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ABSTRACT 

The non-surgical brain cancer treatment modality, Boron Neutron Capture Therapy (BNCT), 

requires the use of an epithermal neutron beam. This purpose of this thesis was to design an 

epithermal neutron beam at the University of Virginia Research Reactor (WAR) suitable for BNCT 

applications. A suitable epithermal neutron beam for BNCT must have minimal fast neutron and 

gamma radiation contamination, and yet retain an appreciable intensity. The low power of the 

WAR core makes reaching a balance between beam quality and intensity a very challenging design 

endeavor. 

The MCNP monte car10 neutron transport code was used to develop an equivalent core 

radiation source, and to perform the subsequent neutron transport calculations necessary for beam 

model analysis and development. The code accuracy was validated by benchmarking output against 

experimental criticality measurements. 

An epithermal beam was designed for the WAR, with performance characteristics 

comparable to beams at facilities with cores of higher power. The epithermal neutron intensity of 

this beam is 2 . 2 ~ 1 0 ~  n/cm2.s. The fast neutron and gamma radiation E R M A  factors are 

10x10'" cGy-cm2/nePi and 20x10~"cGy~cm2/n,,,, respectively, and the current-to-flux ratio is 0.85. 

This thesis has shown that the UVAR has the capability to provide BNCT treatments, however the 

performance characteristics of the final beam of this study were limited by the low core power. 
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CHAPTER 1 

INTRODUCTION 

1.1 INTRODUCTION SUMMARY 

In this thesis project, an epithermal neutron beam was to be designed for use in Boron 

Neutron Capture Therapy at the University of Virginia research reactor facility. The neutron beam 

will be able to provide a lethal dose to tumor tissue that is both deep seated and near the surface of 

the brain. Also, it will yield only a minimal non-therapeutic dose to the neighboring healthy tissue. 

In order for these beam performance characteristics to be obtained, tumor seeking boron compounds 

must preferentially concentrate, as expected, in the malignant, glioblastoma multiforme cells. 

1.2 BORON NEUTRON CAPTURE THERAPY 

Boron Neutron Capture Therapy (BNCT) is a radiological cancer therapy developed 

primarily for brain tumors, however it has the potential to be extended to other malignancies such 

as breast cancer and melanomas. BNCT consists of two steps. The first step is to preferentially load 

boron atoms into the tumor cells. This loading is achieved by administering special "tumor seeking" 

compounds, tagged with "'B, to the patient. The degree to which the boron must be preferentially 

loaded in the tumor, relative to the healthy tissue, is unclear. Generally, an effective tumor '9 

concentration to healthy tissue '9 concentration ratio of 10: 1 is believed to be acceptable [ 11. 

The second step is to expose the patient's pre-boronated tumor to a neutron flux of 

appropriate energy and intensity. The '% atoms absorb low energy (thermal) neutrons and instantly 
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decay to a 7Li ion and an alpha particle (a helium n~cleus-~,He). These two decay particles share a 

total average energy of 2.33 MeV. All of this energy is deposited locally, on the order of cellular 

dimensions, due to the high Linear Energy Transfer (LET) properties of the 7Li ion and the alpha 

particle. Because of the preferential concentration of boron in the tumor cells, a large amount of 

energy is deposited and a lethal dose is delivered to the malignancy. 

Although it is thermal neutrons that react with boron to yield the therapeutic reaction, the 

neutron flux to which the patient is exposed should consist of moderate energy (epithermal) 

neutrons. This is because epithermal neutrons can penetrate further into the brain as they are slowed 

down to thermal energies, allowing deep seated tumors to be treated as well as surface malignancies 

[2]. A craniotomy is required for BNCT treatments with thermal beams to be effective, however, 

epithermal beams can provide effective BNCT treatments with the skull left intact [3]. In the interest 

of keeping a patient’s discomfort and potential complications at a minimum, conventional research 

efforts have been focused on the design of epithermal neutron beams. 

1.3 DESIGN OBJECTIVES FOR THE EPITHERMAL NEUTRON BEAM 

The objective of this thesis project was to design an epithermal neutron beamport facility at 

the WAR to provide a neutron flux that can be used for BNCT. Because of the marked differences 

between the core assemblies and overall facility structures of different research reactors, neutron 

beams must be designed on a case specific basis [4]. Most research reactor 
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facilities are subject to significant physical restrictions, however the University of Virginia reactor 

facility is unique in that it lacks these limitations, thus providing tremendous flexibility with regard 

to neutron beam design [5 ] .  

Figure 1- UVAR Reactor Facility (Plan View) 

1.3.1 Beam Performance Metria Brugger and Herleth contend that retaining a population of 

intermediate energy epithermal neutrons large enough to keep treatment times relatively short 

(approximately 1 hour or less), while minimizing the non-therapeutic dose due to fast neutrons and 

gamma radiation is the central challenge to BNCT beam design [5].  In order to determine how well 

a neutron beam meets the challenge set forth by Brugger and Herleth, standard measures of spectral 

quality, neutron intensity, and beam directionality are required. Standard measures of these beam 
’ 

performance criteria have been established. 
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1.3.1.a Spectral Quality Metrics There are several figures of merit for evaluating the 

neutronic quality of a neutron beam with respect to BNCT applications. The most direct and 

objective of these are the fast neutron KERMA and the gamma radiation KERMA. In the context 

of BNCT research, E R M A  factors are defined as the dose rate due to fast neutrons (or gamma rays) 

divided by the epithermal neutron flux (KERMA units are cGy.cm2/n,,,) [6]. Other, less direct 

metrics of a beam's neutronic quality are the advantage depth (AD) and the advantage ratio (AR). 

The AD is defined as the depth for which the total therapeutic dose to the tumor, from all 

components in the radiation field, would equal the maximum dose to the healthy tissue [1,2]. At 

depths greater than the AD, the maximum dose to the healthy tissue would exceed the dose to the 

tumor [2]. The AR is the ratio of the total therapeutic dose to the total background dose integrated 

from the surface to the AD [ 1,2]. 

1.3.1.b Intensity Metria The intensity of intermediate energy neutrons can be measured 

directly by the epithermal neutron flux, however an alternative indication of beam intensity is the 

dose rate at a given depth in a head phantom [l]. The former is a more direct, objective 

measurement; however, the latter is more amenable to calculations of treatment duration. The dose 

rate at the AD is known as the advantage depth dose rate (ADDR), and it is the most commonly 

quoted dose rate measurement of beam intensity [2]. 

1.3.l.c Directionality Metria Another important characteristic of the neutron beam is the 

directionality [7]. A forward directed beam will penetrate deeper into the brain, thus it will be more 

effective for BNCT. The most common metric for evaluating beam directionality is the current-to- 

flux ratio (J/@) [6]. Formally, the current-to-flux ratio represents the ratio of the number of particles 

crossing a surface in the positive direction to the number of particles crossing the surface in either 
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the positive or the negative direction. The current-to-flux ratio would be 0.5 for an isotropic beam 

and 1.0 for a monodirectional beam in the positive direction [8]. 

1.3.1.d Dose Standards The dose required to kill the tumor, and the maximum permissible 

dose to the healthy tissue, are BNCT standards which remain somewhat arbitrary. These standards 

lack precision because the extensive clinical data necessary for accurate predictions is unavailable. 

A representative value of 2000 cGy for the terminal dose to the tumor cell has been widely adopted 

[2]. No one specific value for the acceptable dose to healthy tissue has been incorporated as a 

standard for the field. However, the Japanese clinical treatments set an upper limit for the fast 

neutron dose at 100 cGy [4]. 

1.3.2 Design Goals The challenge in designing an epithermal neutron beam is to reach a balance 

between a high intensity of intermediate energy neutrons, and a low extraneous, non-therapeutic dose 

from fast neutrons and gamma rays [ 151. 

1.3.2.a Definition of Energy Groups Three energy groups were defined for this project; 

fast, epithermal, and thermal. Fast neutrons are those with energy in excess of 10 keV. Neutrons 

with energy between 0.4 eV and 10 keV were considered epithermal, and any neutrons with energy 

less than 0.4 eV were regarded as thermal. 

1.3.2.b Intensity Goal The epithermal group of neutrons were of therapeutic interest. In 

order for the approximate treatment time to be on the order of 100 minutes or less the design 

requirement for epithermal intensity was set at 1 x lo8 n,,/cm2*sec. 

1.3.2.c Spectral Quality Goal Thermal neutrons can be effectively removed from the beam 

with little effect on the epithermal neutron population by employing certain materials (Le. Cd, Li, 
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B) which have a preferential affinity for interacting with neutrons of low energy. Unfortunately the 

situation is more difficult with fast neutrons and gamma radiation. Materials which attenuate fast 

neutrons and gamma rays can have a substantial attenuating effect on the epithermal neutron 

population as well. Removing the fast neutrons and gammas from the beam, so that they could not 

contribute to the non-therapeutic dose, while retaining the necessary epithermal intensity is the most 

difficult part of a design effort. Keeping both the fast neutron KERMA, and the gamma E R M A  

below 2xlO~"cGy~~m~/n ,~~ was established as a design goal. 

1.3.2.d Directionality Goal The directionality of the neutron beam is another important 

factor. As was previously discussed a fonvard-directed beam. is more effective for BNCT 

applications because most of the neutron flux is headed toward the patient. The standard measure 

of beam directionality is the current-to-flux ratio. The design goal for this project was to have a 

current-to-flux ratio greater than 0.7. 

1.3.2.e Minimization of Costs Goal Another priority in this design was to minimize the 

costs of the beam. Thus, relatively inexpensive, non-exotic materials were to be used if possible. 

1.3.2.f Design Goal Summary A recap of the aforementioned design goals is the following: 

1. Epithermal neutron intensity > 1x108 n/cmz.s 

2. Fast neutron KERMA e 2x10~11cGy~cmZ/n,i 

3. Gamma radiation KERMA e 2x lo-' 'cGy.cm2/nepi 

4. Current to Flux ratio > 0.7 

5. Low cost, non-exotic materials if possible 
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1.4 DESIGN RESULTS 

The final beam design of this study meets the intensity and directionality design goals, 

however it did not meet the fast neutron and gamma radiation KERMA goals. Although all of the 

design goals were not met, the final beam still meets the requirements for use in BNCT applications. 

The performance characteristics of the final beam for the UVAR are comparable to those of other 

existing beams and beam designs. Thus, this design study has shown that the UVAR can produce 

an epithermal neutron beam suitable for use with BNCT. 

1.5 THESIS OUTLINE 

The format for the remainder of this thesis is as follows. A historical review of BNCT, 

followed by a survey of the previous design work on epithermal neutron beams is included in 

Chapter 2. Chapter 3 describes the neutron transport code used in this design, addresses the 

benchmarking procedure used to generate confidence in the computational output of the code, and 

discusses the development of the equivalent core radiation source that was used in the transport 

calculations. Chapter 4 begins with a discussion of the reduction of the geometry/materials design 

variable matrix and proceeds to trace the iterative computational process of this design effort from 

beginning to end, with a presentation of the final optimized beam design. Conclusions and 

recommended areas of further work are contained in Chapter 5. Appendix A provides a brief review 

of radiation interactions with matter, and Appendix B contains core homogenization data and 

calculations. 



CHAPTER 2 

LITERATURE REVIEW 

2.1 HISTORICAL REVIEW 

In the early 1950's, American scientists and physicians, under the leadership of Dr. W.H. 

Sweet, proposed BNCT as a new treatment modality for cancerous brain tumors (glioblastoma 

multiforme) [3,9]. Development of this treatment modality led to a series of clinical trials on human 

subjects during the mid-1950s to the early 1960s [9]. Thermal neutron beams were used to provide 

the neutron flux. The results of these trials were negative; the therapy did not extend the lives of the 

patients. Autopsies revealed that the non-cancerous brain tissue had been significantly damaged, 

indicating that the tumor seeking agents had not been able to adequately concentrate the boron into 

the cancerous cells [9]. Further research into BNCT was abandoned in the United States as a result 

of these early clinical trials, however work (using thermal neutron beams) was continued in Japan 

under the direction of Dr. Hiroshi Hatanaka [3]. 

