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Abstract approved: 

The Department of Nuclear Engineering at Oregon State University has recently 

introduced a neutron radiography facility (OSNRF). The facility is dependent on a 

neutron source established by the OSU TRIGA ® Reactor (OSTR). It was unknown how 

accurately a computerized model of the OSTR in conjunction with the OSNRF could 

represent the radioactivity dose rate of the facility. Having an accurate model of the 

OSTR and OSNRF would save time and money in preparation of other future additions. 

The model was created using the Monte-Carlo N-Particle (MCNP) transport code. A 

retained model of the OSTR was modified to account for the addition of the neutron 

radiography facility and dose rates within the OSNRF were predicted. To determine the 

accuracy of the model, measured data was compared to predicted data from the MCNP 

simulation. The results show that MCNP consistently overestimates the neutron dose rate 

throughout the OSNRF. Gamma dose rates are consistently overestimated outside the 

beam line, but are underestimated within the beam line. It is determined that while the 

reliability of the predicted data is limited, potential exists for the model. 
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Chapter 1 

INTRODUCTION 

A neutron radiography capability has been added to the Oregon State TRIGA 

Reactor (OSTR) facility. The Oregon State University Neutron Radiography Facility 

(OSNRF) is positioned on the lower level of the reactor bay and utilizes thermal 

neutrons from the tangential beam port to produce neutron radiographs. Before full-scale 

use of a facility is possible, the determination of the radiation dose profile, in operational 

mode, is necessary to provide adequate radiation shielding to workers. The reactor is a 

source of gamma rays and neutrons, and the radiation intensity dramatically increases 

when the beam port is opened. The radiation beam associated with the addition of the 

OSNRF poses a risk to employees and equipment and, therefore, must be adequately 

shielded. The subject of this work includes modeling and dose measurement of the 

OSNRF beam hall to develop predictions ofradiation dose by examining gamma and 

neutron fields in and around the OSNRF during operation. 

1.1 Purpose 

The specific purpose of this research is to determine how well the OSTR and 

OSNRF can be simulated using a particle transport code (MCNP), and how well the 

simulations compare to measured values of dose. Confirmation of the dose and flux 

predictions will provide the facility users with the means to simulate structural additions 

to the facility with greater confidence, thus saving time, money, and energy in 

determining the level of safety provided by new shielding systems and/or future designs. 
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Chapter 2 

BACKGROUND 

2.1 Thermal Neutron Radiography 

Thermal neutron radiography is achieved by harnessing thermal neutrons from a 

neutron source and directing them towards an object of interest. Then, neutrons passing 

through the object interact with a converter screen and x-ray imaging film to produce an 

image. Converter screens change the neutron image into one that can be detected by x

ray film. After development, the film displays the image in grey scale. At the OSNRF, 

neutron radiography is dependent on neutron scattering from the OSTR core down the 

tangential beam port (Fig. 2.1 ). The neutrons are collimated as they pass through the 

beam port and then are directed to the Radiography Facility (Beam Hall) where they 

interact with the object under analysis and a gadolinium converter screen. Neutrons 

interact with gadolinium atoms, the converter screen active material, through 

absorbption and emit a high energy gamma after capturing a thermal neutron. 

Interactions between the thermal neutrons and the object atoms also yield a release of 

energetic gamma rays that scatter and interact with the surrounding beam hall materials, 

primarily concrete. 

2.2 Neutron Source 

Neutrons are supplied by nuclear fission reactors or accelerators [Harms and Wyman, 1986). 

The source for this facility is the OSTR, a research reactor capable of operating at steady 

state power of 1.1 MW. Neutrons of varying energies are produced by fission in the 

reactor core and scatter their way down the various beam ports. The tangential beam port 

was chosen for the radiography facility because a beam tube oriented tangentially to the 
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reactor core naturally reduces the presence of fast neutrons and photons in the thermal 

neutron beam; neutrons must scatter to get into the beam tube. In addition to the neutron 

source, the energy spectrum of the neutrons and the collimation of the neutron beam are 

two very important parameters for neutron radiography. The most desirable neutron 

beam is one with a high thermal neutron intensity, a low fast neutron intensity, a low 

gamma radiation intensity, a large area coverage for the neutron beam so that larger 

objects can be radiographed, and low angular divergence of the neutron beam [Berger, 

1965]. 
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Figure 2.1. Overview of the OSU TRIGA- This graphic illustrates the axis translations required due to 
beam port 3 being attached in a tangential direction. 
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2.3 Neutron Energy Spectrum 

Neutrons are generated in a reactor with a wide range of energies. Specific 

energies cannot be isolated without moderation, i.e., the decrease in neutron energy as 

that energy is transferred through collisions. For neutron radiography to be successful in 

this facility, neutrons of thermal energy (see Table 2.1) are necessary. The typical 

4 

fluence rates, or flux, for thermal neutron radiography, using a reactor as a neutron 

source, are generally greater than about 106 n/cm2 -s [Harms and Wyman, 1986]. The thermal 

neutron flux obtainable in the OSNRF is 1.5x105 n/cm2-s [Oregon State University, Radiation 

Center, 2006]. 

Table 2.1 Neutron Energy Classifications [Berger. 1965] 

Neutron Energy Classification 

Thennal 
Epithermal 
Fast 
Relativistic 
Slow 

0.01 to 0.3 eV 
0.3 eV to 10 Kev 
10 Kev to 20 MeV 
> 20 MeV 
Oto 10 Kev 

By virtue of scattering, epithermal and thermal neutrons make their way into the 

tangential beam port. Higher energy fast neutrons that do not scatter tend to continue 

traveling straight down the radial piercing beam port (Fig. 2.1); therefore the frequency 

of neutrons of a high energy is expected to be less than the frequency of neutrons of 

lesser energy (Fig. 2.2), [Duderstadt, 1976]. Epithermal and thermal neutrons make up the 

neutron beam in the tangential beam port. 
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Figure 2.2. General energy spectrum of a reactor facility (black), represented by the Maxwell-Boltzman, 
1/v, and Watt-Fission spectrurns, and the energy spectrum expected within the tangential beam port (red). 

2.4 Collimator 

An uncollimated neutron beam has the greatest angular divergence and yields the 

poorest image resolution in neutron radiography [Berger, 1965]. The neutron beam 

intensity, also the neutron flux, represents the number of neutrons per second crossing a 

given area. The greater the neutron flux the better the image resolution; therefore, 

collimators are used to limit the outward spread of the neutron beam. In addition, the 

neutron flux at the center of the collimator beam should ideally equal the neutron flux at 

the edges of the beam. Neutron divergence within the beam can cause an uneven 

exposure across the image. In order to eliminate this, the collimator is lined with a 

neutron absorbing material to capture scattered neutrons and secondary radiation 

produced in the lining to keep them from interacting with the object. The ideal neutron 



beam should be parallel, mono-energetic, free from contaminant radiation and be of 

uniform flux on its cross section [Dinca, 2006). 

2.5 Collimator Ratio 

The collimator ratio is defined as L/D, where Lis the ratio of the collimator 

length to the diameter of the aperture, D (Fig. 2.3). The ratio provides a relationship 

between the neutron flux at the inlet aperture with the neutron flux at the exit of the 

collimator, and indicates the fraction of neutrons that are lost after collimation [Domanus, 

1992]. 

L 

6 

Figure 2.3. A sketch of a collimator with an inlet aperture, D, length, L, inlet flux, <p0, and exiting flux, <p. 

The inlet flux can be represented by the equation: ¢ = ¢oA 
41[[} 

where A is the input area given by: 

Combining EQ. 2.1 and 2.2, 

A= ,rD2 

4 

EQ. (2.1), 

EQ. (2.2). 

EQ. (2.3), 

the ratio ¢0 is the ratio of the flux at the inlet to the flux at the exit. In order to shorten 
¢ 

exposure times, it is necessary to increase the neutron flux at the object. Looking at EQ. 

2.3, it can be seen that one way to do this is to shorten the collimator length. 
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2.6 Attenuation 

The object to be examined is positioned in the path of the neutron beam. After 

neutrons pass through a radiographed object, the remaining neutron beam, a fraction of 

the initial radiation intensity, then conveys in-homogeneities in the object to the detector 

via changes in radiation intensity [Domanus, 1992]. 

Considering the equation, EQ. (2.4) 

where l0 is the initial intensity of the neutron beam, I(x) represents the intensity of 

neutrons that penetrate into thickness x in the absorber without colliding, and e -Ln,x is the 

probability that a neutron will travel distance x without an interaction. The macroscopic 

neutron removal constant, 

is dependent on the absorbing material [Martin, 2000]. The neutron removal constant 

equals the sum of the absorption and scattering microscopic cross sections, multiplied by 

the number of atoms in the sample, N, and accounts for loss in neutron intensity due to 

scattering and absorption [Lilley, 2001]. 

Similarly, there is a coefficient for photon attenuation. Photon attenuation 

coefficients, µ, are dependent on the density of the absorbing material and the energy of 

the photon. The total attenuation coefficient is the sum of photoelectric, Compton, and 

pair production coefficients, all of which are mechanisms of photon interaction [Martin, 

2000]. 

2. 7 Scattering 

Scattering often produces a decrease in the energy of a projectile. Through 

neutron scattering, slow neutrons can be obtained from a source of fast neutrons. There 

are two types of neutron scattering: elastic and inelastic. 
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2. 7 .1 Elastic Scattering 

Elastic neutron scattering occurs when lower energy neutrons (1 < MeV) interact 

with light elements and a billiard ball type collision occurs [Berger, 1965]. When the 

residual nucleus is left in the lowest energy, or ground state, the neutron is elastically 

scattered [Martin, 2000]. With elastic scattering energy is conserved and the energy exiting 

the collision equals the energy that entered the collision. 

2.7.2 Inelastic Scattering 

Inelastic scattering occurs when the energy of the scattered neutron and the 

kinetic energy of the recoil nucleus add up to less that of the incident neutron [Berger, 

1965] i.e., when a compound nucleus is formed and energy is momentarily converted to 

mass. The bombarded nucleus is then in a raised, or excited, energy state and the extra 

energy is released in the form of a gamma ray when the nucleus returns to its normal 

state. Energy is not conserved in this case, as the gamma ray removes excitation energy. 

Elastic scattering is more prominent for fast neutrons and heavy nuclei [Martin. 2000]. 

2. 7 .3 Moderation 

High energy neutrons that emerge from the beam port must be moderated in 

order to reduce their energies to a more useful thermal energy range. Moderation is the 

reduction of neutron energy via either elastic or inelastic scattering. For a material to be 

a good moderator it should have a high scattering microscopic cross section, crs, more 

common of light nuclei, and a low absorption microscopic cross section, cra. 

2.8 Thermal Neutron Intensity 

The ratio of the thermal neutron fluence (n/cm2) to the gamma exposure (mR) is 

an important value for the radiography application, because for neutron radiography to 
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be successful, the ratio of thermal neutron fluence to gamma exposure should be as 

high as possible. A high ratio means that there are far fewer gammas, or photons, present 

in the beam than thermal neutrons. For neutron radiography, this is desirable since the 

process uses converter screens which are activated by thermal neutrons and not photons. 

Additional photons cause image noise by depositing extra energy to the converter screen, 

adding fog to the image. Most photographic neutron detectors that use converter screens 

require a neutron fluence of 104 to 105 n/cm2 to equal the film response from that of 1 

mR of 6°Co gamma radiation [Berger, 1965]. A thermal neutron fluence to gamma 

exposure ratio of a minimum 105 n/cm2-mR is therefore most desirable. 

2.9 Cadmium Ratio 

Cadmium is an excellent thermal neutron absorber with an absorption cross 

section of about 2520 barns [Nuclides and Isotopes: Chart of the Nuclides, 15th Edition]. It 

effectively absorbs all neutrons below 0.5 eV, while neutrons above this are not absorbed. 

This 0.5 eV energy is known as the "Cadmium Cut Off' and is close enough to be used 

as the upper energy limit for the thern1al neutron range. Neutron attenuation by cadmium 

is higher for neutrons of lower energies, and cadmium will stop thermal neutrons with a 

thickness of as little as 0.04 inch [Berger, 1965]. The cadmium ratio gives the ratio of 

thennal-to-fast neutrons in a beam and is represented by the activity ratio of an irradiated 

bare indium ( or gold) wire to that of the same wire irradiated while wrapped in cadmium 

(EQ. 2.6) [Martin, 515]. When bare indium wire is irradiated, the resultant activation is 

due to both thermal and fast neutrons, while the activity of the cadmium covered wire is 

resultant of only fast neutrons; therefore the activity of each wire is representative of the 

flux of thermal and fast neutrons in the beam. 



