -0.001225 -4      $ Air above D2O in 1L beaker                             
5  7 -2.23     -5 4 3  $ 1L Pyrex beaker                                         
6  6 -0.001225 -6     $ Air-filled beam tube                                     
7  5 -0.9      -7 6    $ Wax lid                                                 
8  6 -0.001225 -8 5    $ Air between wax and beaker                              
9  5 -0.9      -9 8    $ Wax walls                                               
10 5 -0.9      -10     $ Wax bottom                                              
11 3 -1.11     -11     $ D2O in small beaker                                     
12 7 -2.23     -12 11  $ 10 mL beaker, upside-down                               
13 6 -0.001225 -13 10 9 7 6 $ Air in 'room'                                      
99 0            13     $ Everything else, void             
                                                                                             
c cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c                                                                                
c  Surface Cards                                                                 
c                                                                                
c cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
1 rcc 0 0 87.052 0 0 0.283 0.5         $ Tantalum (XRC)                           
2 box -0.6 -0.6 3.4 1.2 0 0 0 1.2 0 0 0 0.00254 $ Au-197 foil                    
c 2 rcc 0 0 3.4 0 0 0.00254 5.2 $ Au-197 cyclindrical disk                       
3 rcc 0 0 0.2 0 0 11.33 5.2   $ D2O in 1L beaker                                 
4 rcc 0 0 11.53 0 0 4.27 5.2  $ air above D2O in 1L beaker                       
5 rcc 0 0 0 0 0 15.8 5.4      $ outer wall of 1L Pyrex beaker                    
6 rcc 0 0 20 0 0 10 4.5       $ beam tube of air                                 
7 box -27.5 -27.5 20 55 0 0 0 55 0 0 0 10   $ wax box lid                        
8 box -7.5 -7.5 0 15 0 0 0 15 0 0 0 20      $ air between wax and beaker         
9 box -27.5 -27.5 0 55 0 0 0 55 0 0 0 20    $ sides of wax box                   
10 box -27.5 -27.5 -20 55 0 0 0 55 0 0 0 20 $ wax box bottom                     
11 rcc 0 0 0.2 0 0 3.0 1.05   $ inner wall of 10 mL beaker                       
12 rcc 0 0 0.2 0 0 3.2 1.25   $ outer wall of 10 mL beaker                       
13 so 300                     $ sphere of air around whole project, 3m diameter        
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c cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c                                                                                
c  Physics Cards                                                                 
c                                                                                
c cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
mode n p e                                                                       
c phys:n 15 0 0 j j j 0 15 j j j 0 0                                             
phys:n                                                                           
phys:p 15 0 0 1 0 j 0                                                            
phys:e 15 6j 0 j                                                                 
cut:e j 2.224                                                                    
cut:p j 2.224                                                                    
c cut:n j 0.01                                                                   
imp:n,p,e 1 8 1 10r 0                                                                
bbrem 1. 1. 46i 10. 1                                                            
c dbcn 12j 703687                                                                  
c ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 
c  Materials Cards 
c 
c ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
m1   73181 1 $ Tantalum 
m2   79197 1 $ Gold 
m3   1002 0.6667 $ Heavy Water 
     8016 0.3333 
mt3 hwtr.60t 
m5   6012 0.3227 $ Paraffin Wax 
     6013 0.0036 
     1001 0.6737 
mx5:p j j 0 
m6   7014 0.7779 $ Air 
     7015 0.0029 
     8016 0.2094 
     8017 0.0001 
     18040 0.0097 
m7   5010 0.00796 $ borosilicate Pyrex 
     5011 0.03204 
     8016 0.541 $ 4% B, 54.1% O, 2.8% Na, 1.1% Al, 37.7% Si, 0.3% K 
     11022 0.028 
     13027 0.011 
     14028 0.3476 
     14029 0.0177 
     14030 0.0117 
     19039 0.003 
mx7:p 0 0 j 0 j j j j 0                                                    
c cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
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c                                                                                
c  Electron Source/Beam of Electrons (from Linac)                                
c                                                                                
c cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
sdef pos=0 0 87.33599 axs=0 0 1 ext=0 rad=d1 par=3 erg=15 vec=0 0 -1 dir=1         
si1 0 0.5 $ radial sampling range: 0 to Rmax (0.5 cm)                            
sp1 -21 1 $ radial sampling weight: r^1 for disk                                                                          
c ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc  
c                                                                                
c  Tallies                                                                       
c                                                                                
c cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c                                                                                
c  Cell Flux Tallies F4                                                          
c                                                                                
fc34 Tally of neutron flux though heavy water                                    
f34:n 3 $ particles/cm^2 (neutrons)                                              
c *f34:n 3 $ MeV/cm^2 (neutrons)                                                 
 e034  1e-11 47log 10 15                                                         
sd34 1000 $ volume in cm^3                                                       
fm034 6.2415e15                                                                  
c                                                                                
fc024 F4 estimate of Neutron Flux through gold in units of neutrons/cm^2/sec/mA  
 f024:n 2                                                                        
 e024   1e-11 47log 10 15                                                        
c fm024 6.2415e15          $ electrons/mA/sec                                      
c fm024 4.011e23 $ electrons in 10.2 minute (612 sec) run at 15 MeV                                                             
c     
fc014 F4 tally to calculate Au-198 production rate 
 f014:n 2 
 e014   1e-11 47log 10 15 
sd014 1 
fm014 1 2 102              $ cross-section, m used to be-6.2145e15 
c 
fc044 Tally of photon spectrum for a 15 MeV electron beam (1/electron/MeV) 
 f044:p 3 
 e044   1e-11 47log 10 15 
sd044 1000 $ volume in cm^3 
c 

 

 

 

 

 

 

 