The continued efforts in Japan have yielded impressive results. At the Musashi reactor alone, 

at least 94 patients have undergone successful BNCT treatments [4]. Additionally, the Japanese 

work kept alive research into the development of more effective tumor seeking agents. 

Recently, new tumor seeking agents have been identified with vastly improved tumor 

targeting properties [lo]. These breakthroughs have generated a renewed interest in BNCT in the 

United States. As a result, numerous institutions have undertaken research efforts to design 

epithermal neutron beams that could be used for BNCT at their respective reactor facilities. 
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In September of 1994, an experimental trial was successfully performed at Brookhaven 

National Laboratory's medical research reactor. Joann Magnus underwent a BNCT treatment for a 

terminal brain tumor. Although BNCT was not yet into the clinical trials phase at the time of Mrs. 

Magnus' illness, political pressure from the Department of Energy allowed the treatment to be 

performed. Mrs. Magnus has had a very promising response to the treatment, although it is too early 

to tell whether or not the tumor has been completely eradicated. A thorough clinical study will be 

needed to assess the effectiveness of BNCT, however the positive initial response that Mrs. Magnus 

has shown gives an optimistic forecast for the potential of BNCT. 

2.2 SURVEY OF EXISTING BEAMS AND BEAM DESIGNS 

The following survey of existing epithermal neutron beams and epithermal neutron beam 

designs provides information on promising materials and geometries, as well as conventional 

computational techniques. Several of the materials identified in these previous design efforts were 

studied in the WAR beam development project. Also, many of these previous designs provided 

insight into computational methods which were incorporated into the development and analysis of 

the WAR beam. Additionally, the stated performance metrics of these beams provide a basis of 

comparison against which the WAR beam can be evaluated. 

Table 1 gives a summary of the performance characteristics for some of the existing beams 

and beam designs. 
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Table 1 - Beam Performance Summary 

Reactor Epithermal Fast Neutron Gamma Radiation 

Power Neutron KERMA KERMA 

(Mw) Flux (cGy*cm2/n,,,) (cGy.cm2/n,@) 

(n/cm2.s) 

Brookhaven [ 111 3 2.7~10~ 4.3x10-" l.oxlo-l' 

MIT [ll] 5 2.0x 1 o8 1 3x lo-" 14x10'" 

Georgia Tech [ 151 5 2.6~10~ 1 .3x1O1' 1.8~10" 

Petten [ 111 45 3.3~ 1 O8 10.4x10-" 8.4~10'" 

JlQ 

Ratio 

0.72 

N/A 

0.86 

N/A 

2.2.1 Brookhaven National Laboratory Beam The design effort by Wheeler, Parsons, Nigg, 

Wessol, Miller and Fairchild for Brookhaven National Laboratory has resulted in an epithermal beam 

which is well suited for BNCT [ 1 11. Initial beam analyses were performed using the deterministic 

codes, SCAMP (1-D) and DOT4.3 (2-D), however the monte car10 code, MCNP, was used for later 

beam analyses because of its flexibility in regards to geometric modeling and its powerful tally 

structure [ 111. The researchers noted that plate type research reactors, like the 3 MW Brookhaven 

Medical Research Reactor (BMRR), are not ideal sources for epithermal neutron beams, due to their 

high water fraction. This high water fraction serves to deplete the high energy neutron current 

entering the filter, thus limiting the beam intensity [ 1 13. Two materials were identified as candidates 

for use in the neutron beam spectral shifter; (1) a homogenized aluminum and D,O mixture, and (2) 

aluminum oxide (AZO3) [l 13. The BMRR beam is subject to space limitations, hence the AJ Q 

material, which is more effective in small spaces, was employed [ 111. This constraint on beam 

length also restricts the degree of collimation that can be achieved at the BMRR [ 1 11. An epithermal 

neutron flux of 2 . 7 ~ 1 0 ~  n/cm2.s was calculated for the BMRR beam. The corresponding fast neutron 
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and gamma ray E R M A  factors were computed as 4.3~10"' cGy-cm2/nepi and l.OxlO-" cGy-cm2/nePi 

respectively [9]. Subsequent experimental data validated the calculated epithermal flux calculations, 

however it suggested that the fast neutron dose may have been over-predicted [ 121. 

I 

I 

El ;; 
Li-roty 
Shield 

Figure 2 - Brookhaven Medical Research Reactor Epithermal Neutron Beam 

2.2.2 Massachusetts Institute of Technology Beam Using the monte car10 neutron transport code, 

MCNP, as the primary design tool, Clement, Choi, Zamenhof, Yanch, and Harling have designed 

an epithermal neutron beam for the 5 MW Massachusetts Institute of Technology reactor (MlTR-II) 

[I]. Experimental measurements of the core coincide closely with the values calculated by MCNP, 

thus verifying the accuracy of the code [13]. Aluminum and sulphur were used to shift the beam 

energy spectrum into the epithermal region, while cadmium and lithium were used to remove the 

thermal neutrons. A bismuth plug was also included to attenuate gamma rays [l]. 
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An AD of 5.7cm and an AR of 2.2 were calculated for this beam using a.polyethylene, 

right circular cylinder as the head phantom, and assuming a 10: 1 tumor to healthy tissue '!I3 

concentration ratio [ 13. The estimated irradiation time necessary to impart a 2000 cGy dose to 

the tumor was 80 minutes [l]. 

Figure 3 - MITR Epithermal Neutron Beam 

2.2.3 HFR Petten Beam An epithermal neutron beam has been designed for use at the 45 M W  

HFR facility at Petten. This beam was designed using the monte car10 neutron transport code, 

MCNP. Aluminum, Al,O,, AI/D,O, and A l / A r / S  were analyzed as filter materials. Construction 

of this beam has been completed and measurements have been made to validate the transport 

calculations [ 141. 
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The calculated epithermal neutron flux intensity of the latest Petten beam was 3 . 3 ~ 1 0 ~  

I n/cm2.s, and fast neutron and gamma radiation KERMA factors were calculated to be 10.4xlO-'' 

cGy.cm2/nepi and 8 . 4 ~  lo-" cGy-cm2/nepi, respectively [9]. 

The flux measurements of the Petten beam supported the MCNP calculations, however 

the agreement between calculated and experimental results was best for the thermal neutron 

fluxes. 

2.2.4 Musashi Institute of Technology Beam Successful clinical treatments have been 

performed on at least 94 patients at the Musashi Institute of Technology in Kawasaki, Japan 

using their extremely low power (0.1 M W )  reactor as the neutron source [4]. The Musashi 

researchers had been using a graphite column to provide a thermal neutron flux for use in the 

treatments, however a desire to improve the beams penetrating capability motivated an 

investigation into the development of an epithermal beam in 1986 [4]. 

The beam was modeled and studied using the 2-D deterministic code, DOT3.5. Based on 

these analyses it was determined that the Musashi reactor power was too low to sustain a fully 

epithermal beam, however they found that a thick block of single crystal silicon increases both 

the thermal and epithermal flux intensity, without an unacceptable increase in fast neutron dose 

[4]. It was noted that the critical design factor for the Musashi beam was the clinical requirement 

that the fast neutron dose be limited to 100 cGy [4]. 
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Figure 4 - Musashi Institute of Technology Neutron Beam 

2.2.5 Georgia Institute of Technology Beam Design A collaborative effort between Georgia 

Tech and the Idaho National Engineering Laboratory has led to an epithermal neutron beam 

design for the 5 MW Georgia Tech Research Reactor (GTRR). The monte car10 code MCNP 

was used to model the GTRR reactor core, and excellent agreement was found between 

calculated and measured results [ 151. The spectrum shifter of this beam consists of an aluminum 

and D20 mixture, and titanium. Both bismuth and lead are used as gamma radiation shields, and 

Cadmium is used to remove thermal neutrons [ 151. The epithermal flux for the Georgia Tech 

beam is 2 . 6 ~ 1 0 ~  n/cm2.s, while the fast neutron €ERMA and gamma ray KERh'lA are 1.3x10-" 

cGy-cm2/nepi and 1.8x10-" cGy-cm2/nepi respectively [ 151. 



15 

Figure 5 - Georgia Tech Epithermal Neutron Beam 

2.2.6 University of Missouri Beam Design Brugger and Herleth designed proposed two 

epitherrnal beam designs for the 10 M W  University of Missouri Research Reactor (MURR). The 

first beam is inexpensive and requires minimal modifications to the MURR, however it has an 

extremely low intensity. It consists of an aluminum and sulphur spectrum shifter, followed by a 

lead gamma shield and a lithium sheet to remove thermal neutrons [5 ] .  The AD and AR have 

reasonable values of 6.0cm and 2.0 respectively, yet the ADDR of 0.46 cGy/min is unacceptably 
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low [5]. Although this beam would not be practical for human BNCT treatments, it could be 

useful for animal testing [5]. 

1 I 

LITHIUM 

Figure 6 - MURR Epithermal Neutron Beam (non-ideal) 

PHANYUM 

The second beam is more expensive and would require extensive modification to the 

Mum, however it has outstanding performance characteristics. The AD and AFt for this beam 

are 6.4cm and 3.0, and the ADDR is 210 cGy/min. It consists of an Al,O, spectrum shifter, lead 

and bismuth gamma shields, and a lithium sheet to remove thermal neutrons [5]. This epithermal 

neutron beam would be practical for human BNCT treatments. It should be noted that all of the 

design analyses for these beams were performed with the monte carlo neutron transport code 

MCNP. 
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Figure 7 - MURR Epithermal Neutron Beam (ideal) 

2.2.7 Harwell Laboratory Beam Design A team of researchers at Harwell Laboratory (UK), 

led by G. Constantine, has worked on an epithermal neutron beam design for use at the former 25 

M W  DIDO reactor [ 161. The initial spectrum shaper, consisting only of iron, took advantage of 

this elements' anti-resonance cross section window to yield a 93% pure beam of 24 keV neutrons 

[16]. Because 24 keV neutrons are slightly too energetic for effective BNCT treatments, a 

different beam spectrum shaper was needed. The new beam consisted of aluminum, sulfur, 

D,O, titanium, and vanadium, with boron included to remove thermal neutrons [16]. Epithermal 

flux intensities on the order of lx109 n/cm2-s have been calculated for the new beam using the 

monte carlo code, MCNP. 
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Dose Point 

Figure 8 - Harwell Epithermal Beam Design 

Unfortunately, the Harwell beam design will not be actualized due to the recent 

decommissioning of the DIDO reactor. 

2.2.8 Conceptual Medical Therapy Reactor Beam Design A conceptual design for a Medical 

Therapy Reactor Facility for BNCT has been performed at the Idaho National Engineering 

Laboratory by Neuman [8]. Because of the conceptual nature of this design, it was not subject to 

the power and structural limitations of already constructed reactors [8]. The design goal for the 

MTR epithermal neutron beam was to be able to deliver a 2000 cGy tumor dose in approximately 
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10 minutes [8]. The neutron beam spectral shifter consisted of a homogenized aluminum and 

D,O mixture. Thermal neutrons were removed with lithium and cadmium; and a bismuth plug 

was incorporated to attenuate gamma radiation directed toward the dose point [8]. Numerous 

sensitivity studies were performed with respect to spectral shifter length, gamma shield length, 

collimator length, and size of the exit aperture [8]. The computational tools used for these 

studies were the deterministic codes, ANISN (1-D), TWODANT (2-D), and DOT4.3 (2-D). The 

INEL researchers found that increasing the spectral shifter length "purifies" the energy spectrum 

of the beam less efficiently as the length increases [SI. Also, they found that the decrease in 

treatment time resulting from the elimination of the gamma shield may offset the increase in 

gamma dose [8]. The collimator length did not seem to appreciably affect the beam performance 

[SI. Finally, decreasing the size of the beam aperture had negative effects on beam quality [8]. 