C d 
. R . Activity(bare) 

a mium atlo = -------
Activity( with Cd) 

EQ. (2.6) 

While gold and indium have different thermal neutron absorption cross-sections, 98 and 

194 barns respectively, both work well for the cadmium ratio calculation. In comparison, 

nickel, copper, and lead have thermal neutron absorption cross-sections of 4.5, 3.8, and 

0. 1 71 barns [Nuclides and Isotopes: Chart of the Nuclides, 15th Edition], respectively. Therefore 

materials with a larger thermal neutron absorption cross-section work better for this 

procedure. 

2.10 Boral, Bismuth, and Lead 

Boral is the trade name of a composite material consisting of boron carbide (B4C) 

that is evenly diffused within an aluminum matrix. With a high neutron absorption cross 

section, 761 barns [Nuclides and Isotopes: Chart of the Nuclides, 15th Edition], boron has the 

unique ability to absorb thermal neutrons without re-emitting any significant secondary 

radiation. In this work, boral has been used as part of the shield and collimator. 

Bismuth has a very low thermal neutron absorption cross section, 0.034 barns 

[Nuclides and Isotopes: Chart of the Nuclides, 15th Edition], but being a dense material, much like 

lead, bismuth is an effective gamma radiation absorber. A filter made of bismuth 

therefore is used to decrease the photon flux from the beam. When the filter is optimally 

positioned, the bismuth filter can decrease the thermal-neutron flux density by a factor of 

2 while reducing the gamma radiation flux by a factor of 10 [Zaitsev, 2001]. 

Lead is primarily used as a gamma radiation absorber. It is most commonly used 

for shielding public areas from x-ray facilities. Because of its low thermal neutron 
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absorption cross section, 0.171 barns, and low cost, lead is the ideal material of which 

to construct the inner lining of the neutron collimator. 

2.11 Film Exposure Methods 

Converter materials that are not easily activated by neutrons are used in the 

"direct exposure" imaging method while those that are easily activated are generally 

used in the "transfer exposure'' imaging method. 

2.11.1 Direct Exposure Imaging 

The OSNRF uses a gadolinium converter screen with the direct exposure method. 

This exposure method requires that both the converter screen and the film be exposed to 

the neutron source at the same time, and in close contact so that the film is present to 

detect the radiation emitted from the converter screen. The disadvantage to this method 

is that the film is present also to detect interfering fission gamma rays. 

2.11.2 Transfer Exposure Imaging 

In the transfer exposure method, the film is not exposed to the neutron beam and 

any interfering gamma rays. Instead, the image is detected by a screen that becomes 

radioactive proportional to the neutron intensity at each point on the image. The screen is 

then is placed next to the photographic film and allowed to decay [Berger, 1965]. The film 

itself is therefore not influenced by fission gamma rays in the neutron beam. The 

OSNRF uses the direct exposure method because of the additional film exposure time 

required with the transfer method 

2.12 Photographic Neutron Image Detection 

The most common photographic detection method of neutron radiography uses 

common X-ray film along with converter screens (Fig. 2.4). The converter screens 
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convert the neutron image into an image that can be displayed by the X-ray film. 

Other converter and film types are used which instead of using the (n,y) reaction, use the 

(n,a) or (n,n) reaction. Materials commonly used in (n,y) converter screens are cadmium, 

samarium, and gadolinium, of which gadolinium has the greatest thermal neutron 

absorption cross section [Berger, 1965]. The OSNRF uses a gadolinium converter screen to 

convert incident neutrons to conversion electrons and high energy photons utilizing the 

155Gd(n,y) 156Gd and 157Gd(n,y)158Gd reactions. The gadolinium converter screen 

provides a prompt emission and has little tendency to become activated, and so it should 

be used with the direct exposure imaging method. In addition to a prompt emission, it 

also does emit secondary radiation immediately after the absorption of a neutron [Berger, 

1965]. Secondary radiation, in the form of gamma rays, interferes and contributes noise to 

the image. 

---).;ii.). E] 
---).;ii. object 

). 

neutrons -CE 

converter 
screen film 

film cassette 

Figure 2.4. Photographic neutron imaging detection schematic showing conversion electrons interact with 
the imaging film and high energy gammas 

2.13 Internal Conversion Electron 

X-ray radiography is dependent on photons interacting to produce secondary 

electrons either by photoelectric effect or Compton scattering. Neutron radiography, 
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using a gadolinium converter screen, is also dependent on electron production, but 

instead the electrons are produced by internal conversion. Internal conversion electrons 

compete with gamma emissions to relieve excitation energy. Kinetic energy of the 

conversion electron is equal to the energy available to the gamma emission minus the 

binding energy of the electron in its orbit (see EQ. 2.7) [Martin 2000]. Energy of the 

gamma emission is equal to the difference in mass between 157 Gd plus one neutron and 

158 Gd (see EQ. 2.8). 

is7Gd +' n ➔,ss Gd+ Q EQ (2 8) 
64 0 64 ' ' 

In the 157Gd(n,y)158Gd reaction, after the neutron bombards the gadolinium 

converter screen, a 7.94 MeV gamma [Culbertson, 2003] can be released or a 70 keV 

conversion electron can be released. Because the gamma energy is so high, its 

probability for Compton scatter or photoelectric effect within the vicinity of the film is 

near zero. The low energy conversion electron, emitted in 39% of the 157Gd(n,y)158Gd 

reactions [Knoll, 2000], is easily absorbed by the grains in the silver halide film and is the 

most useful for neutron imaging. 

2.14 Resolution 

The resolution of the gadolinium converter screen can be seen to be better than 

that of the standard transfer-method converter screen (Fig. 2.5 and 2.6). Resolution is 

normally compromised when exposure time is increased due to gamma ray interference. 

Gadolinium resolution is better due to a high neutron cross section and the emission of a 

70 ke V internal conversion electron after neutron bombardment. The 70 ke V electrons, 

with a shorter range than that of a more energetic particle, are more easily absorbed by 
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the film. The electron's shorter range results in better resolution because of the small 

difference between the deposited energies within the photographic emulsion [Berger, 1965]. 

In addition, because gadolinium has a high neutron cross section, less material is needed, 

a smaller converter thickness can be used, exposure time is reduced, photon exposure is 

reduced, and therefore resolution is improved. 

Figure 2.5 A photograph (left) and a neutron radiograph (right) of a cadmium resolution test object. Holes 
are 0.020 in. diameter and are spaced apart 0.0304, 0.019, 0.0009, 0.0048, 0.0036, 0.002 and 0.0012 in. 
from left to right. The radiograph, shown as a positive, was taken using a dysprodium metal screen by the 
transfer method and shows at least 0.002 in. resolution. [Reprinted from Neutron Radiography: Methods, 
Capabilities, and Applications, by Harold Berger, Page 35, Copyright 1965, with permission from Elsevier 
and Argonne National Laboratory-West.] 

~"" •'~•• ..... 

Figure 2.6. A neutron radiograph of the cadmium resolution test object shown in Fig. 2.2. This radiograph 
was taken by the direct exposure method using a 0.0005 in. thick gadolinium back screen. All the hold 
spacings, including the 0.0012 in. spacing, are more clearly resolved. [Reprinted from Neutron 
Radiography: Methods, Capabilities, and Applications, by Harold Berger, Page 60, Copyright 1965, with 
permission from Elsevier and Argonne National Laboratory-West.] 

2.15 Shutter 

Just as a camera shutter controls the time which film is exposed to light, the 

shutter in a radiography facility controls the time which film is exposed to the neutron 

beam. The OSNRF shutter is built of a boral, stainless steel, polyethylene and lead 
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layered shield with an opening, that when rotated, allows for the passage of neutrons 

(Fig. 2.7). 

The order in which the materials are placed is not a matter of convenience, but 

rather function. When the shutter is in the closed position, neutrons come into contact 

with the shutter from the left side of Figure 2.7, a 0.5 inch sheet ofboral shields the next 

1.5 inches of the stainless steel frame from neutron activation by absorbing thermal 

neutrons. The next 4-inch polyethylene layer moderates epithermal neutrons to thermal 

energies and a half-inch layer of boral is repeated to filter out thermal neutrons. As 

neutrons are moderated in the polyethylene layer, just mentioned, photons are emitted as 

excess energy is released and the following 10-inch layer of lead serves to absorb these 

photons. All the layers of the shutter combined in this order do not permit neutrons or 

photons to pass. 

2.16 Shielding 

Shutter open 
(air gap} 

Figure 2.7. A side view of the OSNRF shutter. 

A very high neutron and gamma radiation intensity exists during the 

radiographic process. In order to reduce the intensity and protect those working around 

the facility, a beam hall was constructed to provide necessary shielding. When in 

operation, an ordinary concrete wall of 2 ft. in thickness encloses the neutron beam and 



secondary radiations. Because of its high density and a calculated neutron removal 

cross section of 0.0801 cm-1, ordinary concrete is an effective shielding agent for all 

neutron energies [Kaplan, 1989]. Ordinary concrete is composed of Portland cement, fine 

aggregate (sand), coarse aggregate (gravel), and water. By weight, Portland cement is 

composed of: 2% MgO, 23% SiO2, 8 % AhO3, 4 % Fe2O3, and 63% CaO. 

Table 2.2 Composition of Ordinary Concrete. [Kaplan, 1989]. 

Comeosition of Ordina!}'. Concrete 

Mix eroeortions Elemental comeosition 

Weight Volume Weight Density 
Material (%) (%) Element (%) (g/cm3) 

Portland cement 8.2 12.1 H 1 0.023 

Fine aggregate 28.7 24.3 0 52.9 1.22 

Gravel 56.4 48.6 Si 33.7 0.775 

Water 6.7 15 Al 3.4 0.078 

Fe 1.4 0.032 

Ca 4.4 0.1 

Mg 0.2 0.005 

Ca 0.1 0.0023 

Na 1.6 0.0368 

K 1.3 0.0299 

2.17 Neutron Activation 

When performing neutron radiography, neutron activation is of concern. 

16 

Activation occurs when a neutron is absorbed by nuclei of the target object, a compound 

nucleus is formed, and then energy is released as the nuclei de-excites [Martin, 2000]. 

Fortunately, the flux of the neutron beam used for radiography (105 neutrons/cm2-sec) is 

too low to induce significant activation. Neutron fluxes on the order of 1012 

neutrons/cm 2-sec are required for useful neutron activation [Chatt, 2005]. Elements in 

objects that are commonly radiographed (aluminum, tin, etc.), tend to have small neutron 
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absorption cross sections which reduces the likelihood of neutron activation. However, 

if they were to become activated, these elements have very short half lives, and could be 

handled within minutes. Other elements, such as cadmium, placed in a neutron beam 

could become activated and would require years (14.1 years half-life for 113Cd) to decay 

before handling. Steel, a common alloy used in all industries, is made up of several 

elements, including, carbon, manganese, silicon, chromium, nickel, tungsten, 

molybdenum, cobalt, and sulfur. Radiographing steel posses a challenge as the cobalt 

mixed in the alloy activates and the product, 6°Co, has a five-year half-life. Radiography 

is also useful to analyze spent reactor fuel cells. In this case, the object being 

radiographed is highly radioactive and the process must be preformed in a hot cell to 

shield the worker from radiation exposure. 

2.18 Monte Carlo Statistics 

Monte Carlo N-Particle (MCNP) is a computer code used for neutron, photon, 

and electron transport simulations. The code uses three-dimensional geometries and is 

time and energy dependent. In the calculations, particle tracks, or histories, are generated 

by simulating the random walks of individual particles interacting user defined materials 

and specified geometry. The process is based on the selection of random numbers. An 

input deck must be created by the user which contains geometry specifications, 

description of the materials and the selection of cross-section evaluation, location and 

characteristics of the neutron, photon, or electron source, the type of answer, or tally, 

desired, and the variation ofreduction techniques used to improve efficiency [MCNP5 

Manual, 2003). 
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The results of MCNP are derived from Monte Carlo statistics and the 

following points must not be overlooked: 

definition and sampling of the geometry and source must be done well; 

lost information can not be recovered; 

the stability and reliability of the results should always be questioned; 

caution should be taken when using variance reduction biasing; and 

the number of histories run is not indicative of the quality of the final answer. 

Unlike deterministic transport methods, which solve the transport equation for the 

average particle behavior, Monte Carlo methods give answers by simulating individual 

particles and records (tallies) their average behavior. As particles move through slabs in 

the geometry, the coordinates of the particle's position are tracked until the particle 

either emerges from the slab, is absorbed, or is lost in void areas [Shultis, 1996.] The code 

gives information only about tallies specified by the user. Monte Carlo transport code 

serves very useful when duplicating theory and is also good for simulation of complex 

problems that can not be modeled by deterministic computer codes [MCNP5 Manual, 2003]. 