Figure 9 - MTR Epithermal Neutron Beam 
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Figure 10 - MTR Facility 

2.2.9 University of Virginia Preliminary Beam Design Hubbard and Rydin performed a 

preliminary epithermal neutron beam design for the UVAR using the 2-D discrete ordinates code 

from Oak Ridge National Laboratory, DORT [17]. Their results established the feasibility of 

using the UVAR facility for BNCT. This design was on a relative flux scale, hence only 

normalized data was obtained. A neutron source of lxlOI3 n/cm2.s was assumed and a drop of 

lx105 was found across the spectrum shifter. This established that a flux of lxlO* n/cm2-s is 

obtainable, and that is an intensity suitable for BNCT [ 171. 



CHAPTER 3 

CODE BENCHMARKING AND SOURCE DEVELOPMENT 

3.1 DESCRIPTION OF NEUTRON TRANSPORT CODE - MCNP 

The primary computational design tool used in this project was the Monte Carlo N-Particle 

(MCNP) computer code [17]. Developed over the past forty years at Los Alamos National 

Laboratory, MCNP is capable of performing neutron, gamma ray, electron or coupled neutron / 

gamma ray / electron transport calculations. Additionally, MCNP can calculate the eigenvalues for 

critical systems. 

3.1.1 Geometric Capabilities of MCNP The code is extremely flexible with respect to geometry. 

It can analyze three-dimensional systems of materials in cells defined by first and second degree 

surfaces and fourth degree elliptical tori. The complexity of a system is limited only by the desire 

of the user. A powerful internal plotting routine is included, which is very helpful in examining and 

debugging input models. 

3.1.2 Material Cross-section Representation in MCNP MCNP uses pointwise-continuous energy 

cross-section data. The cross-section data collection is extensive, encompassing data from the 

Evaluated Nuclear Data File (ENDFB-V), the Evaluated Nuclear Data Library (ENDL), the 

Activation Library (ACTL), and the Applied Nuclear Science Group at the Los Alamos National 

Laboratory (LANL) [ 11. MCNP accounts for all possible neutron interactions for which data is 

tabulated, and the code's intensive cross-section structure yields linear interpolations of evaluated 
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data within a tolerance of 1% [l]. This "fine mesh" of cross-section data allows for the accurate 

analysis of resonance scatterers (such as aluminum), which are promising materials for beam design 

[ 11. Gamma radiation cross-sections for coherent scattering, incoherent scattering, photoelectric 

absorption (with possible florescent emission), and pair production (with local annihilation radiation 

emission) are available for materials with atomic numbers (Z) from 1 to 93 [18]. Delayed gamma 

rays from fission events are not accounted for, however. 

3.1.3 Beneficial Features of MCNP Some features of the MCNP code which make it an attractive 

computational tool are the following: equivalent volume source generation from criticality runs, 

flexible tally structure, extensive internal error diagnostics, and a variety of statistical variance 

reduction techniques. The volume source generation option saves CPU time by eliminating 

repetitive calculations. A flexible tally structure allows the user to solve for particle fluxes, particle 

currents, and energy deposition (material heating). Also, tallies can be modified by energy 

dependent functions, for example reaction rates or flux-to-dose conversion factors. Internal error 

diagnostics assist the user both in eliminating input flaws from complex models and in establishing 

confidence in the accuracy of the output. 

Finally, the variance reduction techniques, when used carefully, allow the user to maximize 

the statistical precision of the output while minimizing the necessary CPU time. The central idea 

behind each of the variance reduction techniques is to eliminate the tracking of particles that are 

unlikely to interact in the regions of interest of a given model. For example, in the beam analysis 

phase of this project only the particles that were directed down the beamport toward the patient 

position were of importance. Following the histories of particles that are not headed toward the 



23 

patient position or are unlikely to be headed in that direction does not add any new information about 

the interactions in the regions of interest; thus, any time spent following them would be wasted. 

Variance reduction allows the user to run more efficient calculations with respect to CPU time. 

In this project, the variance reduction technique used was “importance weighting”. This 

technique consists of assigning different regions of a model different importances. When a particle 

N with weight W enters a region of higher importance than the region it occupied previously it is 

split into aN new particles, each with weight (l/a)W; where a is the ratio of the higher importance 

region to the lower importance region. If the same particle were to have been traveling in the 

opposite direction, entering a region of lower importance than it had previously occupied, then it 

would undergo “Russian Roulette”. In “Russian Roulette” the particle has a probability of 1-( lla) 

of being terminated, and is given an increased weight of aW if it survives. The goal of this 

“importance weighting” strategy is to use the CPU time to follow only particles of interest, without 

introducing statistical bias. As long as there are no extreme differences in the values of importances 

of adjacent regions (generally within a factor of four), the technique works very well. 

Also, the code has an internal “importance generator” which can assist the user in the development 

of an effective “importance weighting” scheme. 

3.2 BENCHMARKING OF THE NEUTRON TRANSPORT CODE - MCNP 

In order to validate the accuracy of the MCNP code and demonstrate its applicability to the 

UVAR reactor, critical UVAR core loadings were modeled and the calculated keff values were 

compared with the experimentally measured values. 
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3.2.1 Experimentally Measured Data Used for Benchmarking The UVAR underwent a transition 

from high enriched fuel (HEU) to low enriched fuel (LEU) in the summer of 1994. During the initial 

LEU core loading, detailed data on the fuel element configuration and control rod positions was 

recorded for two critical core arrangements. Initial criticality was achieved for the LEU-1 4x4 core 

loading in Figure 11 on 5/06/94, and the final LEU-2 5x4 loading arrangement in Figure 12 was 

brought to critical on 5/10/94. 

The control and regulating rod heights, which are defined as the distance between the bottom 

of the core and the lower tip of the rod, for these two core loadings are given in Table 2. 

Table 2 - Control and Regulating Rod Critical Positions for the LEU-1 and LEU-2 Cores 

Rod Heights (in) LEU-1 4x4 Core LEU-2 5x4 Core 

Control Rod # 1 12.66 13.50 

Control Rod # 2 12.68 13.50 

Control Rod # 3 12.71 13.50 

Regulating Rod 12.54 14.00 
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F - Normal Fuel Element P - Grid Plate Plug 
PF - Partial Fuel Element IIYD RAB - Hydraulic Rabbit 
CR - Control Rod Fuel Element THER RAB - Thermal Pneumatic Rabbit 
G - Graphite Element 
S - Graphite Source Element 
REG - Control Rod Fuel Element with Regulating Rod 

EPI RAB - Epithermal Pneumatic Rabbit 
RB - Radiation Basket 

Rod Worths j#1 - 3.46 #2 - 3.86 % #3 - 2.41 % pee - 0.375 % 
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Figure 11 - Diagram of LEU-1 4x4 Core Loading 



26 

F - Normal  Fuel Element P - Grid Plate Plug 
PF - Partial Fuel Element HYD RAB - Hydraulic Rabbit 
CR - Control Rod Fuel Element THER RAB - Thermal Pneumatic Rabbit 
G - Graphite Element EPI  RAB - Epithermal Pneumatic Rabbit 
S - Graphite Source Element RB - Radiation Basket 
REG - Control Rod Fuel Element with Regulating Rod 
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Figure 12 - Diagram of LEU-2 5x4 Core Loading 
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3.2.2 MCNP Models of Experimentally Measured Critical Systems MCNF models of these two 

core loadings were constructed and analyzed to validate the accuracy of the code output. Detailed 

data on the geometry and composition of fuel elements, partial fuel elements, graphite reflector 

elements, and control (regulating) elements was obtained from the reactor staff. The control 

(regulating) elements were sub-divided into five regions; a 6-fuel plate region, a 5-fuel plate region, 

a guide plate region, an upper rod region, and a lower water gap region. Homogenized regions were 

calculated for the fuel elements, partial fuel elements, graphite reflector elements and each of the five 

control element regions. These calculations can be found in Appendix B. The MCNP models 

followed the original core lattice arrangements with the real elements, or sub-regions in the case of 

the control elements, being replaced by the appropriate homogenized elements or sub-regions. There 

is a significant amount of aluminum structural material above and below the core in both loading 

arrangements. These "top" and "bottom" of core regions were modeled as homogenized regions of 

42'/, aluminum and 58"/, water (H20). The "top" region extends 1 inch above the core, while the 

"bottom'' region extends 5 inches below the core. This technique of "regional homogenization" 

ignored the individual plate detail inside of specific core elements, however it still retained much of 

the heterogeneity of the core. 

The material around the core perimeter differed between the two loadings. The 4x4 LEU-1 

model had 6 inches of graphite on all sides, followed by a neutronically "infinite" amount of H20. 

Neutronically "infinitell means that there is a large enough amount of material such that the addition 

of more material will not affect the computed results. The 5x4 LEU-2 model had 3 inches of 

graphite on one side and a neutronically "infinite" amount of H20 on the other three sides (and 
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and below the "top" and "bottom" regions of the core in both models. Figures 13, 14, 15, and 16 are 

MCNP generated plots of the core models. 

I Standard Fuel Element 

0 Partial Fuel Element 

GuidePlateRegion 

ControVReg. Region 

5 Plate Control Region 

6 Plate Control Region _ -  Water 

I GraphlteRegbn 

Figure 13 - MCNP Plot of the LEU-1 4x4 Core Model 
(Plan View) 
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Figure 14 - MCNP Plot of the LEU-2 5x4 Core Model 
(Plan View) 
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Figure 15 - MCNP Close-up Plot of a 
Control Element (Plan View) 
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Figure 16 - MCNP Close-up Plot of a 
Control Element (Elevation View) 
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3.2.3 Comparison of Calculations and Experimental Measurements The experimentally 

measured and the MCNP generated values of the effective multiplication factor, k, ,  are summarized 

in Table 3. 

Table 3 - Comparison of Measured keff and MCNP Calculated keff 

Effective Experimentally MCNP 

Multiplication Measured Calculated 

Factor, kpff Value Value 

4x4 LEU-1 Core 1 .oo 1.003 f 0.004 

5x4 LEU-2 Core 1 .oo 1.01 2 f 0.002 

The agreement between the MCNP calculated values and experimental measurements is 

outstanding. Because of the statistical nature of the MCNP code, any computed result should be 

viewed as a "range of confidence'' rather than a discrete point. The measured value for k,, of the 

LEU-1 loading is tightly bounded by the MCNP output. The calculated range for the LEU-2 

multiplication factor is off by approximately 1%. Although it has been noted that agreement within 

1 % is outstanding, a discussion of the possible errors is still appropriate. 

3.2.4 Possible Sources of Error in the MCNP Model The actual 5x4 LEU-2 core loading had 

numerous pieces of aluminum structure around its periphery. A canister irradiation facility and a 

mineral irradiation facility were adjacent to the core on two sides, while a combination of grid plate 
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plugs, hot thimbles, and graphite elements lined the remaining two sides. The void regions and 

aluminum in the irradiation facilities and the aluminum in the grid plates and hot thimbles do not 

moderate neutrons like water. The MCNP model for LEU-2 did not account for this complicated 

periphery, but rather a simplifying approximation of water on three sides and graphite on the other 

side was made. This approximation would tend to over estimate keff due to increased neutron 

moderation. No approximation like this was made for the 4x4 LEU-1 core, due to the simple nature 

of the surrounding materials. 

A slight error could have been introduced into both models by the estimation of the volume 

percent of water in the "top" and "bottom" regions. If the water volume fraction was estimated too 

high, then the calculated values would tend to overpredict the multiplication factor. Similarly, if the 

estimate was too low k,, would be underpredicted. 

The homogenization of the core elements and sub-regions undoubtedly introduced some error 

into the calculation. There are two mechanisms by which differences between the k,, of 

heterogeneous and homogeneous systems arise. The first mechanism is resonance capture. It should 

be noted that this phenomenon occurs only when 238U is present in the system. In a heterogeneous 

cell, neutrons can slow down in the water region where they are not at risk of being absorbed in 238U 

resonances. In the homogeneous cell, however, 238U is present everywhere, thus neutrons have a 

greater probability of being captured while slowing down. This effect would cause a homogenized 

cell to have reduced thermal neutron population relative to the actual cell, and hence underestimate 

kfp The second mechanism is that of flux depression. The thermal flux in a heterogeneous cell is 

depressed in the fuel region, hence there is a self-shielding effect and some of the fuel is not utilized 

fully. In a homogeneous cell, where the fuel is evenly distributed, there is no flux depression and 
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hence no self-shielding effect. Because there is no self-shielding effect in the homogeneous cell, the 

fuel is utilized more fully and keff would tend to be overestimated relative to the actual cell. 

Due of the competing nature of these two effects, it is not obvious what the net effect of 

homogenization will be. Calculations needed to be performed to determine which of these two 

effects would dominate. MCNP calculations made by A. B. Reynolds at UVa. have shown that the 

net effect of homogenization was to underpredict the actual keff by approximately 0.8% [ 191. 

3.3 SOURCE DEVELOPMENT FOR RADIATION TRANSPORT CALCULATIONS 

By taking advantage of the equivalent volume source generation feature of MCNP, we were 

able to perform the numerous beam design transport problems without wasting large amounts of 

CPU time on repetitive core criticality calculations. 

Standad Fuel Element Guide Plate Region 

[3 Partial Fuel Ekment Contml/Reg. Region 

5 Plate Control Region GraphiteRegbn 
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Figure 17 - MCNP Plot of the Volume Source Generator 
Model (Plan View) 
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3.3.1 The Volume Source Generator Model The final, operational UVAR core model (LEU-2) 

was modified to include a small part (20cm) of the neutron beamport. The materials in this entrance 

portion of the beamport varied for different beam models (i.e Al,O, or an AUD,O mixture), however 

aluminum was used as a representative material to account for albedo effects in this volume source 

generation (VSG) model. The VSG model is shown in Figure 17. A criticality run was performed 

on this new VSG model of the core and beamport entrance, so that MCNP could create an equivalent 

core volume source. 

3.3.2 Validation of the Volume Source Generator Output To validate that the equivalent volume 

source capability was being used correctly, we compared the neutron and photon fluxes calculated 

from both the original criticality run and a subsequent volume source run. 

Figure 18 - VSG Output vs. KCODE 
Output THERMAL FLUX 

Figure 19 - VSG Output vs. KCODE Output 
EPITHERJMAL FLUX 
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The code output results for neutron and photon fluxes from the equivalent volume source were 

consistent with the results obtained from the initial criticality run as is illustrated in Figures 18-2 1. 

Figure 20 - VSG Output vs. KCODE Output 
FAST FLUX 

Figure 21 - VSG Output vs. KCODE 
Output GAMMA RADIATION FLUX 

Other calculations were made with a simplified core and an extended beam region to verify 

that an equivalent volume source would reproduce flux values consistent with its criticality source 

at extended distances. The plots in Figures 22 - 25 show that a volume source provided consistent 

results even at extended distances. 
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Figure 22 - Simplified VSG Output vs. 
KCODE Output THERMAL FLUX 

Figure 23 - Simplified VSG Output vs. 
KCODE Output EPITHERMAL FLUX 

Figure 24 - Simplified VSG Output vs. 
KCODE Output FAST FLUX 

Figure 25 - Simplified VSG Output vs. 
KCODE Output GAMMA RADIATION FLUX 
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Having established confidence in this equivalent core volume source, we proceeded to use 

it as the neutron and photon source for subsequent beam design calculations. Elimination of the 

CPU intensive criticality analysis greatly decreased the time required for beam model transport 

calculations. 



CHAPTER 4 

DESIGN METHODOLOGY AND BEAM MODEL ANALYSIS 

4.1 METHODOLOGY 

4.1.1 Definition of the Problem Scope The conceptual design of an epithermal neutron beam for 

the UVAR contains innumerable degrees of freedom. The flexibility of the UVAR core structure 

allows for an infinite number of possibilities with respect to the beam geometry. Similarly, there is 

no limit on the possible materials and material arrangements that could be used in the beam spectrum 

shifter. Some clarification should be made here as to what is meant by beam geometry, and what 

is meant by material arrangement. Beam geometry refers to the geometric shell in which the beam 

materials are housed. Material arrangement refers to where in the geometric shell and in what order 

the beam materials are placed. 

4.1.2 Reduction of the Design Variable Matrix It is not possible to account for all possible beam 

configurations in the doubly infinite geometry/material design variable matrix. In order to make this 

problem tractable, one must restrict some of the variables. With certain variables set as constant, 

or limited to a smaller range, the design variable matrix reduces to a manageable size. 

4.1.2.a Geometric Shell In this project, the geometric shell was set as a constant. It was felt 

that this variable would have less of an effect on the beam performance than the material 

arrangement. The beam geometric shell used, shown in Figure 26, was created with the dual intent 

of retaining a large fraction of the neutron population coming from the core face, and collimating 

the neutrons leaving the spectral shifter. 
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Figure 26 - Beam Geometric Shell 

The region of increasing aperture between the core face and the spectrum shifter allows a 

large fraction of the neutrons from the core to reach the spectral shifter where they can be scattered 

into the desired energy range. The long region of decreasing aperture between the spectral shifter 

and the end of the beam will scatter neutrons back into the beam and in the desired directions, thus 

helping retain the neutron intensity and providing collimation. The exit aperture is 25 cm x 25 cm. 

4.1.2.b Range of Materials The range of materials investigated for use in the spectrum 

shifter of this design was confined to a subgroup of filter materials previously identified as promising 

for reactors with power levels similar to the WAR (2MW). This subgroup consisted of aluminum 

oxide (A1203), and aluminum(Al)/heavy water@ 0) mixtures (of different volume fraction 

composition) as the primary spectral shifting materials [6,11]. Boron, cadmium, and lithium were 

investigated as thermal neutron shields, and bismuth was the primary material for attenuating gamma 

radiation. 
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4.1.3 Outline of the Iterative Beam Development Process With the geometric shell of the beam 

set, and a subgroup of promising materials identified; the thrust of the design project consisted of 

identifying material arrangements that would produce an epithermal neutron beam that would meet 

the design goals. This design project proceeded in an iterative manner. A beam model or group of 

beam models was developed and then the particle transport in the model or models was calculated 

using MCNP. The output was analyzed and information gained from this generation of models 

motivated the next generation of models. The fluxes reported in this design are the fluxes averaged 

over a 25 cm x 25 cm area centered on the beam centerline. The remainder of this chapter will trace 

the iterative evolution of the epithermal beam design project from the initial ''survey'' beam models 

to the final "performance oriented" beam models. 

4.2 BEAM MODEL DEVELOPMENT AND ANALYSIS 

4.2.1 Defmition of Beam Design Phases The beam model development consisted of two phases; 

the survey phase and the performance oriented phase. In the survey phase, emphasis was placed on 

gaining insight into how the materials and material arrangements in the beam affected the neutrons 

and gamma rays. The relative values of the beam performance metrics were used on a comparative 

basis, however their values in relation to the design goals were not of primary concern. 

The second phase switched the focus of the beam development to the final performance 

characteristics of the beam models. The work in the "performance oriented" phase integrated the 

knowledge and insight gained in the first phase to produce a beam which would meet the established 

design goals. 
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4.2.2 Survey Phase: Series 1 

Figure 27 - SHELl. 1 Beam Model 

Figure 28 - SHELl.2 Beam Model 
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4.2.2.a Series 1 motivation These first two beams were modeled after the 

Brookhaven National Laboratory (BNL) beam design. It was thought that the BNL design would 

be a good starting point because of the similarity, mainly in respect to core power, between the 3 

MW BNL reactor facility (BMRR) and the 2 MW University of Virginia reactor facility (UVAR). 

The series 1 models are identical with the exception of the filter materials in their spectrum 

shifters. The SHEL1.1 model in Figure 27 had an A and AZO3 spectrum shifter, while the SHEL1.2 

model in Figure 28 had an Al and Al/D,O spectrum shifter. The AlQ 0 filter material in the 

SHELl.2 model was a homogenized material composed of 75'/, aluminum and 254  Q 0. The 

purpose of the first series of runs was two-fold; to compare the spectral shifting performance of the 

AZO3 and Al/D,O filter materials, and to observe the effects of the bismuth regions on the neutrons 

and gamma radiation. 

4.2.2.b Series 1 results 

Figure 29 - SHELl . 1 Neutron Fluxes Figure 30 - SHELl.2 Neutron Fluxes 
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Figure 31 - SHELl. 1 Photon Flux Figure 32 - SHELl.2 Photon Flux 

The A1203 filter material attenuated the fast neutron flux at a much greater rate than the 

epithermal neutron flux over the first 20 cm. After 20 cm, however, the A1203 filter material began 

to show diminishing returns as the attenuation rate of the fast neutron flux equilibrated with the 

attenuation rate of the epithermal neutron flux. 

The preferential attenuation of the fast neutron flux over the epithermal neutron flux in the 

A1/D20(75/25) filter material was more modest for the first 20 cm than was the case in the A J q .  

The m 2 o ( 7 5 / 2 5 )  filter material, however, did not show diminishing returns after the first 20 cm; 

the preferential separation rate stayed the same through the entire length of the spectrum shifter. 

The bismuth regions in the beam attenuated the gamma rays very well, as was expected. 

Unfortunately, the bismuth regions also cut down the intensity of the epithermal and fast neutrons 

equally. Thus, having more bismuth in the beam than the minimum amount required to adequately 
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shield the gamma radiation is not desirable because it costs epithermal neutron intensity without 

enhancing the neutron energy spectrum quality. 

4.2.3 Survey Phase: Series 2 

Figure 33 - SHEL2.1 Beam Model 
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Figure 34 - SHEL2.3 Beam Model 

L I  1723 an 48.5 cm 214.6 cm I- -I+ 4- 

Figure 35 - SHEL2.2 Beam Model 
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4.2.3.a Series 2 motivation It was determined in series 1 that it is undesirable to have excess 

amounts of bismuth in an epithermal neutron beam (this refers to bismuth block in the beam line, 

not to the collimator). Some bismuth is still necessary at the end of the beam, however, to attenuate 

the gamma rays. The amount of bismuth required at the end of the beam is proportional to the 

amount of incident gamma radiation. Hence, in order to reduce the amount of bismuth needed in 

the beam, a technique for decreasing the number of gamma rays reaching the beam exit was sought. 

Placing thermal neutron shields before the spectrum shifter region was proposed as a way to 

decrease the number of gamma rays arising from radiative capture in the filter materials. Cadmium, 

boron, and lithium were considered for use in the filter thermal neutron shields. Cadmium was 

eliminated from consideration for three reasons; (1) it has a high epithermal cross-section, (2) it is 

a toxic material, and (3) it emits gamma rays from thermal neutron capture. Boron was not chosen 

because it also emits gamma radiation from thermal neutron capture. Lithium, however, generates 

almost no gamma rays from thermal neutron capture, thus it was chosen for use in the spectrum 

shifter thermal neutron shields. 

' The objective of the second series of runs was to determine whether or not the placement of 

thermal neutron shields before the spectrum shifter region would decrease the amount of gamma 

radiation at the beam exit without significantly reducing the epithermal neutron intensity. 

The SHEL2.1 model in Figure 33 is the SHEL1.1 model with a lithium thermal neutron 

shield added before the filter region. The SHEL2.3 and SHEL2.2 models in Figures 34 and 35 are 

like the SHEL2.1 and SHEL1.l models, respectively, without the bismuth at the core face. The 

output from these two model pairs can be compared to see if the thermal neutron shield technique 

is effective. 
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4.2.3.b Series 2 results 

Figure 39 - SHELl . 1 Neutron Flux 

Figure 38 - SHELl. 1 Photon Flux 

Figure 38 - SHEL2.1 Neutron Flux 

Figure 39 - SHEL2.1 Photon Flux 



47 

Figure 40 - SHEL2.2 Neutron Flux Figure 41 - SHEL2.3 Neutron Flux 

Figure 42 - SHEL2.2 Photon Flux Figure 43 - SHEL2.3 Photon Flux 
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In comparing the output from the SHELl. 1 and the SHEL2.1 models, it is observed that the 

epithermal neutron flux exiting the spectrum shifter is the same for both models (6x109 n/cm2.s). 