2.19 MCNP Tally 

Before running MCNP, the user defines what information is required to answer 

the problem, i.e. a tally. A tally is related to particle current, particle flux, and energy 

deposition and can record flux across any set of surfaces, surface segments, sum of 

surfaces, within cells, cell segments, and also the sum of cells [MCNP5 Manual, 2003]. For 

example, the flux at a single point can be used to simulate a detector within the geometry. 

Tallies are identified by tally type and particle type. There are seven neutron tally types, 

six photon tally types, and four electron tally types available. 
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2.20 KCODE and ke11 

KCODE is the Monte Carlo algorithm to calculate ke.fffor nuclear criticality, 

where keff is the ratio of neutrons produced in successive generations in fissile systems 

[MCNP5 Manual, 2003]. The parameter, keffi is referred to as the "effective multiplication 

factor" and is equivalent to the six-factor formula, keff = 'lfp&PFNLP TNL, EQ. (2.9), 

where 11 is the number of fission neutrons produced per absorption in the fuel,/is the 

thermal utilization of the reactor, pis the resonance escape probability and is the fraction 

of fission neutrons that slow down from fission to thermal energies without being 

absorbed, a is the fast fission factor and is the ratio of the total number of fission 

neutrons present to the number of fission neutrons from thermal fissions present, PFNL is 

the probability that a fast neutron will not leak out of the fission system, and PTN1 is the 

probability that a thermal neutron will not leak out of the fission system. For a particular 

reactor geometry, there will be some ke.ff value that yields criticality, where the rate of 

neutron production is equal to the rate of neutron loss, k=l [Duderstadt, 1976]. The six

factor formula is used for reactor design and operation criticality calculations. For 

MCNP problems associated with nuclear reactors, such as this research project, the 

KCODE source card within MCNP is used to simulate reactor criticality. 
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Chapter 3 

LITERATURE REVIEW 

The particle transport code MCNP (Monte Carlo N-Particle), originally written 

by researchers at Los Alamos National Laboratory, has become a widely utilized Monte 

Carlo code [Forster 2003]. It is used for radiation particle transport calculations and for 

criticality and reactor analysis. The newest version of MCNP, Version 5 [Forster 2003], is 

equipped with more extensive nuclear and atomic data libraries collected from the 

Evaluated Nuclear Data Files B, version 6.6 (ENDF/B-Vl.6). These files included 58 

nuclides not previously included and updates on 40 others [Forster, 2004]. The MCNP5 

version also has the capability for shared-memory parallel processing, thus reducing 

processing time immensely. 

At the IPEN (lnstituto de Pesquisas Energeticas e Nucleares) facilities in Sao 

Paulo, Brazil, a small neutron irradiator prototype was analyzed to perform neutron 

activation analysis [Shetejer-Diaz 2003]. In order to set the prototype specifications, the 

neutron flux distribution of the irradiator was estimated using MCNP. Researchers at 

IPEN used the earlier version MCNP4C code to estimate the distribution of the flux that 

came from two Americium-Beryllium sources. Two scenarios were considered: first, a 

situation where a long polyethylene cylinder is placed between two isotropic sources that 

are equally spaced from a set origin ( center) within cavity C (Fig.3 .1) so as to thermalize 

emitted neutrons, and second, irradiation in the same format without the polyethylene 

cylinders, resulting in a fast neutron flux. 

- --------
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Center AmBe 
Sources 

x--20 

Figure 3.1. Perspective view of the IPEN irradiator. The object to irradiated is placed in cavity B. 

IPEN tabulated the flux distribution by calculating the neutron flux average over 

a given area (F4:N tally). Shtejer and Diaz (2003) tracked five million particles 

(histories) which yielded an estimated relative error of less than 10%. Their results of the 

estimated thermal and fast neutron flux are shown in Figures 3.2 and 3.3. An even 

distribution can be seen with the maximum flux being at the center of Cavity B. Shtejer 

and Dias (2003) report that their results are important for a better understanding of the 

neutron flux distribution in their prototype and that, according to the theoretical 

simulations, the prototype will be useful for investigation of biological, geological, 

metallic and ceramic samples. The greatest advantage of the IPEN irradiator is its stable, 

low neutron flux that will allow for neutron activation analysis outside the reactor 

facility. 
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Figure 3.3. IPEN neutron flux distribution in the fast configuration. 

Work was completed at Oak Ridge National Laboratory by Miller et. al. (2004) 
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to optimize their neutron radiography screens. By improving the screens, two functions 

are served: first, the screen will release a lower energy electron that still efficiently 

exposes the screen, while secondly, it will attenuate low-energy scattered radiation that 

also exposes the film causing "fog" on the image. Both MCNP versions 4C and 5 were 

used to optimized their screen by approximating transmission fractions, T, the ratio of 

the number of X-rays that pass through a slab thickness without interaction to the 

number of X-rays that enter the thickness. They chose to use large numbers of incident 

photons in order to achieve statistically significant numbers of particles that could 

interact with their modeled radiography film. While only a relatively small number 
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survive in their experiments, millions of particles were followed to achieve good 

statistical confidence. Additionally, run times were reduced by using parallel processing 

machines. 

Miller's group (2004) used MCNP to model the energy spectrum of an X-ray 

tube. That energy spectrum was then used as the source in a subsequent model to 

calculate the transmission fractions of X-ray beams interacting with materials over 

varying thicknesses (Fig. 3.4). A point detector tally, which records histories that passed 

through a specified point in the geometry, was used to estimate the radiation flux on the 

exiting side of the slab. 

Sample Slab 

/ 
X-ray beam 

I 

Figure 3.4. The MCNP geometry used for Miller's transmission calculations. 
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Figure 3.5. depicts Miller et al.'s transmission fractions from MCNP for aluminum. 
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Miller et al. (2004) has shown that by using MCNP there is a simple way of 

computing transmission factors. General computational models allow for the study of 

electron interaction with radiographic film under ideal conditions, where room scatter of 

low-energy X-rays, film absorption, and collimation effects can all be eliminated. 

The MCNP code has proven to be a useful tool for radiation particle flux 

estimations. It is still required, nonetheless, that the MCNP model representing problem 

of interest be validated against measured data. A study by Choi, Roh, and Park (2005) 

for the Korea Atomic Energy Research Institute in Taejon, Korea, set out to benchmark 

calculations using the physics measurement data of the W olsong Nuclear Power Plant 2 

(Wolsong-2). These benchmark calculations were obtained from "Phase-B'' tests 

previously preformed at less than 0.1 % of full power. 

The Phase-B testing was part of the commissioning program for the Canadian 

deuterium uranium (CANDU) reactors and was carried out to verify and analyze the 

CANDU design. The benchmark calculations performed were for, among others, an 

approach to first criticality and neutron flux distributions. The criticality calculation was 

done using the KCODE option of the MCNP code, in which a fission generation is 

equivalent to a keff ( effective multiplication factor) cycle with the condition ofreactor 

criticality of k= 1. With KCODE, accuracy greatly depends on the statistical variance of 

the computed keff, so Choi, Roh, & Park (2005) set the code to run with 50,000 particles, 

per cycle for 3000 cycles. The MCNP results show a difference of -1. 7% from the 

measured Phase-B criticality benchmark. 

Benchmark flux calculations were measured for both horizontal and vertical flux 

distributions. They were made with either a horizontal flux detector (HFD) or a vertical 
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flux detector (VFD) assembly. Cases where the mechanical control absorbers (MCAs) 

were either partially or fully inserted, and with or without a combination of adjuster 

absorber rods (ADJ), were measured. The MCNP calculation was done using a cell tally 

(F4), with the cell being a sphere of radius 0.928 cm. For reduction of the error to the 

level of ± 5%, 2,000 cycles at 100,000 particles per cycle were executed. It was found 

that for the MCNP calculation, the flux distribution was a good predictor for all cases 

tested within 7% (Figures 3.6 and 3.7). The allowable uncertainty of the neutron flux 

estimation, decided upon by the researchers, was 15% [Choi, Rho, & Park. 2005). Their 

study reports that benchmark calculation results indicate that this MCNP model 

predicted criticality and flux distribution with acceptable accuracy. 
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Figure 3.6. Vertical flux scan for case of normal operation. 
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At North Carolina State University's PULSTAR Reactor, a thermal neutron 

imaging facility is designed for digital, film, and real-time radiography capabilities. The 

facility design includes a collimator, a beam shutter, shielding, and a detection system. 

Collimator performance under design was studied using the MCNP5 Monte Carlo code. 

Mishra, Hawari, and Gillette [2004] used the leakage neutron spectrum from the 

PULSTAR reactor core as the source input to the MCNP model. The collimator is 

located in direct view of the reactor core and, therefore, the gamma concentration is high. 

Filter dimensions within the collimator were to be optimized to yield the highest thermal 
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neutron flux. Their calculated neutron flux at the imaging plane, with the reactor 

operating at full power, was l.8x10 6 n/cm2sec. The MCNP estimation was in good 

agreement with the calculated value. They also tested for beam uniformity and it too was 

found to be in good agreement with MCNP estimated results. 

Reported works show that MCNP models provide good representations of actual 

design, both complex and simplistic. With accurate modeling parameters, error can be 

obtained to less than 10% to that of reality. These works also show that comparison 

studies similar to that of this thesis have been successfully preformed using the MCNP 

transport code. 
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Chapter4 

METHODS AND PROCEDURES 

4.1 MCNP Flux Estimation 

An MCNP model of the OSTR was created in previous research at Oregon State 

University (Tiyapun 1997). The model consists of a series of cells bounded by user

defined surfaces. This model includes detail for beam ports (bp) 2, 3 and 4, of which bp3 

is on a tangent to bp4 (Fig. 4. 1 ). Because of the large population of neutrons available 

within the reactor core, the fact that beam port 1 is not modeled should pose no 

significant change to the result. The neutron source in the reactor model is simulated 

using the KCODE card in MCNP which was set to follow a set of 8,000 cycles, with 

10,000 neutrons in each, skipping the first 20 cycles, and with an initial keJJOf 1. Since 

reactor criticality problems start from no fissions, skipping the first 20 cycles before 

beginning the tally accumulation allows for the appropriate fission source distribution to 

be obtained before the active recorded cycles begin. The total particle flux was estimated 

across surface number 9041 (Fig. 4. 1 ), at the end of bp3, and in the outward direction 

entering cell number 1028. This flux estimate is used as the thermal neutron source 

entering the OSNRF beam hall. The estimate includes information on the energy and 

direction of each neutron at that surface. 

- - -------
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Figure 4.1. Visual of modeled OSTR MCNP surfaces and cells. 

4.2 Beam Port 3 Collimator 
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Before the original model of the OSTR could be simulated and the flux estimated, 

the collimator had to be coded into bp3 of the original model (Fig. 4.1 ). The outer wall 

of the collimator is constructed of a 6-inch and 8-inch diameter aluminum cylinder lined 

with a series oflead rings of varying inner diameters to create the inner cone (Fig. 4.2). 

A bismuth filter, 2.250 inches thick, is placed near the inlet of the 6-inch diameter end of 

the collimator to absorb gamma radiation. A thin layer of boral, one of cadmium, and a 

thick layer of polyethylene are positioned at the location of the smallest inner diameter 

within the collimator to absorb thermal neutrons and to moderate fast neutrons to thermal 

energies. An additional thin layer of boral and one of cadmium are also in place where 

the 6-inch diameter tube meets the 8-inch tube. A boral disc at the end of the 8-inch tube 

establishes a square shaped opening where particles exit the beam port. The diameter of 

the smallest point of the collimator, or the aperture, is 1 inch and the length from the 

aperture to exit is 71 inches, giving the beam port an LID ratio of 71. 
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Bismuth 

Figure 4.2. Cross section ofOSTR bp3 collimator composed primarily oflead rings of varying diameter. 

Reduced 
to 
seven major 
8-inch rings 

Reduced to five major 
6-inch rings. 