The gamma radiation energy flux exiting the spectrum shifter, however, is 74% lower in the 

SHEL2.1 model employing the thermal neutron shield. 

Similar results are obtained in comparing the output from the SHEL2.2, SHEL2.3 beam 

model pair. The epithermal neutron fluxes exiting the spectrum shifters for the SHEL2.2 and 

SHEL2.3 models are nearly equal. The values are 2x10" n/cm2-s and 1 . 8 ~ 1 0 ' ~  n/cm2.s for SHEL2.2 

and SHEL2.3, respectively. The gamma radiation energy flux exiting the spectrum shifter, however, 

is 65% lower for the SHEL2.3 model with the thermal neutron shield. The neutron and gamma 

radiation flux values at the spectrum shifter exit for these two beam model pairs are summarized in 

Tables 4 and 5. 

Table 4 - Summary of the SHELl. 1/SHEL2.1 output 

No Thermal Neutron Shield 

(SHEL1. 1) 

Thermal Neutron Shield 

Epithermal Neutron Flux at Gamma Radiation Flux at 

Spectrum Shifter Exit Spectrum Shifter 

(n/cm2.s) (MeV/cm**s) 

6x109 7x109 

6x109 I 1 . 8 ~ 1 0 ~  
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Table 5 - Summary of the SHEL2.2KHEL2.3 Output 

~~ 

No Thermal Neutron Shield 

6HEL2.2) 

Thermal Neutron Shield 

(SHEL2.3) 

Epithemal Neutron Flux at 

Spectrum Shifter Exit 

(n/cm2.s) 

2x 1 O'O 

1 . 8 ~ 1 0 ' ~  

Gamma Radiation Flux at 

Spectrum Shifter 

(MeV/cm2.s) 

2x 1 O'O 

7x109 

The lithium material worked extremely well as the thermal neutron shield material; it 

decreased the number of radiative capture gamma rays by attenuating the thermal neutron 

population incident on the spectrum shifter, yet it had no significant effect on the epithermal 

neutron flux. The results of the series 2 calculations indicate that the placement of a thermal 

neutron shield before the spectrum shifter is an effective method of reducing the gamma 

radiation in a neutron beam sensitive to epithermal neutron economy. 

In leaving the discussion of the series 2 calculations, it should be noted that the removal 

of the bismuth at the core face significantly increased the epithermal neutron intensity incident on 

the spectrum shifter. 
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4.2.4 Survey Phase: Series 3 

Figure 44 - SHEL3 Beam Model 

4.2.4.a Series 3 motivation The series 2 results showed that removal of the bismuth 

from the core face significantly increased the neutron intensity of the beam. Neutron intensity 

considerations alone, especially in an epithermal neutron beam where neutron economy is 

paramount, would suggest that the bismuth be replaced by a void region. Safety concerns, 

however, make it desirable to have some material directly off of the core face. The reason for 

this is that having material adjacent to the core eliminates the potential for a sudden addition of 

positive reactivity associated with the accidental flooding of the beamport. 

An alternative material needed to be identified to replace the bismuth in this region. A 

neutron filter material was thought to be a promising option for the plug region at the core face. 
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The intent of the series 3 calculation was to evaluate the effect of using filter material at 

I the core face and to compare the results with those of the bismuth plug. The representative filter 

material used in the SHEL3 model, shown in Figure 44, was 5 cm of Al followed by 20 cm of 

A1,0,. 

4.2.4.b Series 3 results 

Figure 45 - SHEL3 Neutron Flux Figure 46 - SHEL3 Photon Flux 

The epithermal neutron flux exiting the Al, Al,O, plug region at the core face was nearly 

the same as the epithermal neutron flux leaving the bismuth plug region in model SHELl. 1 

(6.0~10" n/cm2.s for SHEL3, and 6.5~10" n/cm2-s for SHEL1.l). The fast flux at the Al, A1,0, 

plug exit was only 4x10" n/cm2.s, compared to 1 . 5 ~ 1 0 ' ~  n/cm2-s at the bismuth plug exit. These 

results are summarized in Table 6. 
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Table 6 - Epithermal and Fast Fluxes at Core Face Plug Exit 

Epithermal Flux Fast Flux 

(n/cm2.s) (n/cm2-s) 

Bismuth Plug 6.5~10" 1 . 5 ~ 1 0 ' ~  

Al/A120, Plug 6.0~10" 4.0~10" 

The epithermal flux is a factor of 1.5 greater than the fast flux at the exit face of the Al, 

A1203 plug. Conversely, the epithermal flux is a factor of 2.3 less than the fast flux at the exit 

face of the bismuth plug. The epithermal flux dropped by a factor of approximately 16 across 

both plug regions. 

The Al, A1203 is clearly a better option than bismuth. For the same loss in epithermal 

intensity, the Al, A1203 plug provides a 73%-greater drop in fast intensity. Despite the fact that 

the Al, Al,O, cut the fast neutron population more than the epithermal population, the drop in the 

epithermal flux was still significant. The preferential attenuation of fast neutrons made the Al, 

Al,O, plug an improvement over bismuth; however, it is still not ideal. A better suited material 

would have preferential attenuation properties similar to Al, A1203; yet it would not cut down the 

epithermal neutron population as drastically. 

The series 3 calculations also confirmed the findings of the series 1 calculations with 

respect to the "diminishing returns" of the A1,0, filter material. The output of the SHEL3 model 

showed again that the degree to which fast neutrons are preferentially attenuated in an A1,0, 

filter decreases as the length of the filter increases. 
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4.2.5 Survey Phase: Series 4 

Figure 47 - SHEL4 Beam Model 

4.2.5.a Series 4 motivation The results of the A1203 and A1/D20(75/25) filter material 

analysis in series 1 suggest that a combinationpf these two materials could make a promising 

spectrum shifter. The first 20 cm of the combined spectrum shifter would consist of A1203 to 

take advantage of its large initial rate of preferential fast neutron attenuation, while the remainder 

of the spectrum shifter would contain A1/D20(75/25) to maintain a constant rate of preferential 

attenuation, thus eliminating the diminishing returns. 

Also, the series 3 results suggested that a more ideal material than Al, A1203 should be 

identified for use in the core face plug. It was decided that the A1/D20(75/25) filter material 

would be examined in this plug region. 

There was a dual purpose to the series 4 runs. First, an evaluation of the performance of 

the combined A1203, Al/D20(75/25) filter was to be made to see if the beneficial properties of 
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both materials could be actualized. Second, the validity of Al/D20(75/25) as a material for use in 

the core face plug was to be determined. The SHEL4 model in Figure 47 had a 20 cm 

A1/D20(75/25) plug at the core face and a spectrum shifter with 20 cm of Al,O, followed by 40 

cm of Al/D,0(75/25). 

4.2.5.b Series 4 results 

Figure 48 - SHEL4 Neutron Flux Figure 49 - SHEL4 Photon Flux 

Figure 48 illustrates the outstanding results of the combined spectrum shifter. The high 

rate of preferential fast neutron attenuation was realized in the initial 20 cm of Al,O,, and the 

more modest, but steady, preferential fast neutron attenuation followed in the remaining 40 cm of 

A1/D20( 75/25). 

The epithermal flux at the exit of the Al/D20(75/25) region at the core face was 1 ~ 1 0 ' ~  

n/cm2.s, while the fast neutron flux at this point was 8x10" n/cm2.s. It follows directly that the 
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ratio of epithermal flux to fast flux was 1.25. This ratio is very close to the ratio of 1.5 for the 

Al/Al,O, material analyzed in series 3. The epithermal intensity dropped by a factor of 10 across 

this plug, compared to a factor of 16 drop in the Al, Al,O, plug. 

These results indicate that 20 cm Al/D,0(75/25) is closer to ideal for use as a core face 

plug than either of the previously evaluated alternatives; Al, Al,O, or bismuth. 

4.2.6 Survey Phase: Series 5 

Figure 50 - SHEL5.1 Beam Model 
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Figure 51 - SHEL5.2 Beam Model 

4.2.6.a Series 5 motivation The researchers on the Harwell neutron beam design had 

pointed out that when polyenergetic neutrons pass through a region of material with a cross- 

section containing an anti-resonance, a buildup in neutron intensity occurs at the energy 

corresponding to that of the anti-resonance [16]. The spectrum shifter in the Harwell beam 

design consisted primarily of aluminum, which has a cross-section anti-resonance at 

approximately 25 keV. They found that the addition of a material with a substantial cross- 

section at the 25 keV cuts down the buildup of these fast neutrons, hence shifting the neutron 

energy spectrum back into the epithermal region [ 161. 

The materials being used in the UVAR beam spectrum shifter consist of a large fraction 

of aluminum. It was postulated that as the neutrons from the core passed through our A1,0, and 

Al/D,O spectrum shifters the fast neutron group might be concentrating at 25 keV. Going on this 

assumption, it was decided to investigate whether the addition of material of substantial cross 
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section at 25 keV to the end of the spectrum shifter would knock down the fast neutron intensity 

significantly while having only a minor effect on the epithermal neutron intensity. The material 

added to the end of the spectrum shifter was titanium, which was previously identified in the 

Harwell design [ 161. 

Titanium was also added to the end of the core face plug. The reason for this was to see 

if any possible beneficial effects of titanium were actually contingent upon the incident neutrons 

having previously passed through a large amount of aluminum. 

The SHEL5. 1 and SHEL5.2 beam models in Figures 50 and 5 1 are identical with the 

exception of the filter materials in the core face plug and spectrum shifter. SHEL5. 1 uses 

A1/D20(75/25) and SHEL5.2 uses Al,O,. Both models have 2.5 cm of titanium at the end of the 

core face plug, and 5 cm of titanium at the end of the spectrum shifter. 

4.2.6.b Series 5 results 

~ 

Figure 53 - SHEL5. 1 Neutron Flux Figure 52 - SHEL5.2 Neutron Flux 
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Figure 54 - SHEL5. 1 Photon Flux Figure 55 - SHEL5.2 Photon Flux 

In both beam models, the titanium region at the end of the core face plug attenuated the 

fast and epithermal fluxes equally. The results were different, however, for the titanium regions 

at the end of the spectrum shifters. In the SHEL5.1 model, the epithermal flux dropped by a 

factor of 2.7 across the titanium, while the fast flux dropped by a factor of 3.5. A preferential 

attenuation was also observed across the titanium in the SHEL5.2 model. In this beam, the 

epithermal flux dropped by a factor of 2.3, while the fast flux dropped by a factor of 3. Although 

the fast neutron flux is preferentially cut across the titanium regions following the spectrum 

shifters, the degree to which it is preferentially cut is not as extensive as is the case across the 

spectrum shifter. 

The results of the series 5 calculations show three things: (1) titanium can have the 

desirable effect of attenuating the fast neutron flux at a greater rate than the epithermal flux, (2) 
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the fast neutron flux is preferentially attenuated to a lesser degree across the titanium than it is 

across the spectrum shifter, (3) this effect of preferential fast neutron attenuation is not realized 

unless the neutrons incident on the titanium have previously passed through a large amount of 

aluminum material. 

Using titanium in the UVAR epithermal neutron beam is not advisable because it is less 

effective than the filter materials in the spectrum shifter at preferentially attenuating fast 

neutrons. Based on the series 5 results, removing the titanium and adding more filter material to 

the spectrum shifter would improve the beam performance. 

4.2.7 Survey Phase: Series 6 

Figure 56 - SHEL6.1 Beam Model 
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Figure 57 - SHEL6.2 Beam Model 

. I  

4.2.7.a Series 6 motivation The Al/D@ filter material, which was identified as -- 

promising in the Brookhaven epithermal neutron beam design, has been used in the spectrum 

shifters of the preceding UVAR beam models. This AVD20 material was composed of 75'/, 

aluminum and 25'/, D20 [ 1 11. 

It was hypothesized that the Al/D20 material employed in the Georgia Tech epithermal 

neutron beam design might be a better option for use in spectrum shifters of UVAR beam 

models. The Georgia Tech AVD20 material has a volume fraction distribution of 9OV/, A1 and 

1 OV/, D20 [ 201. 

In order to determine the validity to this hypothesis, the series 6 calculations were 

performed. The SHEL6.1 and SHEL6.2 beam models in Figures 56 and 57 only differ in the 

volume fraction composition of the Al/D20 filter material. SHEL6.1 uses the Al/D20(75/25), 

while SHEL6.2 uses the Al/D20(90/10). 
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4.2.7.b Series 6 results 

Figure 58 - SHEL6.1 Neutron Flux Figure 59 - SHEL6.2 Neutron Flux 

Figure 60 - SHEL6.1 Photon Flux Figure 61 - SHEL6.2 Photon Flux 
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The A1/D20(75/25) material cut down the epithermal flux by a factor of 9.5, and it cut 

down the fast flux by a factor of 175. In comparison, the Al/D20(90/10) material cut down the 

epithermal flux by a factor of 5, and it cut down the fast flux by a factor of 60. These results 

indicate that the A1/D20(75/25) filter material provides more fast neutron attenuation per unit 

decrease in epithermal neutron flux. 

It would seem therefore that Al/D20(75/25) would be the preferable filter material. This, 

however, is not the case. The fast neutron KERMA at the beam exit is the quantity to be 

minimized; not the ratio of fast neutron flux to epithermal neutron flux. In previous beam model 

examinations, the fast neutron KERMA followed the ratio of fluxes nearly uniformly, hence 

comparisons between flux ratios were equivalent to comparisons between fast neutron KERMAs. 

In the series 6 calculations, the fast neutron KERMAs did not follow the ratio between fast 

neutron flux and epithermal neutron flux due to spectral changes within the fast group. 

Therefore, to get a true comparison of the Al/D20(75/25) and A1/D20(90/10) materials the fast 

neutron KERMAs must be considered. 

The epithermal neutron fluxes and fast neutron KERMAs at the beam exit for the 

Al/D20(75/25) filter and the A1/D20(90/10) filter are summarized in Table 7. 

Table 7 - Epithermal Neutron Flux and Fast Neutron KERMA at Beam Exit 

Epithermal Flux (n/cm2-s) Fast Neutron KERMA (cGy.cm2/n,,,) 

Al/D,0(75/25) 5 . 5 ~  1 O7 1 . 5 ~  1 0-9 

AVD,O( 90/ 1 0) 1.4~10' 1 . 8 ~  1 0-9 
d 
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The Al/D20(90/10) filter material yields an epithermal neutron flux 2.5 times greater than 

that of the Al/D20(75/25) material, yet it costs only a 20% increase in the fast neutron E R M A .  

This result indicates that the Al/D20(90/10) material can lower the fast neutron KERMA more 

efficiently with respect to epithermal neutron loss. Hence, although the Al/D20(75/25) appears 

to be promising from a preferential attenuation standpoint, the Al/D20(90/10) filter material is a 

better option. 

4.2.8 Survey Phase: Series 7 

Figure 62 - SHEL7.1 Beam Model 
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Figure 63 - SHEL7.2 Beam Model 

. .  . . 

4.2.8.a Series 7 motivation In each of the previous beam models a significant drop in 

neutron intensity was observed across the void region between the core face plug and the 

spectrum shifter. The degree of the flux drop was somewhat puzzling. It was not expected that a 

void region would attenuate neutrons significantly, especially as it is located in the increasing 

aperture section of the beam geometric shell. 

A tentative explanation for the loss of neutron intensity was that the water material 

bounding the beam in the void region was responsible for slowing down and absorbing a 

significant fraction of the neutron population. If this tentative explanation was correct, then 

replacing the parasitic water material bounding the void region with a more "neutron reflective" 

material would alleviate the severity of the drop in epithermal neutron intensity. 

The purpose of the series 7 calculations was to determine if the substitution of a neutron 
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reflecting material into the section of the geometric shell surrounding the void region would 

reduce the magnitude of the drop in epithermal neutron intensity. 

The SHEL7.1 and SHEL7.2 models in Figures 62 and 63 are identical with the exception 

of the material bounding the void region between the core face plug and the spectrum shifter. 

The SHEL7.1 model has the water boundary used in the previous beam models, whereas 

SHEL7.2 has a nickel reflector boundary. 

4.2.8.b Series 7 results 

Figure 64 - SHEL7.1 Neutron Flux Figure 65 - SHEL7.2 Neutron Flux 
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Figure 66 - SHEL7.1 Photon Flux Figure 67 - SHEL7.2 Photon Flux 

The epithermal neutron flux reaching the spectrum shifter in the SHEL7.1 model with the 

water boundary was 9x109 n/cm2.s, while the corresponding epithermal neutron flux for the 

SHEL7.2 model with the nickel reflector boundary was 4 ~ 1 0 ' ~  n/cm2.s. The nickel reflector 

increased the epithermal neutron flux reaching the spectrum shifter by a factor of 4.4. 

The results of the series 7 calculations support the explanation previously presented for 

the neutron intensity drop across the void region between the core face plug and the spectrum 

shifter. Furthermore, they indicate that it is desirable to use a nickel reflector to bound the void 

region because it significantly increases the epithermal neutron intensity of the beam. 
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4.3 OPTIMIZED EPITHERMAL BEAM MODEL 

4.3.1 Optimized Beam Results 

Figure 68 - SHELOP Beam Model 

The SHELOP beam model in Figure 68 is the final beam design of this study. The neutron 

and gamma radiation fluxes are given in Figures 69 and 70 respectively. 

Figure 69 - SHELOP Neutron Flux Figure 70 - SHELOP Photon Flux 
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A plot of the beam directionality is presented in Figure 71. Each bin in the figure 

corresponds to 10% of the total solid angle (4.n). The magnitude of each bin corresponds to the 

fraction of the total neutrons that cross the beam exit surface within the direction corresponding to 

the bin. It can be seen from this plot that the beam is strongly forward directed. 

Figure 71 - SHELOP Beam Directionality 
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4.3.2 Optimized Beam Performance Characteristics 

The performance characteristics and the design goals for the optimized beam are presented 

in Table 8. 

Table 8 - Performance Characteristics of SHELOP Model versus Design Goals 

Design 

Goals 

SHELOP 

~~ ~~~~~ 

Epithermal 

Neutron 

Flux 

(n/cm2-s) 

>1xlO8 

Fast Neutron 

KERMA 

(cGy-cm2/nePi) 

< 2x10-" 

1 ox 10-l 

Gamma Radiation 

KERMA 

(cGy~cm*/n,,,) 

< 2x1O-l1 

20x 1 o-I1 

J/@ 

Ratio 

> 0.7 

0.85 

The performance characteristics of the SHELOP beam model meet the intensity and 

directionality design goals, however they do not meet the spectral quality design goals for the fast 

neutron and gamma radiation KERMAs. 

4.3.3 Performance Characteristics vs. Design Goals 

4.3.3.a Intensity / Spectral Quality Balance It was stated earlier that the most difficult part 

of an epithermal beam design is to achieve a balance between beam intensity and energy spectrum 

quality. This statement certainly held true for this design endeavor. 

The reason that this balance is difficult to attain is because beam intensity and energy 
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spectrum quality are competing goals. In order to enhance the energy spectrum into the epithermal 

region, the neutron population from the core face must pass through a spectrum shifter containing 

neutron filtering materials. The degree to which the beam is enhanced into the epithermal range can 

be increased by increasing the amount of filter material in the spectrum shifter. The addition of more 

filter material reduces the epithermal neutron intensity, albeit to a lesser degree than the fast neutron 

intensity. If a minimum acceptable epithermal beam intensity is set, then there is a maximum 

amount of filter material that can be employed. A maximum amount of filter material, in turn limits 

the degree to which the beam can be enhanced into the epithermal region. Thus, the designer is 

faced with a challenging "vicious circle" type of design problem. 

4.3.3.b Epithermal Neutron Cost - Neutrons An interesting way to look at this problem 

is in terms of "epithermal neutron cost." For a given filter material, it costs a specific amount of 

epithermal neutron intensity to enhance the beam energy spectrum to a given degree (as measured 

by the fast neutron KERMA). Looking at the problem from an "epithermal neutron cost" perspective 

it becomes clear that there are two ways in which the performance characteristics of an epithermal 

beam can be improved; 

1. Increase the intensity of the effective neutron source 

2. Identify and use spectrum shifters with filter materials that can achieve the same 

degree of energy spectrum quality with a lower "epithermal neutron cost." 

The first method of increasing the effective neutron source can entail increasing core power 

(if possible), or more indirectly, improving the reflector region of the beam so as to be more efficient 
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with respect to neutron economy. Also, shortening the distance between the core and the beam exit 

will reduce the spatial attenuation effect on the neutron population. The second method for 

improving beam performance involves a further investigation to identify materials and material 

configurations that are more efficient preferential fast neutron attenuators. Suggested areas of further 

work for improving the UVAR epithermal beam design are discussed in chapter 5. 

4.3.3.c Epithermal Neutron Cost - Gamma radiation Just as enhancing the energy 

spectrum costs epithermal neutron intensity, so to does eliminating gamma radiation. The bismuth 

end plug used to attenuate the gamma radiation also attenuates epithermal neutrons. It was found 

in the later, performance oriented calculations that bismuth attenuates the gamma radiation to a much 

greater degree than it attenuates the epithermal neutrons for approximately the first 15 cm. After 

approximately 15 cm, diminishing returns are observed with respect to preferential gamma radiation 

attenuation. Thus, the "epithermal neutron cost" for a given amount of gamma attenuation increases 

after the first 15 cm of plug thickness. 

The "epithermal neutron cost" of reducing the gamma radiation can be viewed as a "fixed 

cost" of the beam design. Reducing the gamma radiation effectively shortens the maximum filter 

length corresponding to the minimum acceptable epithermal beam intensity. Thus, attenuation of 

the gamma radiation serves to further limit the degree to which the neutron energy spectrum can be 

enhanced. It should be noted that this limiting effect is not as severe as it would initially seem. This 

is because a longer filter can lower the gamma radiation incident on the bismuth end plug hence 

shortening the required bismuth thickness and lowering the associated "epithermal neutron cost." 

There is, however, a critical filter length at which the capture gamma radiation produced in the filter 

dominates the filter gamma attenuation. Once the filter length exceeds this critical length, any 
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further extension will result in an increased gamma flux incident on the bismuth end plug. 

4.3.3.d Epithermal Neutron Cost and the W A R  Beam Design The design problem is 

significantly more difficult for reactors of low power level, like the 2MW WAR, because they have 

a small neutron source. They cannot "afford" a high "epithermal neutron cost," thus for a given filter 

material they will not be able to enhance the beam energy spectrum to the same degree as a high 

power reactor. This is the main reason that the final beam design of this study could not meet the 

established design goals. For the given materials and material arrangements considered in this 

design study, the "epithermal neutron costs" to enhance the energy spectrum to a fast neutron 

KERMA of less than 2x 10~11cGy~cm2/n,i, while simultaneously reducing the gamma radiation 

contamination to a E R M A  of less than 2~lO~~~cGy-cm~/n,~,  were too high. To achieve these 

performance characteristics with the 2MW source, the intensity would be lowered below the 

acceptable value. 

4.3.4 UVAR Beam Potential for BNCT Although the final optimized beam did not meet the 

design goals, it is still a well suited beam for BNCT applications. The performance characteristics 

are within the range of existing beams and beam designs presented in Chapter 2 (Table 1). There 

is further optimization work that can be done, and suggestions in this regard are discussed in Chapter 

5, however this SHELOP beam model has shown that the relatively low power, 2MW WAR reactor 

can provide an epithermal neutron beam that can be used for BNCT applications. 