Figure 4.3. Neglecting any gaps between the lead layers, the 6-inch diameter rings are reduced to five 
major rings, and the 8-inch diameter rings are reduced to seven major rings. 
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To simplify the addition of the collimator to the OSTR bp3 MCNP model, it was 

assumed that any gaps between the lead layers are negligible therefore reducing the 

complexity of the rings to only five major rings in the 6-inch lead disc section and seven 

major rings in the 8-inch lead disc section (Fig. 4.3). The collimator was then coded into 

the original MCNP OSTR input deck using two, two-sheet cones (Fig. 4.4). Each two

sheet cone (opening in both+ and- directions) was coded to be sufficiently bounded by 

plane surfaces in order to make it appear as if they were really two one-sheet cones 

( opening only in either + or - direction). This work sought to use the more simplistic 

one-sheet cone, however that option was not supported by the MCNP version used. With 

bp3 positioned on a tangent relative to the x-y axes, it was found that the MCNP code 

does not support one-sheet cones on a skewed axis. 

x<O 

Figure 4.4. One and two-sheet cones. 

4.3 OSNRF Beam Hall 

With the OSTR collimator model finished, effort shifted to modeling the OSNRF 

beam hall in MCNP using the Visual Editor. Structural drawings were obtained with all 

materials and dimensions specified (Fig. 4.5 and 4.6). The geometry of the beam hall 

was coded into MCNP by bounding areas with a series of surface planes. The 

combination of the areas together makes up the geometry of the beam hall and the air 
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space within. The thickness of the concrete walls and ceiling is 2 feet. A floor of 3 feet 

thick concrete was assumed since the wall thickness of 2 feet served as adequate 

shielding. In reality the floor is composed of 6 inches of concrete, 6 inches of gravel, 

followed by 3 feet of engineered soil beneath that. Also, because of the small quantity of 

PVC relative to size of the beam hall, its high placement relative to and away from the 

rear section of the beam hall, and its zigzag pathway, the influence of PVC conduit was 

assumed negligible to neutron and gamma radiation leakage; therefore, inclusion of the 

conduit was eliminated to simplify the model. 
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Figure 4.5. OSNRF Side view cross sectional structural drawing. 

Figure 4.6. OSNRF front (left) and overview (right) cross sectional structural drawing. 



The shutter was also included in the OSNRF beam hall model. Materials and 

thicknesses are shown in Figures 2.7 and 4.7. A 6 x 7 inch opening exists through the 

entire width of the shutter to allow for particle passage. The importance of materials 

chosen to construct the shutter was discussed in section 2.15. 

Figure 4.7. OSNRF beam hall shutter cross sectional view (left) frontal view (right). 
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Not seen in the technical drawings of the beam hall, are layers of air, 

polyethylene, and lead that make up the beam stop which absorbs the brunt end of the 

neutron beam and secondary radiation (Fig. 4.8). The pocket of air is 8 inches from the 

concrete edge to the polyethylene, the polyethylene is 6 inches thick, and the lead is 10 

inches thick with 2 inches bordering the polyethylene and air. Figure 4.9 displays a cross 

sectional view of the OSNRF beam hall modeled using MCNP. 
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Figure 4.8. OSNRF beam hall modeled using MCNP, side view (left) and overhead view (right). 
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Upon completion of coding the dimensions of the beam hall, the input deck was 

copied into the OSTR input file and set to run using MCNP version 5. The input deck of 

beam port 3 and the beam hall is attached in Appendix A. Using MCNP Visual Editor, a 

plot of the input deck yields Figure 4.9. 

bp2 

Figure 4.9. Completed MCNP model ofOSTR and OSNFR beam hall. 
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4.4 Surface Source Read and Surface Source Write 

The simulation of the modeled OSTR and OSNRF is to be split into two major 

functional groups. For the problem at hand, mapping the flux of the beam hall, the OSTR 

is the neutron source and the particles will follow a constant geometry up through the 

collimated pathway to surface 9041 (Fig. 4.1 ). The neutron and photon flux history that 

survives to surface 9041 will be saved. This is to be Part I of the problem. Beyond 

surface 9041, 48 different coordinates will be chosen within the beam hall at which the 

photon and neutron flux will be recorded. The beam hall, with the source beginning at 

surface 9041, is to be Part II of the problem. Part II will be completed by performing a 

series of short runs with a point flux estimation used at 48 coordinates to simulate the 

use of a radiation detector within the beam hall. The flux within the beam hall is then 

mapped with the collection of flux prediction at each location. 

Because KCODE requires many cycles and a long period of time to be 

statistically accurate, it is not desirable to do multiple runs using KCODE; therefore, the 

input deck file (named bh3col) will be coded with Surface Source Write (ssw) and 

Surface Source Read (ssr) cards. The ssw card allows for the tally of all particles 

crossing a selected surface. This tally will be used in Part I of the process and then the 

tally, a memory of all particles that cross surface 9041, becomes the source for Part IL 

Splitting the project into a two-part process allows for the time consuming Part I of the 

project to be performed only once. 

In order to validate the MCNP modeled results, the data must be compared to 

real-time benchmark measurements. Neutron and photon doses were measured within 

the beam hall using a Ludlum count-rate meter with a Lithium-Iodide neutron detection 



probe and an energy-compensated Geiger Muller count rate meter, respectively. The 

inside dimensions of the beam hall are 8 feet wide, by 9 feet long, by 9 feet tall; 

measurements were taken in increments of two feet in all directions (Fig. 4.10). The 

MCNP results were then compared with the measurement results. 
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Figure 4.10. Locations of the points to be sampled within the OSNRF Beam Hall. 

4.5 Data Comparison Method 
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Measured data at each of the locations mentioned above are compared to the data 

estimated by MCNP at its corresponding model location. Data is clustered into four 

groups: data collected at a distance of 2, 4, 6, and 8 feet from the shutter. First, it is to be 

decided whether the MCNP data are useful. The relative error and variance of the 

variance (VOV) computed by MCNP will answer this question. Second, it is to be 

decided how well the model compares to the measurements. This will be achieved by 

studying the MCNP estimates, the measured measurements, and the standard deviation 

of their residuals (measured data minus modeled data), against the MCNP calculated 

errors. 
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4.6 Relative Error and Variance of Variance 

With each MCNP output file, ten statistical checks are included to assist the user 

in determine the reliability of the predicted data. What is considered to be the most 

important statistical check is the relative error. The relative error is a reported value, 

between 0 and 1, that conveys the statistical accuracy of the computed tally. A relative 

error of 1.0 is least accurate. A relative error ofless than 0.10 is considered very good 

and is the desired relative error to be obtained at the end of the computation. Another one 

of the checks is called the variance of variance (VOV). VOV is the estimated relative 

variance of the estimated relative error. VOV ranges from 0-1 with a VOV of 1.0 being 

least confident. 
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Chapter 5 

RESULTS 

5.1 Measured vs. Predicted (MCNP) Results 

Significant differences exist between the measured exposure rates in the beam 

hall and MCNP predictions. Figure 5.1 shows the measured gamma exposure rates at 

distances of 2, 4, 6, and 8 feet from the shutter. The greatest intensity can be seen in the 

center of the beam hall at a height of 3 feet off the floor, consistent with the height of the 

beam port. At a distance of 8 feet, there appears to be a measure of photons below the 

beam line at 2 feet from floor. The gamma exposure rate in the beam line at 3 feet from 

the floor is measured to be 2100 mR/hr and at 2 feet from the floor is 490 mR/hr. 

---- --- ----
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Figure 5.1 shows measured gamma exposure rates at distances 2, 4, 6, and 8 feet from the shutter. 

Figure 5 .2 shows measured neutron dose rate in air at distances of 2, 4, 6, and 8 feet 

from the shutter. Again, the greatest intensity is seen in the center of the beam hall at a 

height of 3 feet and the beam is very well collimated, decreasing in intensity as the 

distance from the shutter increases. The lithium-iodide neutron detection probe was not 

used in conjunction with a polyethylene Bonner sphere since the neutrons were of 



thermal energies. Therefore, the absorbed dose in air is reported, rather than the dose 

equivalent which takes into account the neutron quality factor. 
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Figure 5.2 shows measured neutron radiation dose rate at distances 2, 4, 6, and 8 feet from the shutter. 

Figure 5.3 shows the MCNP predicted gamma exposure rates at distances of 2, 4, 6, and 

8 feet from the shutter. At 4 feet from the shutter, an unexpected peak occurs which also 

coincides with an 88% tabulated error. At 8 feet from the shutter, the greatest exposure 

rate is seen at similar location to the neutron beam. It is here that gamma radiation 



intensity is highest, as neutrons are absorbed by the beam stop and gamma radiation is 

emitted. 
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Figure 5.3 shows MCNP gamma predicted dose rates in tissue at distances 2, 4, 6, and 8 feet from the 
shutter. 
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Figure 5.4 shows the MCNP predicted neutron dose rate at distances of 2, 4, 6, and 8 feet 

from the shutter. 

MCNP Neliron Dose Rate 2 ft. from Stuter (nYern.1v') MCNP Neliron Dose Rate 4 ft. from Shl.iter (rrnmhlr) 

5 

Beam Hal v.1<1h (ft.) Beam Hal 'Mdh (ft.) 

(a) At 2 feet. (b) At 4 feet. 
MCNP Neuron Dose Rate 8 n. from Shutter (rrrenffl) 

MCNP NOW-on Dose Rate 6 n. from Shi.tier (nn""1T) 

Beam Hal 'Mdh (n.) Beam Hal llllldth 1n.J 

(c) At 6 feet. ( d) At 8 feet. 

Figure 5.4 shows MCNP predicted neutron radiation dose rate in tissue at distances 2, 4, 6, and 8 feet from 
the shutter. 

Numerical data for measured and MCNP predicted values that make up Figures 5.1 

through 5.4 can be found in Appendix B. 



Chapter 6 

DISCUSSION 

6.1 MCNP Output File 

Reading the output file associated with each of the 52 short runs indicates that 

more than just photons and thermal neutrons are resident in the beam hall; the tallies 

indicate the presence of epithermal neutrons as well. A great deal of error is seen to be 

associated with these higher energy neutrons, which affects the result as a whole. In 
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order to limit the error due to the higher energy neutrons ( other than thermal), the MCNP 

measurements reported in this project are only for neutrons that are tallied in the thermal 

energy bin, highlighted as 3.3250E-07 MeV (see Fig. 6.1). All other energies will not be 

reported, although they are referenced in discussion. 

1tally 5 nps = 56 
tally type 5 particle flux at a point detector. 

tally for neutrons 
number of histories used for normalizing tallies =299845556.00 

this tally is modified by a dose function. 

this tally is all multiplied by 8.29652E+16 

detector located at x,y,z =-4.93000E+02 3.94000E+02 3.60000E+01 
energy 

3.3250E-07 2.96177E-01 0.2639 
1.0000E-06 4.64084E-03 0.5459 
1.0000E-05 9.38635E-03 0.5596 
1.0000E-04 5.42568E-03 0.7082 
1.0000E-03 3.28668E-03 0.4974 
1.0000E-02 2.12204E-03 0.9744 
1.0000E-01 1.49236E-02 0.9768 
1.0000E+00 4.89620E-02 0.9620 
1.0000E+01 4.75201 E-02 1.0000 

total 4.32444E-01 0.3102 
Figure 6.1 Portion of the MCNP output file showing the results of the neutron tally at 

specified locations. Highlighted, three columns are seen: the left most column represents the energy 
bin (MeV), the middle column is neutron dose rate (rem/hr) in tissue, and the right most column is the 

relative error associated with the energy bin tally. 
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The thermal energy bin cut-off shown in Fig. 6.1 is 0.3325 eV. Thermal neutrons 

are defined as being within the range of 0.01 to 0.3 eV (see Table 2.1). At thermal 

equilibrium, thermal neutron energy is defined as: 

Ethermal = kT = 0.0253eV, EQ. (6.1), 

where k is the Boltzmann constant (8.6173 E-05 eV/K) and Tis room temperature (293 

K), [Duderstadt. 1976]. At low thermal energy, consideration of thermal motion, such as 

lattice vibration or molecular rotation, becomes important. To account for thermal 

motion, thermal energy is defined as: 

3 
Ethermal = 2kT = 0.0352eV, EQ. (6.2), 

[Duderstadt. 1976], which is one order of magnitude smaller than the thermal energy bin cut 

off shown in Fig. 6.1. 

The Dose Conversion Factor (DCF) use by MCNP to convert from calculated 

particle flux to a human biological dose equivalent rate is also shown in Fig. 6.1. The 

DCF used for thermal neutron energy is shown as 8.29652E+16. Neutron dose rate is 

energy dependent and can be calculated by, 

l.6xl0 -6 [ erg ]3600 [_!___] 
D(E{ rem]= tjJNaE MeV hr xQF 

'I__ hr 100 [ erg ] 
g-rad 

EQ. (6.3), 

where cp is the neutron flux ( eg: n/cm2 -s ), N is the number of atoms per gram of tissue, cr 

is the neutron absorption cross section (eg: cm2/atom), Eis the energy of the neutron (eg: 

Me V /n), and QF is the neutron quality factor. The DCF is composed of components on 

the right side of EQ. (6.3), except for the neutron flux. For thermal energies, the neutron 

quality factor equals 2 [ICRP 60. 1990]. 
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While the DCF is not shown in Fig. 6.1 for gamma radiation, a similar factor exists, with 

the gamma radiation quality factor equal to 1. The gamma does rate is calculated as, 

Dr{rem/ hr)= </JE;Y; µen l.6xlo-w[ J -g ]3600[sec]1oo[rad]xQF, EQ. (6.4), 
p MeV-kg hr Gy 

where cp is the gamma flux (y/cm2-s), Eis the gamma energy (eg: MeV), Yi is the gamma 

yield at Ei, and µeuf Pis the absorption coefficient specific for tissue at energy Ei [Martin. 

2000]. 

6.2 Neutron/Gamma Flux as a Function of Distance 

Without the influence of scatter, radiation from a point source drops off 

proportionally as the square of distance increase. This is known as the Inverse Square 

Law and is represented by the equation, EQ. (6.5), 

where l1 and Ii are the radiation intensities at distances d1 and d2. For the case where the 

source is not a point and scatter radiation is significant, the radiation intensity decrease 

with distance will be less than that which was predicted by the Inverse Square Law 

[Cember. 1996]. In order to re-fit the intensity-distance relationship, accounting for scatter 

and source shape, the measured radiation level can be plotted against distance on a log

log scale. The slope of the line then is the new correlation between the intensity 

reduction and distance, and is the value of the power function seen in EQ. (6.5). 

For the OSNRF Beam Hall, radiation intensity measurements were taken in the 

beam line. It was seen that the measured radiation level did drop off with distance, yet 

the degree to which it followed the inverse square law was to be determined. Solving EQ. 
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6.5 for two points yielded an inverse-square similarity only for the neutron data. By re

fitting the data, as described above, it was found that the slope of the neutron radiation 

intensity verses distance is -2.16 ± 0.1. This is in agreement with the Inverse Square 

Law, where the slope equals -2. Changes observed in the neutron flux over distance are 

credited to the small diameter of the aperture in the collimator, where the aperture 

diameter forces the simulation of neutrons coming from a point source. Also, the 

probability of neutron removal (scattering, absorption, and capture) by the medium 

causes a minor change in neutron flux with distance. 

The data for the measured and predicted gamma radiation do not yield an inverse 

square relationship. There is an increase in the gamma population farthest from the 

shutter at 8 feet, due to the neutron beam being absorbed by the borated-polyethylene in 

the beam stop and the consequent release of gamma radiation (to be discussed in the next 

section). 

Inverse Square Re-Fit for 
Measured Neutron Dose Rate in Air 

y= 1876.4x-2•
165 R2 =0.9501 

Distance From Shutter (fl.) 

Figure 6.2 
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Figures 6.2 and 6.3. To allow for scatter, measured neutron and gamma data is plotted against distance on 
a log-log scale to obtain the inverse relationship. 

The MCNP predicted neutron data (Fig. 6.4) also does not reflect the inverse 

square relationship. For distances 2, 4, and 6 feet a gradual decrease in the neutron flux 

is seen, with a spike at 8 feet from the shutter, but the flux remains near constant for the 
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length of the beam hall. For a neutron beam in air, it is expected that the only change of 

neutron intensity is due to moderation in air, and is expressed by EQ. (2.4). For this case, 

the neutron beam was collimated in a conical pattern, therefore the neutron beam is not 

directed purely straightforward, but also outward; therefore the decrease in neutron dose 

is also due to the diffusion in an outward conical fashion and can be represented by, 

Inverse Square Re-Fit for Borated Pol:,elh)Aene 

Predicted Neutron Dose ~ Lilhium-Pol:,elh)Aene 

Equivalent Rate in Tissue ~---------' 
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Figures 6.4 
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Figure 6.5 

Figures 6.4 and 6.5. The MCNP predicted data do not show the inverse square trend. 

Measured, predicted, and calculated neutron dose rates are compared on one plot in Fig. 

6.6. The calculated decrease in dose, accounts only for attenuation in air and appears to 

match to the predicted values; while accounting for both attenuation in air and the 

conical diffusion pattern, the dose rate calculated using equation 6.5 shows to be a good 

fit to the measured values. 
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Figure 6.6. Neutron dose rates compared among those measured, predicted, and calculated. 

6.3 Gamma Radiation 

It was discovered that the MCNP model was made to represent a borated

polyethylene material in the beam stop, when in actuality, the material is lithium

polyethylene. A re-run of predicted values was done for the beam line, and for points 

lying on the plane 8 feet from the shutter. It was found that the change in material had 

48 

the greatest affect at 8 feet from the shutter directly in the beam line (Fig. 6.5). The 

borated-polyethylene beam stop radiation level peaks at a distance 8 feet from the shutter, 

whereas the lithium-polyethylene beam stop radiation level does not. The neutron flux 

had little change (Fig. 6.4). This is because while the borated polyethylene does attenuate 

neutrons, the neutrons captured by boron result in a 480 keV gamma ray and do not 

completely eliminate gamma back-scatter (Shleien. 1998]. Lithium is less effective as a 

neutron absorber, a= 71 barns, and requires a greater thickness to capture neutrons, but 

lithium-polyethylene does not produce neutron capture gammas. 
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6.4 Neutron Beam Line Radiation 

The MCNP predicted neutron data do not agree with the inverse square law. 

As the distance increases from the shutter, both the neutron dose rate and the relative 

error increase (see Fig. 6.4 and Fig. 6.7). Most likely the reason relative errors are 

higher at the 8 foot marker is because not as many histories are surviving the distance, 

therefore resulting in a poor statistic. It could also be possible that those neutrons which 

are seen to make the distance could be neutrons tracked above thermal energies 

associated with high error (Fig. 6.1). They lose energy after back scattering off the beam 

stop, and before the final tally, are counted as thermal neutrons. 

MCNP Neutron 
Dose Rate Error 

0.45 
0.4 

0.35 
0.3 

g 0.25 

w 0.2 
0.15 

0.1 
0.05 

0 

0 

Borated Polyethylene 

~ Lithium-Polyethylene 

/"'---/ 
II"'"-

~ // 
-~ V -

2 4 6 8 10 

Distance From Shutter (ft.) 

Figure 6.7 MCNP reported Neutron Dose Rate Error among both Borated and Lithium-Polyethylene. 

The predicted neutron dose rate dramatically increases at 8 feet for borated 

polyethylene, while the predictions remain roughly unchanged at 2, 4, and 6 feet (Fig. 

6.4). It is suspect that this increase in neutron dose rate is due to epithermal neutrons, 

which failed to be moderated in the MCNP simulation, scattering back off the 

polyethylene layer in the beam stop. Polyethylene contains 18% more hydrogen per unit 

volume than water [Martin. 2000.] Hydrogenous materials make good neutron shielding 
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materials because of the high probability of elastic scattering of neutrons with hydrogen 

atoms. Under the measured conditions, thermal neutrons were easily absorbed by the 

polyethylene, however, fast neutrons exist in the model and they are too energetic to 

simply be absorbed. As neutron energies (E) increase, approaching that of epithermal 

energies, the probability of capture by absorption (cr) decreases [Cember. 1996] as 

conveyed by the relationship, EQ. (6.2). 

With a lower probability of absorption, epithermal neutrons have a higher probability of 

scatter, possibly in the backwards direction, causing the MCNP predicted neutron dose 

rate at 8 feet to increase dramatically. The variation in scatter angle accounts for the 

surrounding predicted neutron dose rates being higher than expected, as well. With the 

cross sections for thermal neutrons in air (assuming a composition of: 78% N2, 21 % 0 2, 

and 1 % Ar) [Lamarsh. 1983], the mean free path was calculated for a neutron of 0.0253 eV 

to be 1963 cm, or about 64 feet (see Eq. 6.3). The mean free path was calculated by, 

EQ. (6.3), 

with the macroscopic cross section defined in EQ. (2.5). Since the macroscopic cross 

section is dependent on neutron energy (see EQ. (2.5) and EQ. (6.2)), it can be 

determined that as neutron energy decreases, range between collisions will also decrease. 

Elastic scatter is more predominant for thermal neutrons interacting with light 

nuclei, such as air [Martin. 2000]. For a 0.3 eV thermal neutron the average energy lost in 

an elastic collision can be found by, 

EQ. (6.4), 
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where -(±I)2 a- , 
A+l 

EQ. (6.5), 

and A is the mass number of air [Duderstadt. 1976.). Average energy lost in an elastic 

collision in air is therefore 0.094eV. Thirty-one percent of a thermal neutron's energy is 

lost in the average elastic collision, given by a. As the mass of the medium increases, a 

will also increase, resulting in less energy lost in elastic collision. In contrast, neutrons 

undergoing scattering collisions in hydrogen loose about half their energy, while 

neutrons in 238U loose less than 1 % of their energy [Duderstadt. 1976). 

An experiment was done to determine if thermal neutrons were scattering 

backwards off the beam stop, thus affecting the measured neutron dose rates. Figure 6.2 

shows a decline in neutron dose as distance from the shutter increases, so it is not 

expected to be the case. To conduct the experiment, a sheet of cadmium was positioned 

between the detector and beam stop. Cadmium is capable of stopping neutrons below 0.5 

eV, therefore, if there is no change in measured neutron dose rates, then there is no back 

scatter from thermal neutrons of the polyethylene in the beam stop. There was found to 

be no change in the measured neutron dose rate with and without the cadmium in place. 

The MCNP results then can be explained by the existence of high energy neutrons 

backscattering off the beam stop and contributing to the increase in dose rate at a 

distance of 8 feet from the shutter. 

6.5 MCNP Reported Error 

The error MCNP reported with the measured gamma exposure rates at distances 

of 2, 4, 6, and 8 feet from the shutter can be seen in Figure 6.8. An error ofless than 10 

percent is desirable. Errors are generally seen between about 20 and 30 percent with a 

couple of outliers near 70-80%. These high errors do correlate with the unexpected peaks 
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in exposure rate predicted by MCNP (see Figs. 5.3). Therefore, it is believed that if these 

errors are decreased, the unexpected exposure rate peaks will no longer appear in the 

predicted results. 

MCNP Gamma Error 2 n. from Stuter MCNP Gamma Error 4 n. from Shutter 
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(c) At 6 feet. ( d) At 8 feet. 

Figure 6.8 shows MCNP predicted gamma error at distances 2, 4, 6, and 8 feet from the shutter. 
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Figure, 6.9 shows the error reported with the MCNP predicted neutron dose at distances 

of 2, 4, 6, and 8 feet from the shutter. Similarly, peaks in error here can also be 

associated with the unexpected dose rates predicted (see Figs 5.4). 

MCNP Neutron Error 2 n. from Shltter MCNP Neutron Error 4 ft. from Sht.iter 

4 4 
Beam Hal Wdth (ft.) Beam Hal \l\llclh (ft.) 

(a) At 2 feet. (b) At 4 feet. 

MCNP Neutron Error 6 ft. from Shliter MCNP Neutron Error 6 ft. from Shltter 

;I ~ 
t i .• 
~5 =s 1ii :,: :,: 

! !i 
,11 

4 4 
Beam Hal Wiclh (ft.) Beam Ha• Width (ft.) 
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Figure 6.9 shows the MCNP predicted neutron error at distances 2, 4, 6, and 8 feet from the shutter. 

6.6 Residual 

The difference between the measured and predicted dose rates is called the 

residual [De Veaux and Velleman. 2004]. A negative residual means that the actual value is 

less than what the model predicts, and a positive residual means the actual value is 
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greater than the prediction. The variation of the residual should tell us how well the 

model fits: little variation of the residual meaning that the model is a better fit than that 

of much variation in the residual. It is not exactly clear by the residual of the gamma 

exposure rate if the model fits as good as it could (Fig. 6.9). For all the outlying dark 

blue areas of the gamma residual plots, the residual is negative, indicated an 

overestimate in the prediction. Predicted gamma doses were commonly twice that of 

those measured, an appealing trend. In the beam line, however, predicted exposures fell 

short of the actual measurements. It can be expected that there would be greater residual 

variability when accompanied by greater error, as in the beam line for the gamma dose at 

8 feet from the shutter in Figure 6.8 (d) with Figure 6.10 (d), but it is not clear why the 

residual pattern does not match that of the error at 2, 4, and 6 feet. 
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Figure 6.10 shows the gamma exposure rate residuals at distances 2, 4, 6, and 8 feet from the shutter. 