CHAPTER 5 

CONCLUSIONS AND AREAS OF FURTHER WORK 

5.1 PRIMARY CONCLUSIONS 

5.1.1 BNCT Feasibility at the WAR This beam design project has confi ied that the University 

of Virginia Research Reactor has the potential to be a Boron Neutron Capture Therapy facility from 

a neutron beam standpoint. Although the UVAR core has a power level of only 2MW, it is capable 

of providing an epithermal neutron beam with performance characteristics comparable to existing 

beams and beam designs from facilities with cores of considerably higher power. The latest 

optimized beam design is shown in figure 68 of chapter 4, and its performance characteristics are 

given in table 7 of chapter 4. 

5.1.2 W A R  Epithermal Beam Performance Limitations The UVAR facility does not prohibit 

the implementation of an epithermal neutron beam suitable for BNCT applications, however it does 

limit the achievable beam performance. It was found that neutron energy spectrum enhancement and 

gamma radiation removal "cost" epithermal neutrons. Low power reactors, like the UVAR, have a 

smaller neutron population than high power reactors, hence they cannot "afford" the same degree of 

energy spectrum enhancement and gamma radiation removal. Also, the large distance between the 

core face and the beam exit introduces some spatial attenuation neutron losses. These losses, 

however, are somewhat compensated for by the excellent current-to-flux ratios that can be obtained 

with a larger distance between core face and beam exit. Therefore, due to the low core power and 

large core-to-beam exit distance, the performance of the final UVAR epithermal neutron beam 

design of this study is limited relative to other facilities with more powerful cores. 
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5.2 SECONDARY CONCLUSIONS 

During the survey phase of the beam model development, many effects were investigated. 

Through these investigations many insights were gained into the design of an epithermal neutron 

beam where neutron economy is of the utmost importance. The results and insights of the survey 

phase are presented and discussed in detail in Chapter 4. There were, however, two specific results 

which warrant special mention. 

5.2.1 Combined A1,0, and AVq 0(90/10) Spectrum Shifter The combined filter material 

consisting of Al,O, followed by AlQ 0(90/10) was found to be very effective at preferentially 

attenuating fast neutrons. Al,O, exhibits a high initial preferential attenuation rate for fast neutrons. 

As the Al,O, thickness is increased beyond 20 cm , however, it shows diminishing returns with 

respect to preferential fast neutron attenuation. AVD,0(90/10) did not have an initial preferential rate 

as dramatic as A1203, yet it did not show the diminishing returns. It was determined that 20 cm is 

the optimum length of Al,O, to be used in the initial section of the filter. The optimum amount of 

AVD,O in the filter depends upon the degree of energy spectrum enhancement desired and the core 

power (neutron source). 

5.2.2 Thermal Neutron Shield Gamma Reduction It was found that placing a lithium thermal 

neutron shield before the spectrum shifter region cut down the radiative capture gamma rays 

generated in the spectrum shifter, without any significant effect on the epithermal neutron 

population. This technique is effective in improving beam performance, especially in a beam 

sensitive to neutron economy. 
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5.3 AREAS OF FURTHER WORK 

5.3.1 Material Arrangements This design endeavor focused on a subgroup of promising materials. 

Investigations into the performance of other materials and combinations of materials should be 

performed. These further studies may identify filter materials which are better at preferentially 

attenuating fast neutrons or that are more amenable to safety considerations. 

One specific suggestion is to analyze if replacing the D20 in the Al/D20 filter material with 

a neutronically equivalent amount of graphite would yield comparable beam performance 

characteristics. If the graphite beam proved to be equivalent it would be preferable to use it, because 

graphite is a much safer and less expensive material. 

5.3.2 Geometric Shell This design endeavor did not investigate the effects of the shape of the beam 

geometric shell. The effects of varying the pitch of the opening aperture region and the pitch of the 

collimating region should be analyzed. Similarly, the effect of varying the size of the beam exit 

aperture needs to be assessed. Studies should be performed to determine if varying the position of 

the spectrum shifter in the beam improves performance significantly. Also, investigations into the 

effects of shortening the distance between the core face and the beam exit need to be performed. 

There are also some material considerations about the geometric shell that should be 

addressed. Other materials need to be evaluated for use in the reflector and collimator regions, and 

sensitivity studies to determine the optimum reflector thicknesses need to be performed before a final 

design is constructed. 

5.3.3 Phantom Calculations The beam characteristics in the phantom need to be investigated 

thoroughly. The phantom oriented beam performance metrics discussed in chapter 1 (advantage 



profile of the beam at the exit aperture should be investigated. 

5.3.4 Core Reconfiguration In Chapter 4 it was stated that increasing the intensity of the neutron 

source is one way of improving the performance of an epithermal neutron beam. The maximum 

power level of the UVAR core is set by the operating license at 2MW, thus increasing core power 

is not an option. The core configuration, however, can be changed. Studies should be performed 

to identify new core configurations which could improve the performance characteristics of the 

UVAR epithermal beam. 

5.3.5 Structural and Shutter Considerations Before the final designs for the UVAR epithermal 

neutron beam can be built, beam shutter and physical support structures need to be considered. 

Structural design analyses-must be performed to address these considerations. Once a structural and 

shutter system is designed, another neutronic analysis needs to be performed to evaluate the effect 

of this system on the beam performance. 

5.3.6 Comparison of Modeling Techniques It is suggested that the epithermal beam designs of 

other facilities should be analyzed using the methods of this design project. This would provide a 

better basis of comparison between beams and it might indicate areas where this or other methods 

are weak. 
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APPENDIX A 

RADIATION INTERACTION WITH MATTER 

A.l MOTIVATION FOR RADIATION INTERACTION BACKGROUND 

The way in which a given material interacts with neutrons and photons determines whether 

or not it can be used advantageously in an epithermal neutron beam. Also, the synthesis of the 

interaction modes of numerous materials motivates the development and improvement of 

preliminary beam models. A brief background on the interactions of neutrons and gamma radiation 

with matter is therefore appropriate to establish the context of the beam design logic for those readers 

without a background in nuclear engineering, and to provide a short "refresher" for those readers 

familiar with nuclear phenomena. The following material can be found, discussed in great detail, 

in most intermediate level texts on nuclear engineering or radiation shielding, however the primary 

reference for this chapter is INTRODUCTION TO NUCLEAR ENGINEERING, 2nd Edition by 

JOHN R. LAMARSH, 1983. 

A.2 NEUTRON INTERACTIONS 

Because neutrons are much more massive than electrons, and are neutral with respect to 

charge, they pass through an atoms electron cloud and interact directly with the nucleus. There are 

six types of reactions that can result from a collision of a neutron and an atomic nucleus; elastic 

scatter, inelastic scatter, radiative capture, charged particle reactions, neutron producing reactions, 

and fission. The type of reaction that will occur from a given collision depends on the relative speed 

between the neutron and the nucleus, and the element to which the nucleus belongs. 
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A.2.1 Neutron Cross Sections The "cross section" concept is very useful in regard to predicting 

neutron interactions. The "total cross section", ut, for an isotope gives a measure of the probability 

that any reaction will occur when the isotope is subjected to a neutron field. Similarly, specific cross 

sections (i.e the "elastic scatter cross section", us, or the "radiative capture cross section", uv) give 

the probability of a specific reaction taking place when the isotope is subjected to a neutron field. 

The above discussion needs to be slightly modified to account for different relative speeds. 

Neutron-nucleus reactions depend upon the relative speed between the neutron and the nucleus, 

hence it should be clear that the cross sections also depend on the relative speed. Normally, the 

nuclei motion is negligible compared to the motion of the neutron, and the relative speed is taken 

as the speed of the neutron. Therefore, a more precise statement about the cross section of an isotope 

is that it is a measure of the probability of a reaction taking place when the isotope is subjected to 

a neutron field of given speed. Extensive data on isotope cross sections as a function of speed 

(actually energy) can be found in the Brookhaven National Laboratory report BNL-325. 

A.2.2 Neutron Reaction Modes Because the beamport (not including the core) contains neither 

fissile nor fissionable materials, the subsequent discussion of reaction modes will not include the 

fission process. 

A.2.2.a Elastic Scatter Elastic scattering is the "billiard ball" type collision between a 

neutron and a nucleus. The nucleus is initially in the ground state, and it remains in the ground state 

after the collision. For most isotopes, the cross section for elastic scattering, us, can be split into 
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three regions; potential scattering, resonance, and smooth. In the low energy, potential scattering 

region the scattering cross section is approximately constant. The intermediate energy resonance 

region contains large "peak and valley" variations (these variations are known as resonances, hence 

the resonance region name) in the cross section. In the high energy, smooth region, the "peaks and 

valleys" crowd together to the point that they can no longer be resolved. The cross section is a 

smooth and slowly varying function of energy in this region. 

Figure A . l -  Elastic Scatter Cross Section and Total Cross Section of I2C [from 
LAMARSH pp.54,21] 

In general, resonance regions of light nuclei occur at higher energies than do the resonance 

regions of heavy nuclei for elastic scattering. The amount of energy lost by a neutron in an elastic 

scattering event depends upon the size of the nucleus with which it collides. Neutrons lose less 
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energy in collisions with heavy nuclei, than they do in collisions with light nuclei. Therefore, atoms 

with light nuclei are more effective at slowing down neutrons via elastic scattering. Because the 

materials used in the spectrum shaper have relatively light nuclei, this is the primary scattering 

mechanism in that region of the epithermal neutron beam. 

A.2.2.b Inelastic Scatter Inelastic Scatter is similar to elastic scatter, with the exception that 

after the collision the nucleus is left in an excited state. The excited nucleus subsequently decays 

by the emission of gamma rays known as "inelastic gamma rays". 

This reaction is a threshold event; it will not occur unless the incident neutron has a high 

The cross section for inelastic enough energy to place the nucleus in its first excited state. 

scattering, oi, is therefore zero for all energies less than the excitation threshold energy. 

The threshold energy for heavy nuclei is generally lower than the threshold energy for light 

nuclei, thus the inelastic cross section for heavy nuclei will be zero over a smaller energy region than 

the inelastic cross section for light nuclei. It should be noted that for most isotopes the inelastic and 

elastic cross sections are approximately equal at energies well above the threshold. 

Moderation of neutrons does not result from inelastic scattering with light nuclei because of 

the prohibitively high threshold energy (most often on the order of MeV). For the heavy nuclei, 

however, the threshold is much lower and in fact this reaction is often the primary mode of neutron 

moderation. The main mechanism of neutron scattering in the bismuth regions of the beam is 

inelastic scatter, due to the fact that bismuth has a heavy nucleus. This mode of nuetron scattering 

is undesireable in the BNCT beam because of the subsequent contamination from inelastic gamma 

rays. 
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A.2.2.c Radiative Capture In this reaction mode the nucleus captures the colliding neutron, 

and then one or more gamma rays, known as "capture gamma rays", are emitted. Because the 

neutron is actually absorbed by the nucleus, this interaction is categorized as an absorption reaction. 

As was the case with elastic scattering, the radiative capture cross-section, oY, can be divided into 

three regions. These regions are the l/v region, the resonance region, and the post resonance region. 

In the low energy, l/v region, the cross-section varies as the inverse of the neutron speed. With a 

few exceptions, most isotopes exhibit l/v behavior in the lower energies. The resonance region 

follows the l/v region. A series of "peaks and valleys" which correspond to the same energies as the 

elastic scatter "peaks and valleys" are found in the radiative capture cross-section resonance region. 

The radiative capture cross-section drops off very quickly in the higher energy post resonance region. 

The post resonance region begins at approximately 1 keV for heavy nuclei, and begins at increasingly 

higher energies as the nuclei get lighter. The radiative capture reaction is undesireble in a BNCT 

. . .  . . .  
. .. 

Neutron energy, eV 

Figure A.2 - Radiative Capture Cross-Section of 137Au at Low Energy [from LAMARSH 
pp.559211 
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beam, again due to the subsequent contamination from gamma rays. It can be particularly 

problematic in the thermal shield regions of the beam. 