The residuals of the neutron dose rates yielded something much different. It is 

seen by Figures 6.11 that the MCNP neutron dose rate predictions are consistently over 

estimated, compared to the measured dose rates, by at least 100 (mrad/hr). In the beam 

line at 8 feet, the over estimation is much greater and has been credited to the existence 

of epithermal neutrons in the model as discussed in Section 6.1. It is not clear why the 

MCNP predictions are much greater than that of the measured dose rates, however, 

because the overestimation is roughly consistent, potential still exists for the model. 
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Figure 6.11 shows the neutron dose residual at distances 2, 4, 6, and 8 feet from the shutter. 
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6. 7 Which is Correct: Measured vs. Predicted 

An additional experiment was preformed to assist in deciding which 

measurements are correct: measured or MCNP predictions. In this experiment, an 

available 2 inch think slab of paraffin wax was positioned vertically within the beam 

line once at 2 and once at 8 feet from the shutter. At each position, five 

thermoluminescence dosimeters {TLDs) by Gobal Dosimetry Solutions (model 760), 

in two groups labeled 1, 2, 3, 4, and 5 and 6, 7, 8, 9, and 10, were affixed to the front 
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face of the paraffin to simulate them being worn by an individual. One TLD was 

visually placed so that it lies directly in the beam line. Four others were then placed 

two inches across from and two inches up or down of the first TLD (see Fig. 6.12 a 

& b). Each slab of paraffin and group ofTLDs was exposed to the beam for five 

minutes. The TLDs were then sent away for exposure analysis. 

2inT 

2in.I 

q2 ¼3 
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49 Y10 

I 
2in. 2in. 2in. 2in. 

(a) At 2 feet. (b) At 8 feet. 
Figure 6.12. Two groups of five TLDs mounted to paraffin wax and exposed to the beam line at 2 and 8 
feet from and facing the shutter. TLD number 1 and number 6 were visually aligned directly with the beam 
line. 

The results of the analysis yield data found in table 6.1. It is seen that the 

exposure rates of the first five TLDs are about three times higher than those of the last 

five, which were placed farther away from the shutter than that of the first group. In 

comparison to the measured gamma and neutron exposure rates, the TLD results are 

about 3 times greater than the measured gamma exposure rates at 2 and 8 feet from the 

shutter. The TLD neutron exposure rate at 2 feet from the shutter was reported to be 

about 30 times greater while the neutron exposure rate at 8 feet from the shutter was 

reported to be just under 270 times greater than that measured. 

Comparing the TLD experimental results to the MCNP prediction differs. The 

TLD gamma exposure rate at 2 and 8 feet from the shutter was found to be about 100 

and 50 times greater than the MCNP predictions, respectively (see Table 6.2). This 



difference is associated with the MCNP beam stop composed of lithium-polyethene, as 

mentioned in Section 6.3. TLD neutron exposure rates at 2 and 8 feet were found to be 

20 and 2 times greater than MCNP predictions, respectively. 

Table 6.1 Paraffin TLD Experiment Results 
Exposure Rate 

TLD Gamma(mR/hr) Neutron (mrad/hr) 
1 14472 10440 
2 14052 10380 
3 12768 9216 
4 11652 8916 
5 16848 13116 
6 5280 4080 
7 5904 4536 
8 5088 3960 
9 6768 5340 
10 6384 4800 

Table 6.2 TLD, Measured, and Prediction Comparision 
At 2 feet from Shutter 
TLD Measured 

Neutron (mrad/hr) 10440 350 
Gamma (mR/hr) 

Neutron (mrad/hr) 
Gamma (mR/hr) 

14472 4100 

At 8 feet from Shutter 
TLD Measured 
4080 15 
5280 2100 

Predicted 
487 
136 

Predicted 
1687 
109 
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The TLD 760 is advertised as having accurate response to both gamma and 

neutron radations. Gobal Dosimetry Solutions also advertises that their processing of the 

TLDs is fully-automated, causing the chance of human error to be reduced. Using the 

TLD experiment results as a guide, it is decided that the measured neutron and gamma 

exposure rates are more correct than the predictions from MCNP, although not absolute. 

There exists less extreme variation in the measured against the TLD experiment gamma 

exposure rates. The measured gamma exposure is consistently about 3 times less than the 

TLD experiment, and the MCNP predictions vary against the TLD results for both 

radiation types and positions. 



Chapter 7 

FUTURE WORK 

7.1 Parallel Processing 
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In order to simulate a nuclear reactor using MCNP and obtain results with a 

limited relative error, a complex input deck is necessary. Unfortunately, such a scenario 

adds a requirement of additional computing time. Without powerful processors time is 

often wasted on failed runs, or runs that finish with relative errors that are unacceptably 

high. One option which would significantly reduce run time is parallel processing. With 

parallel processing, multiple processors, together, solve one problem in parts. This team 

work of machines is found to reduce run time. 

7 .2 Source Tape File 

In order to obtain better statistics and reduce the error observed with the MCNP 

model, the number of neutrons reaching the beam hall area needs to be increased. The 

main problem experienced with this was that additional particles meant additional run 

time was required. To reduce the overall computer run time necessary to address a 

reactor criticality problem, one may make use of the source tape file, or SRCTP. For 

each MCNP criticality problem, where a KCODE card is used, a SRCTP file is written. 

It is the file of source points produced by a previous run. Instead of accompanying the 

KCODE card with the k source, or KSRC, card, which defines the initial locations of 

fission, it can be accompanied by a SRCTP file from a similar problem. Removing the 

KSRC from the input file causes an automatic call for the SRCTP file to do the KCODE 

calculations. The benefit of using the SRCTP instead of the KSRC card is the potential 

for saved computer time, while maximizing the number of particles that reach their target. 
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7 .3 Continuation of the TLD Experiment 

The main drawback to the TLD experiment is that the method of using paraffin to 

simulate a person was not used in the measured nor the MCNP predicted methods. 

Paraffin serves to provide some backscatter to the TLD as would a human torso. In the 

measured and predicted methods there was no volume providing backscatter. Results of 

the TLD experiment are good for a person but not good for comparison to the predicted 

measurements. A paraffin volume coded in the MCNP beam hall at each tally location 

would simulate the TLD experiment. Then, the new MCNP predicted data set could be 

compared against the accurate TLD results. 

7.4 Optimization of MCNP Code 

To further reduce run time, omitting portions of the geometry not of influence to 

the problem should be considered. The model used in this project is composed of the 

OSTR core with three of the four existing beam ports. Beam port number three (see Fig. 

4.1) is the tangential beam port that emerges from beam port number four and is 

necessary in the problem. Beam port number two, however, is not required for the 

transport of neutrons from the reactor core to the beam hall and could be omitted from 

the code. The quantity of neutrons that scatter out beam port number two is not 

significant relative to the over all neutron flux generated in the reactor core, and so 

retaining that neutron flux in the core would not affect the results of the predictions. 

By omitting beam port number two from the geometry in the input deck, 

computer resources will not be used to compute the neutron flux scattering out a beam 

port that is not used in the problem, and computation time will be saved. One way to 

omit beam port number two from the geometry is to "comment out" the beam port cells 
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that exist beyond the reactor retaining wall. To comment out a code line, the letter 'c' is 

typed in the first column of the code line. Additionally, the void boundary outside the 

reactor will need to be re-established to account for the space that was previously coded 

as beam port number two. 
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Chapters 

CONCLUSION 
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The purpose of this project was to develop a working model of the OSNRF and 

determine its reliability of data compared to that of measured neutron and gamma dose. 

MCNP was used to model the OSNRF to estimate exposure and dose rate in the beam 

hall, and to compare these estimates with measured values. While the high relative error 

of the predicted data leaves the reliability of the data inconclusive, it has been 

determined that potential exists for the model. 

Future work includes further reducing the error reported with the MCNP 

predictions either through exploration of parallel processing or use of the SRCTP file. In 

this case, maximizing the number of neutrons reaching the target is the key to the 

reduction of the relative MCNP error and should result in a realistic model of the 

OSNRF. Upon the successful completion of achieving relative errors within 10%, it 

should be found that the working model of the OSNRF provides for a dependable 

predictor for shielding requirements of future facilities at the site. 
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APPENDIX A 

MCNP input deck of the OSNRF beam port 3 and beam hall. 

c beam port 3 
1010 19 -0.001029 -837 865 -843 617 $ vol next to water 
1011 1 -2.7 -837 834 -842 $ al plate bp3 
1012 6 -1 -83 7 842 -9000 $ Flooded portion of BP3 
1013 19 -0.001029 -9003 843 -844 $ al pipe bp3 
1014 19 -0.001029 -9003 844 -845 $ al pipe bp3 
1015 19 -0.001029 -9003 845 -846 $ al pipe bp3 
1016 19 -0.001029 -9003 846 -847 $ al pipe bp3 
1017 19-0.001029-9002 847-850 $ end ofal pipe bp3 
1018 1 -2. 7 840 848 -849 -1044 $ al plate bp3 
1019 16 -7 .86 840 849 -850 -1044 $ steel plate bp3 
1020 19 -0.001029 -9002 850 -851 $ steel pipe bp3 
1021 19 -0.001029 -9002 851 -852 $ steel pipe bp3 
1022 19 -0.001029 -9002 852 -853 $ steel pipe bp3 
1023 19 -0.001029 -9002 853 -854 $ steel pipe bp3 
1024 19 -0.001029 -9002 854 -855 $ steel pipe bp3 
1025 19 -0.001029-9002 855 -856 $ steel pipe bp3 
1026 19 -0.001029 -9002 856 -857 $ steel pipe bp3 
1027 19 -0.001029 -839 857 -9040 $ almost end pipe bp3 
1028 19 -0.001029 -839 9041 -858 $ end of steel pipe bp3 
1099 19 -0.001029 9001 -865 -837 $ space after Bi Filter 

c al and steel cladding bp3 
2011 1 -2.7 837 -838 834 -842 $ al cladding bp3 
2012 1 -2.7 837 -838 842 -843 $ al cladding bp3 
2013 1 -2.7 837 -838 843 -844 $ al cladding bp3 
2014 1 -2.7 837 -838 844 -845 $ al cladding bp3 
2015 1 -2.7 837 -838 845 -846 $ al cladding bp3 
2016 1 -2.7 837 -838 846 -847 $ al cladding bp3 
2017 1 -2.7 837 -838 847 -848 $ end of al cladding bp3 
2018 16 -7. 86 83 9 -840 848 -849 $ steel cladding bp3 
2019 16 -7.86 839 -840 849 -850 $ steel cladding bp3 
2020 16 -7.86 839-840 850 -851 $ steel claddingbp3 
2021 16 -7.86 839 -840 851 -852 $ steel cladding bp3 
2022 16 -7.86 839 -840 852 -853 $ steel cladding bp3 
2023 16 -7.86 839 -840 853 -854 $ steel cladding bp3 
2024 16 -7.86 839 -840 854 -855 $ steel cladding bp3 
2025 16 -7.86 839 -840 855 -856 $ steel cladding bp3 
2026 16 -7.86 839-840 856-857 $ steel claddingbp3 
2027 16 -7.86 839 -840 857 -858 $ end of steel cladding bp3 
2028 16 -7.86 839-9002-857 848 $ Steel Claddingbp3 
2030 16 -7.86 848 -850 837 -839 $ steel cladding bp3 
c concrete surrounded al cladding bp3 

65 



14009 18 -2.3 838 -1042 890-846 617 -612 $ concrete around al clad bp3 
14010 18 -2.3 838 -1042 846-847 617-612 $ concrete around al clad bp3 
14011 18 -2.3 838 -1042 847 -848 -849 -850 $ concrete around al clad bp3 
c concrete surrounded steel cladding bp3 
c 14012 18 -2.3 840-1044 617 -612 848 $ concrete around steel clad bp3 
c 14013 18 -2.3 840 -1044 617 -612 849 $ concrete around steel clad bp3 
14014 18 -2.3 840 -1044 617 -612 850 $ concrete around steel clad bp3 

-851 
14015 18 -2.3 840 -1044 617 -612 851 $ concrete around steel clad bp3 

-852 
14016 18 -2.3 840 -1044 617 -612 852 $ concrete around steel clad bp3 

-853 
14017 18 -2.3 840 -1044 617 -612 853 $ concrete around steel clad bp3 

-854 
14018 18 -2.3 840 -1044 617 -612 854 $ concrete around steel clad bp3 

-855 
14019 18 -2.3 840 -1044 617 -612 855 $ concrete around steel clad bp3 

-856 
14020 18 -2.3 840-1044 617-612 856 $ concrete around steel clad bp3 

-857 
14021 18 -2.3 840 -1044 617 -612 857 $ end of concrete around clad bp 

-858 
c @@@@@@@@@@ Beamport 3 collimator cell cards @@@@@@@ 
22000 13 -9.75 9000 -9001 -837 $ Bismuth filter 
22001 5 -11.4 9002 -839 9028 -851 $ Pb Collimator 
22002 5 -11.4 9002 -839 851 -852 $ Pb Comimator 
22003 5 -11.4 9002 -839 852 -853 $ Pb Collimator 
22004 5 -11.4 9002 -839 853 -854 $ Pb Collimator 
22005 5 -11.4 9002 -839 854 -855 $ Pb Collimator 
22006 5 -11.4 9002 -839 855 -856 $ Pb Collimator 
22007 5 -11.4 9002 -839 856 -857 $ Pb Collimator 
22008 5 -11 .4 9002 -83 7 9014 -850 $ Pb Collimator 
22009 5 -11.4 9003 -837 846 -9030 $ Pb Collimator 
22010 5 -11.4 9003 -83 7 845 -846 $ Pb Collimator 
22011 5 -11.4 9003 -83 7 844 -845 $ Pb Collimator 
22012 5 -11.4 9003 -837 843 -844 $ Pb Collimator 
c 22900 19 -1.029e-3 847 -848 -9002 9003 $ Air within collimators junction 
22100 22 -2.35 -837 9002 847 -9010 $ Boral Ring 
22101 22 -2.35 -837 9002 9010 -9011 $ Boral Ring 
22102 22 -2.35 -837 9002 9011 -9012 $ Boral Ring 
22103 22 -2.35 -837 9002 9012 -9013 $ Boral Ring 
22104 23 -8.65 -837 9002 9013 -9014 $ Cadmium Ring 
22105 24 -0.95 -837 9003 9030 -847 $ Poly_disc_l 
22200 5 -11.4 850 -9020 9002 -837 $ Pb adapter ring 
22201 22 -2.35 9020 -9021 9002 -839 $ 8in Boral Disk 1 
22202 22 -2.35 9021 -9022 9002 -839 $ 8in Boral Disk 2 
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22203 22 -2.35 9022 -9023 9002 -839 $ 8in Bora! Disk 3 
22204 22 -2.35 9023 -9024 9002 -839 $ 8in Bora! Disk 4 
22205 22 -2.35 9024 -9025 9002 -839 $ 8in Bora! Disk 5 
22206 22 -2.35 9025 -9026 9002 -839 $ 8in Bora! Disk 6 
22207 22 -2.35 9026 -9027 9002 -839 $ 8in Bora! Disk 7 
22208 22 -2.35 9027 -9028 9002 -839 $ 8in Bora! Disk 8 
22220 1 -2.7 850 -9035 837 -839 $ Al adapter ring 
22221 19 -0.001029 9035 -9020 837 -839 $ air pocket 
22230 19 -0.001029 -839 9040 -9041 -9042 9043 -9044 $ Bora! Square open 

9045 
22231 22 -2.35 9040 -9041 9042 -839 $ Top Bora! Square opening 
22232 22 -2.35 9040 -9041 -9043 -839 $ Bottom Bora! Square opening 
22233 22 -2.35 9040 -9041 -839 9044 $ Side Bora! Square opening 
22234 22 -2.35 9040 -9041 -839 -9045 $ Side Bora! Square opening 
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c @@@@@ Beam Hall Cell Cards @@@@@@@@@@@@@@@@@@@@@@ 
23001 228 -2.35 -9104 858 9103 -9102 -9108 9110 $ bh side wall 
23002 228 -2.35 9105 -9106 -9102 858 -9108 9110 $ bh side wall 
23003 228 -2.35 -9102 9107 9104 -9105 -9111 9110 $ bh back wall 
23004 228 -2.35 9116 -9117 9102-9114 -91139110 $bh rear 
23005 228 -2.35 9104 -9105 9107 -9102 9112 -9108 
23006 228 -2.35 -9102 858 9103 -9106 9108 -9109 $bh ceiling 
23010 228 -2.35 9104 -9120-9119 858 -9108 9110 
23011 228 -2.35 -858 9118 9121 -9119 -9124 9110 
23012 228 -2.35 -9120 9123 -9105 858 -9108 9110 
23013 228 -2.35 9123 -858 9121 -9122 -9124 9110 
23014 228 -2.35 -9108 9119 -9123 9125 -9120 858 
23015 228 -2.35 9119 -9123 9125 -9124 -858 9121 
23016 228 -2.35 -9112 9104 9111 -9126 9107 -9102 
23017 228 -2.35 9127 -9105 9111 -9112 9107 -9102 
23019 219-0.85599 9133 -9134-9128 9129-9135 9138 $lithium empregpoly 
c 23018 1 -2.7 -9156 9157 9153 -9158 9154 -9155 $ converter screen 
23020 204-0.001225 (9133 -9135 -9134 9138 -9129 9130 ):(9131 -9136 -9132 9137 

9107 -9130) 
23021 252 -11.35 -9112 9126 9111 -9127 -9102 9107 #23019 #23020 $Lead 
23022 220 -2.45 (-9139 858 -9140 )(9148 :-9149 :-9147 :9150 :-858 $shutter 

:9140) 
23023 264 -8 (-9139 9140 -9141 ) $ stainless steel 

(-9149 :9150 :-9147 :9148 :-858 :9141 ) 
23024 256 -0.93 (-9142 9141 -9144) $polyethylene shutter slab 

(9148 :-9149 :-9147 :9150 :-9141 :9144) 
23025 220 -2.45 (-9142 9144 -9145 )(-9149 :9150 :9148 :-9147 $shutter 

:-9144 :9145) 
23026 252 -11.35 (-9142 9145 -9143 )(-9149 :9150 :-9147 :9148 :-9145 :9143) 
23027 264 -8 (-9139 9143 -9146 )(-9149 :9150 :9148 :-9147 :-9143 :9146) 
23029 228 -2.35 9121 -9114 -9110 9151 9103 -9106 $ bh floor 
c 23009 0 (((((((((9109 :-9151 :-9121 :9114 :-9103 $outside void 



C :9106 ):(9102 9116 9110 )):(9102 9117 ):-9103 ): 
C (-91099113 9102 -9114 -9116 -9117 )):(9118 -9122 -858 9124 )): 
C (9110 -9858 -9118 -858 )):(9110 -858 9122 -858 )): 
C (-9125 9110 -858 9119 -9123 ))(9110 :-9151 :9114 :9114 :9106 )): 
c (-9121 ):-9103 $outside bh 
23007 204 -0.001225 -9108 9120 9110 -9107 9104 -9105 #23030 $inside bh air 

#23031 #23032 #23018 
23008 204 -0.001225 -9125 -9120 858 91109119 -9123 #23022 #23023 #23024 

#23025 #23026 #23027 
23030 1 -2.7 -9157 -9153 9159 9160 9154 -9155 $al table 
23031 204 -0.001225 9160 -9153 -9159 9110 9154 -9155 
23032 1 -2.7 -9167 9169 -9168 9157 9165 -9166 $object 

c $$$$ Beamport 3 collimator surface cards $$$$$$$$$$$$ 
9000 2 py 11.512 $ Bismuth filter start 
9001 2 py 16.592 $ Bismuth filter end 
9002 2 ky 90.0408 0.002655625 0 $ cone collimator 
9003 2 ky 126.193 0.004409278 0 $ cone collimator 
9010 2 py 111.0488 $ Boral Ring 
9011 2 py 111.3663 $ Boral Ring 
9012 2 py 111.6838 $ Boral Ring 
9013 2 py 112.0013 $ Boral Ring 
9014 2 py 112.1029 $ Cadmium_! 
9020 2 py 136.6313 $ 8in Boral Disk 
9021 2 py 136.9488 $ 8in Boral Disk 
9022 2 py 13 7 .2663 $ 8in Boral Disk 
9023 2 py 137.5838 $ 8in Boral Disk 
9024 2 py 137.9013 $ 8in Boral Disk 
9025 2 py 138.2188 $ 8in Boral Disk 
9026 2 py 138.5363 $ 8in Boral Disk 
9027 2 py 138.8538 $ 8in Boral Disk 
9028 2 py 139.1713 $ 8inBoralDisk 
9030 2 py 104.6983 $ Poly_disc_l 
9035 2 py 134.9423 $ adapter ring 
9040 2 py 292.5253 $ 8in boral disk at end 
9041 2 py 292.8403 $ 8in boral disk at end 
9042 2 px 6.959699 $ square opening boral disk 
9043 2 px -6.959699 $ square opening boral disk 
9044 2 pz 6.34365 $ square opening boral disk 
9045 2 pz -6.34365 $ square openging boral disk 

c $$$$$ Beam Hall surface cards $$$$$ 
9102 4 py 396.24 
9103 4 px 0 
9104 4 px 60.96 
9105 4 px 304.8 
9106 4 px 365.76 
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9107 4 py 335.28 
9108 4 pz 274.32 
9109 4 pz 335.28 
9110 4 pz 0 
9111 4 pz 45.72 
9112 4 pz 137.16 
9113 4 pz 198.12 
9114 4 py 457.2 
9116 5 PY 0 
9117 6 px 0 
9118 4 px 66.04 
9119 4 px 127 
9120 4 py 60.96 
9121 4 py -60.96 
9122 4 px 299.72 
9123 4 px 238.76 
9124 4 pz 243.84 
9125 4 pz 182.88 
9126 4 px 137.16 
9127 4 px 228.6 
9128 4 py 370.84 
9129 4 py 355.6 
9130 4 py 345.44 
9131 4 px 147.32 
9132 4 px 218.44 
9133 4 px 142.24 
9134 4 px 223.52 
9135 4 pz 132.08 
9136 4 pz 127 
9137 4 pz 55.88 
9138 4 pz 50.8 
9139 4 c/y 184.15 91.44 30.48 
9140 4 py 1.27 
9141 4 py 5.08 
9142 4 c/y 184.15 91.44 27.94 
9143 4 py 41.91 
9144 4 py 15.24 
9145 4 py 16.51 
9146 4 py 45.72 
9147 4 pz 68.58 
9148 4 pz 86.36 
9149 4 px 176.53 
9150 4 px 191.77 
9151 4 pz -91.44 
9153 4 py 304.8 
9154 4 px 160.02 

69 



9155 4 px 205.74 
9156 4 pz 110.49 
9157 4 pz 72.39 
9158 4 py 306.07 
9159 4 pz 71.12 
9160 4 py 284.48 
9165 4 px 175.26 
9166 4 px 190.5 
9167 4 pz 87.63 
9168 4 py 304.165 
9169 4 py 288.925 

*trl 0 0 -6.985 27 63 90 117 27 90 90 90 0 
*tr2 -36.49 -9.37 -6.985 40 50 90 130 40 90 90 90 0 
*tr3 0 0 -6.985 220 130 90 130 40 90 90 90 0 
*tr4 -367.342 98 -84.5 40 50 90 130 40 90 90 90 0 
*tr5 -575 440 0 75 165 90 345 75 90 90 90 0 
*tr6 -388 598 0 60 330 90 150 60 90 90 90 0 
mode np 
kcode 10000 1.000000 20 30000 
ksrc 4.241640 1.3 73980 0.000000 

3.195160 -2.540160 0.000000 
-0.718980 -3.586640 0.000000 
-3.586640 -0.718980 0.000000 
-2.540160 3.195160 0.000000 
1.373980 4.241640 0.000000 
8.308180 0.327500 0.000000 

ml 13027. 1 $ al 
m2 6012. 9 .456e-005 $ steel/h2o 

24000. 0.005187 28000. 0.00241866 26000. 
1001. 0.04676 8016. 0.02338 

m4 6012. 1 $ graphite 
m5 82000. 1 $ lead 
m6 1001. 0.6667 $ h2o 

8016. 0.3333 
m7 6012. 0.00031519 $ steel 

24000. 0.01729 28000. 
m8 40000.35c 1 $ zr 
mlO 5010. 0.15824 $ b4c 

5011. 0.64176 6012. 
m13 83209. 1 $ Bi 
c m14 1001 2.0 6012 1.0 $ CH2 
C m15 79197 1.0 
m16 26000. 
m18 1001. 

1 $ steel 
-0.01 $ concrete 

0.0080622 26000. 

0.2 

8016. -0.529 11023. -0.016 12000. 
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0.0180264 

0.060088 

-0.002 



13027. 
20000. 

m19 7014. 
8016. 

m21 79197.60c 
m22 5010.60c 

5011.60c 
m23 48000. 
m24 6012. 

1001.60c 

-0.034 14000. 
-0.044 26000. 

0.79 $ air 
0.21 

1 $ gold 
0.199 $ boron 

0.801 
1 $cadmium 

-0.337 19000. 
-0.014 6012. 

0.34 $ Polyethene C2H4 
0.66 

-0.013 
-0.001 

m228 1001.60c -0.005558 $concrete (ordinary with ENDF-VI) 
8016.60c -0.498076 11023.60c -0.017101 12000.60c -0.002565 
13027.60c -0.045746 14000.60c -0.315092 16000.60c -0.001283 
19000.60c -0.019239 20000.60c -0.082941 26054.60c -0.000707 
26056.60c -0.01139 26057.60c -0.000265 26058.60c -3.6e-005 

m219 1001.60c -0.13322 $lithium empregnated polyethylene 
6000.60c -0.7920673 3007. -0.0747799 

m204 7014.60c -0.755636 $air (USS. Atm at sea level) 
8016.60c -0.231475 18000.59c -0.012889 

m252 82206.60c -0.242902 $lead 
82207.60c -0.223827 82208.60c -0.53327 

m256 1001.60c -0.143711 $reg polyethylene 
6000.60c -0.856289 

m220 5010.60c -0.184309 $boron (natural) 
5011.60c -0.815691 

m264 6000.60c -0.0003 $SS-304,SS-304L (with ENDF-VI) 
14000.60c -0.005 15031.60c -0.000225 16000.60c -0.00015 
24050.60c -0.00793 24052.60c -0.159031 24053.60c -0.018378 
24054.60c -0.004661 25055.60c -0.01 26054.60c -0.039996 
26056.60c -0.644764 26057.60c -0.015026 26058.60c -0.002039 
28058.60c -0.06234 28060.60c -0.024654 28061.60c -0.001085 
28062.60c -0.003504 28064.60c -0.000917 

1mp:n 0 45r 1 855r $ 13000, 23032 
mt4 grph.01 t $ graphite salphabeta card 
mt6 lwtr.01 t $ h2o salphabeta card 
SSW 858 (-1028) 
dbcn 12j 764585 4j $ random number stride is 5 time of 152917 (default) 
esplt:n 2 0.120.00120.000120.000001 0.75 5e-7 $ split energy 

c -------------Tally for beam port 3 and beam port 4----------------
f4:n 1028 $ flux BH cells 
f24:p 1028 $ flux BH cells 
c --------------Area card--------------------------------------------
area 380j 222.39972 222.39972 5598.01919 6932.31709 19j 

6278.28760 10438.01448 11253.53573 182.41469 182.41469 182.41469 
182.41469 182.41469 182.41469 182.41469 
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324.29279 324.29279 324.29279 324.29279 324.29279 
324.29279 324.29279 324.29279 324.29279 324.29279 
5336.00917 9931.46659 10707.41129 
202.06849 202.06849 202.06849 202.06849 
324.29279 324.29279 324.29279 324.29279 
324.29279 324.29279 324.29279 324.29279 
40j 790.42093 3710.56338 20482.47683 21527.17202 3j 
325.3307 312.7792 314.9260 299.9619 19j 19j 

C --------------------------------------------------------------------------

fm4 8.296523e16 $ multiplier card (normalize factor for 1 MW reactor) 
fm24 8.296523e16 $ multiplier card (normalize factor for 1 MW reactor) 
cut:n j 0 
c print 
prdmp 0 -30 1 1 
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APPENDIXB 

Table B-1 Measured Gamma and Neutron Exposure Rate Measurements 

NR - No Reading Taken 
At Point, 

8 
z=7 
6 
z=5 
4 

z=3 
2 
z 

8 
z=7 

6 
z=5 

4 

z=3 

2 
z 

8 
z=7 

6 
z=5 

4 

z=3 
2 

z 

~,~ 

Y n 
11 0 
NR NR 

15 0 
NR NR 

20 0 

NR NR 

30 0 
x=2 

V n 
12 0 
NR NR 

17 0 
NR NR 

22 0 

NR NR 

30 0 
x=2 

V n 
12 0 
NR NR 

17 0 
NR NR 

28 0 

NR NR 

30 0 

x=2 

y - Gamma Exposure 
Rate (mR/hr), 

x-z (ft.) plane Y= 2 feet 
Y n 

NR NR 12 0 
NR NR NR NR 

NR NR 18 0 
NR NR NR NR 

NR NR 40 0 

NR NR 4100 350 

NR NR 41 0 
x=3 _lit~ x=4 

x-z (ft.) plane Y= 4 feet 
Y n 

NR NR 15 0 
NR NR NR NR 

NR NR 19 0 
NR NR NR NR 

NR NR 40 0 

NR NR 3100 120 

NR NR 44 0 
,_x=3 x=4 

x-z (ft.) plane Y= 6 feet 
V n 

NR NR 13 0 
NR NR NR NR 

NR NR 19 0 
NR NR NR NR 

NR NR 42 0 

NR NR 2000 50 

NR NR 128 0 
x=3 

x=4 

n - Neutron Exposure 
Rate (mR/hr) 

Y n 
NR NR 11 0 

NR NR NR NR 

NR NR 16 0 

NR NR NR NR 

NR NR 20 0 

NR NR NR NR 

NR NR 20 0 

x=5-- 1lrx=6 ----·-

V n 

NR NR 13 0 

NR NR NR NR 

NR NR 17 0 

NR NR NR NR 

NR NR 21 0 

NR NR NR NR 

NR NR 21 0 
x=5 x=6 

y n 

NR NR 12 0 

NR NR NR NR 

NR NR 18 0 

NR NR NR NR 

NR NR 22 0 

NR NR NR NR 

NR NR 25 0 
x=5 
feet x=6 ,~ _,_ fefil_ -

8 ► 

z=7 
6 

z=5 

4 

z=3 
2 

z 

y 

10 

NR 

14 

NR 

30 

NR 

30 

n 
0 
NR 

0 

NR 

0 

NR 

0 
x=2 

x-z (ft.) plane Y= 8 feet 
V n 

NR NR 11 0 
NR NR NR NR 

NR NR 19 0 
NR NR NR NR 

NR NR 52 0 

NR NR 2100 15 

NR NR 490 15 
x=3 x=4 

y n 

NR NR 10 0 

NR NR NR NR 

NR NR 15 0 

NR NR NR NR 

NR NR 22 0 

NR NR NR NR 

NR NR 22 0 
x=5 x=6 -
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Table B-2 MCNP Gamma and Neutron Exposure Rate Measurements 
NR - No Reading Taken 

At Point 

1w8 

z=7 
6 

8 
"',z=7 

6 
z=5 

4 

z=3 
l 2 

8 

z=3 
2 

z 

-·-

V n 
30 138 
NR NR 

41 159 
NR NR 

39 257 
NR NR 

47 368 
x=2 

V n 
29 154 
NR NR 

50 229 
NR NR 

357 351 
NR NR 

75 508 
iii@r x=2 

n 
171 
NR 

33 328 
NR NR 

45 330 
NR NR 

72 368 

V n 
15 230 
NR NR 

33 252 
NR NR 

39 259 
NR NR 

47 226 
• •iv~? ~~.!! 

y - Gamma Exposure 
Rate (mR/hr) 

x-z (ft.) plane Y= 2 feet 
V n 

NR NR 22 151 
NR NR NR NR 

NR NR 32 204 
NR NR NR NR 

NR NR 45 283 
NR NR 136 487 
NR NR 142 497 

+ 

n - Neutron Exposure 
Rate (mR/hr) 

V n 
NR NR 24 271 
NR NR NR NR 

NR NR 44 205 
NR NR NR NR 

NR NR 37 383 
NR NR NR NR 

NR NR 43 310 
x=3 __ x=~ ....... ~=5_,_ x=6 

x-z (ft.) plane Y= 4 feet 
V n 

NR NR 25 225 
NR NR NR NR 

NR NR 41 248 
NR NR NR NR 

NR NR 68 325 
NR NR 106 489 
NR NR 105 470 
x=3 x=4 if 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

NR 

x-z (ft.) plane 

NR 33 
NR NR 

NR 45 
NR NR 

NR 71 
NR 65 

93 

x-z (ft.) plane 
V 

NR 19 
NR NR 

NR 38 
NR NR 

NR 88 
NR 678 
NR 32 

Y= 6 feet 
n 

228 
NR 

324 
NR 

429 
450 
494 

x=4 

Y= 8 feet 
n 

167 
NR 

407 
NR 

999 
2186 
1211 

J!'{,~3 , ll:1/' W!JIWffx::::~f'. • rJT 

V n 

NR NR 26 360 
NR NR NR NR 

NR NR 86 296 
NR NR NR NR 

NR NR 45 299 
NR NR NR NR 

NR NR 57 630 
x=S ?ff? x=6 -·-

n 
NR NR 70 261 
NR NR NR NR 

NR NR 46 373 
NR NR NR NR 

NR NR 56 339 
NR NR NR NR 

V n 
NR NR 32 136 
NR NR NR NR 

NR NR 31 509 
NR NR NR NR 

NR NR 55 296 
NR NR NR NR 

NR NR 80 364 
*:x=5 m1;~11 x,;6 '91n,JWw -·-
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Table 8-3 MCNP ERROR Measurements 

NR - No Reading Taken 
At Point, 

z=3 
2 

z=7 

z 

z=5 

z=3 

8 

6 

4 

;'0 

2 

8 

4 

2 

8 

~"' 

,, 

V n 
0.47 0.31 

NR NR 

0.45 0.21 

NR NR 

0.33 0.26 

NR NR 

0.35 0.3 

11..!lli~!i {J!!i 

V n 
0.37 0.23 

NR NR 

0.4 0.22 
NR NR 

0.88 0.25 

NR NR 

0.34 0.35 
x=2 

n 
0.3 0.2 

NR NR 

0.27 0.31 

NR NR 

0.27 0.28 

NR NR 

0.32 0.22 

V n 
0.28 0.46 

NR NR 

0.37 0.24 
NR NR 

0.25 0.22 

NR NR 

0.28 0.23 
x=2 lfl ..... 

y - Gamma Exposure 
Rate (mR/hr}, 

x-z (ft.) plane Y= 2 feet 
V n 

NR NR 0.29 0.24 
NR NR NR NR 

NR NR 0.3 0.21 

NR NR NR NR 

NR NR 0.28 0.21 

NR NR 0.33 0.19 

NR NR 0.39 0.19 

n - Neutron Exposure 
Rate (mR/hr) 

V n 

NR NR 0.33 0.44 

NR NR NR NR 

NR NR 0.41 0.21 

NR NR NR NR 

NR NR 0.27 0.31 

NR NR NR NR 

NR NR 0.31 0.25 
HiWf'x!"3f; ::11· x~4••· Wii\!wIHJ!lliX;;::5w~ '~'.'.:! ':x::5·•··•·•~ 

x-z (ft.) plane Y= 4 feet 
V n V n 

NR NR 0.28 0.31 NR NR 0.32 0.45 

NR NR NR NR NR NR NR NR 

NR NR 0.34 0.19 NR NR 0.58 0.27 

NR NR NR NR NR NR NR NR 

NR NR 0.33 0.2 NR NR 0.29 0.24 

NR NR 0.27 0.21 NR NR NR NR 

NR NR 0.28 0.2 NR NR 0.32 0.41 
I~' x=3 W!l\fWX~4 g if x,,;5 ':. x=6 

x-z (ft.) plane Y= 6 feet 
n n 

NR NR 0.41 0.21 NR NR 0.7 0.27 

NR NR NR NR NR NR NR NR 

NR NR 0.28 0.2 NR NR 0.34 0.33 

NR NR NR NR NR NR NR NR 

NR NR 0.27 0.19 NR NR 0.32 0.21 

NR NR 0.33 0.29 NR NR NR NR 

0.25 0.21 0.46 0.29 

x-z (ft.) plane Y= 8 feet 
V n V n 

NR NR 0.33 0.26 NR NR 0.57 0.28 

NR NR NR NR NR NR NR NR 

NR NR 0.26 0.23 NR NR 0.35 0.63 

NR NR NR NR NR NR NR NR 

NR NR 0.26 0.26 NR NR 0.4 0.26 

NR NR 0.7 0.4 NR NR NR NR 

NR NR 0.48 0.22 NR NR 0.4 0.31 
x=3 "%¥ m x= %* w x=5 x=6 

. .,, - -;/4lQ4aiiX~ 
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