A.2.2.d Charged Particle Reactions In this type of interaction a neutron incident upon a 

nucleus is absorbed, as in Radiative capture, however, a charged particle (i.e. an alpha particle or a 

proton) is emitted rather than gamma radiation. The '9 reaction (1!13(n,a)7Li) central to BNCT is 

an example of a charged particle interaction. Charged particle reactions are threshold phenomena, 

and as a general rule the cross section, ocp, is very small even above the threshold, especially for 

heavy nuclei. Some important exothermic reactions of this type do exist in lighter nuclei. Aside 

from the previously mentioned '9 reaction, there are the 6Li(n,a)3H and the 160(n,p)16N reactions. 

The charged particles emitted in this type of reaction, alpha particles and protons, deposit their 

energy over very short distances. This is due both to their relatively large mass, and their interaction 

with the electron clouds of the surrounding atoms. The linear energy transfer (LET) of a particle is 

roughly translated as the energy it deposits per unit length which causes excitation or ionization. The 

LET of a particle goes up very sharply as the particles mass or charge increase. Alpha particles and 

protons are high LET particles. The LET of a particle is of interest because it gives a good indication 

of the biological damage the particle can cause. High LET particles are more biologically damaging 

than low LET particles. 

A.2.2.e Neutron Producing Reactions This type of reaction is relatively rare. A neutron 

strikes a nucleus with loosely bound neutrons, and one or two neutrons are ejected from the nucleus. 

This reaction occurs only with highly energetic neutrons. deuterium ('H) and beryllium ?Be) are 

examples of isotopes with loosely bound neutrons that could be ejected easily. Although this 
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reaction is relatively rare, it is mentioned because deuterium is present in the UVAR beam models 

containing heavy water. 

A.3 GAMMA RADIATION INTERACTIONS 

Gamma radiation interacts with matter in numerous ways, however there are only three 

reactions that must be accounted for in nuclear engineering or shielding problems. These three 

important interactions are the photoelectric effect, pair production, and the Compton effect. The 

following discussions will illustrate that atoms of large atomic number (Z) are more probable to 

have interactions with gamma rays than atoms of small atomic number. This means that materials 

consisting of heavy elements will tend to make better gamma shields than materials consisting of 

light elements. 

A.3.1 Gamma Radiation Cross Sections The "cross section" concept discussed earlier for neutrons 

can be directly applied to the probabilities of photon interaction. 

A.3.2 Gamma Radiation Reaction Modes 

A.3.2.a Photoelectric Effect In this reaction mode, a gamma ray interacts with an atom; the 

incident gamma disappears and one of the atom's electrons is ejected. If the ejected electron was 

from an inner shell, then there will be a subsequent emission of an Auger electron or a characteristic 

X-ray. The cross section for the photoelectric effect, (J~ ,  is highly dependent on the atomic number 

(Z) of the interacting atom. 

ope = Z" ; 4 e n  < 4.6 

From this form of the cross section dependence, it is clear that the photoelectric effect is more 

prevalent with the heavier atoms. 
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A.3.2.b The Compton Effect The Compton effect is the scattering of gamma radiation by 

electrons. Both energy and momentum are conserved in this interaction. Because this scattering 

occurs between a gamma ray and a single electron, a Compton cross section per electron, eoC, can 

be defined. This cross section has a maximum value of 0.665 barns at E = 0, and decreases from 

there monotonically as the photon energy increases. The Compton cross section for a given atom 

is simply the product of the Compton cross section per electron and the number of electrons in the 

atom. Because the number of electrons is given by the atomic number, the Compton cross section 

for an atom has the form; 

uc = zeac 

This effect is also more pronounced for heavy atoms, yet not to so severe a degree as the previous 

interaction. This is because the previous interaction varied as the atomic number to fourth power 

or greater, whereas this interaction varies only directly with atomic number. 

A.3.2.c Pair Production In pair production, a gamma ray vanishes and an electron pair, 

positron and electron, are produced. This effect is a threshold event because it does not occur unless 

the gamma ray has an energy in excess of the rest mass energy of the two particles of the electron 

pair (1.02 MeV). Also, pair production occurs only in the presence of a Coulomb field. The positron 

created in pair production slows down to low energy and then terminates with an electron yielding 

two annihilation photons of 0.5 1 1 MeV each. The pair production cross section, upp, is dependent 

upon the atomic number of the interacting nucleus, and this dependency has the form; 

upp = z2 

As with the photoelectric effect, this effect is more pronounced for the heavier atoms. 



APPENDIX B 

W A R  CORE HOMOGENIZATION CALCULATIONS 

Appendix B contains the UVAR core homogenization calculations. The fuel plate 

dimensions and material content data are provided. The dimensions and material content of each 

of the homogenized elements or element regions are given, followed by the corresponding atom 

fraction calculations. 

The order of presentation is as follows: 

1. Fuel Plate Data 

2. Standard Fuel Element 

3. Partial Fuel Element 

4. Control Element 

5. Regulating Element 

6. Graphite Element 



FUEL PLATE DIMENSIONS 
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Standard Fuel Element 

plates per element 22 
wt% U235 19.75% 
wt% Si 7.86% 
wt% AI 31.46% 
Fuel U3Si2 Mass(g) 1505.8 

Calculate Masses in Fuel Meat 
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Mass U235 per element(g) 
Mass U238 per element(g) 
Mass Si per element(g) 
Mass AI per elment fm(g) 

Calculate Mass of Aluminum total 

Mass AI outside fm(g) 
Mass AI per element(g) 

Calculate Water Volume Fraction 

Cell Area(cm2) 
AI + Fuel Area(cm2) 
Volume Fraction AI+Fuel 
Volume Fraction Water 

Atom Densities 

Unit Cell Volume(cm3) 
N235 (a/barn-cm) 
N238 (a/barn-cm) 
NSi (a/barn-cm) 
NAI (a/barn-cm) 
NO (a/barn-cm) 

274.70 
1 1 1 6.1 9 
1 18.65 
691.1 7 

3099.56 
3790.73 

62.36 
26.21 

0.42 
0.58 

3690.59 
1.91 E-04 
7.65E-04 
6.89E-04 
2.29E-02 
1.93E-02 

NH (a/barn-cm) 3.86E-02 
ITotal Atom Density(a/barn-cm) I 8.251 3E-02 I 

Atom Fractions 

a%Al 0.2776 
a%O 0.2341 
a%H 0.4683 



PARTIAL FUEL ELEMENT UNIT CELL 

I 
Aluminum End Plate 

Fue 

I 

Plate ' Iu 

I 

1 

1 

I 

kk' 3.1 40" _I 
3.1 89" ,I 

11  Fuel Plates per Partial Fuel Element 

94 

I u w  

w w  i s 0  
" ?  

Figure B.3 



Partial Fuel Element 95 

Calculate Masses in Fuel Meat 

Mass U235 per element(g) 
Mass U238 per element(g) 
Mass Si per element(g) 
Mass AI per elment fm(g) 

Calculate Mass of Aluminum total 

Mass AI outside fm(g) 
Mass AI per element(g) 

Calculate Water Volume Fraction 

Cell Area(cm2) 
AI + Fuel Area(cm2) 
Volume Fraction AI+Fuel 
Volume Fraction Water 

c 

Atom Densities 

Unit Cell Volume(cm3) 
N235 (a/barn-cm) 
N238 (a/barn-cm) 
NSi (a/barn-cm) 
NAI (a/barn-cm) 
NO (a/barn-cm) 
NH (a/barn-cm) 

137.35 
558.09 
59.32 

345.58 

3643.88 
3989.46 

62.36 
26.21 
0.42 
0.58 

3690.59 
9.54E-05 
3.83E-04 
3.44 E-04 
2.41 E-02 
1.93E-02 
3.86E-02 

fuel plates per elem 11 
AI plates per elemen 11 
wt% U235 19.75% 
wt% Si 7.86% 

31.46% wt% AI 
Fuel U3Si2 Mass(g) 752.9 

2.62 
~ plate width@.) 
'fm width(in.) 2.4 
plate thickness@.) 0.05 
fm thickness@.) 0.02 
end width(in.) 0.1 88 
end length(in.) 3.1 4 
core height@.) 23.3 

unit cell width(in.) 3.031 
unit cell length(in.) 3.1 89 

Atom Fractions 
a%235 I 0.001 2 
a%238 I 0.0046 
a%Si 0.0042- 
a%Al 0.2909 
a%O 0.2331 
a%H 0.4661 

ITotal Atom Density(a/barn-cm) I 8.2891 E-02 I 
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Control Element 97 

Control Element Information 
core height(in) 
element width(in) 
element length(in) 

end width(in) 
control region length(in) 

unit cell width(in) 
unit cell length(in) 

Plates(equiva1ent) 
length/plate(eq.) 
plate thickness(in) 
plate width(in) 
fm thickness(in) 
f m width (in) 

23.3 
2.996 
3.1 40 

0.1 88 
1 .ooo 

3.031 
3.1 89 

22 
0.1 43 
0.050 
2.620 
0.020 
2.400 

mass U235 in std.elemZ(g) 274.7 
mass U238 in std.elern.Z(g) 1 1  16.1 9 
mass Si in std.elemZ(g) 1 18.65 
mass AI in std.elemZ(a1 691.2 



Control Element (cont.) 

Calculate Volumes of Each Region 

Region 1 - (5 Plates) 

RG 1 Length(cm) 
RG 1 Volume(cm3) 

1.875 
854.236 

Region 2 - (6 Plates) 

RG 2 Length(cm) 
RG 2 Volume(cm3) 

2.237 
101 9.41 3 

RG 3 Length(cm) 
RG 3 Volume(cm3) 

RG 4&5 Length(cm) 
RG 4&5 Volume(cm) 

Total Volume Check 

Region 3 - (Control) 

2.540 
1 157.288 

Regions 4&5 - (Guide Plate) 

0.724 
329.828 

3690.593 

98 

3690.590 



Control Element (cont.) 

Calculate Masses of Components of Each Region 

Region 1 - (5 Plates) 

RG 1 Mass U235(g) 62.43 
RG 1 Mass U238(g) 252.89 
RG 1 Mass Si(g) 26.91 

AI Volume-not frn(g) 260.91 
RG 1 Mass Al(g) 861.54 

Region 2 46 Plates) 

RG 2 Mass U235(g) 74.92 
RG 2 Mass U238(g) 303.46 
RG 2 Mass Si(g) 32.29 

AI Volume-not frn(g) 31 3.09 
RG 2 Mass Al(g) 1033.84 

Region 3 -(Water Only) 

AI Volurne(crn3) 143.56 
RG 3w Mass Al(g) 387.62 

control rod density(g/crn3 
control rod iength(in) 
control rod width(in) 

wt% Boron 
wt% Ni 
wt% Cr 
wt% Fe 

a% Boron 10 
a% Boron 11 

1.50% 
8.87% 

18.72% 
70.92% 

19.80% 
80.20% 

Region 3 -(Boron Steel) 

AI Volurne(crn3) 143.56 
RG 3bs Mass Al(g) 387.62 

Regions 4&5 -(Guide Plates) 

AI Volurne(crn3) 165.96 
RG 4&5 Mass Al(g) 448.10 
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Control Element (cont.) 

Calculate Volume Fractions 

Region 1 - (5 Plates) 

Region 1 Area(cm2) 
Al+Fuel Area(cm2) 
Water Area(cm2) 
RG 1 Volume Fraction Wat 

Region 2 46 Plates) 

Region 2 Area(cm2) 
AI + Fuel Area(cm2) 
Water Area(cm2) 
RG 2 Volume Fraction Wat 

Region 3 -(Water Only) 

Region 3 Area(cm2) 
AI Area(cm2) 
Water Area(cm2) 
RG 3w Volume Fraction Wa 

19.55 
2.43 

17.1 3 
0.88 

Region 3 -(Boron Steel) 

100 

14.43 
5.96 
8.48 
0.59 

17.23 
7.1 5 

10.08 
0.59 

Region 3 Area(cm2) 
AI Area(cm2) 
Control Rod Area(cm2) 
Water Area(cm2) 
Control Rod Volume Fracti 
RG 3bs Volume Fraction W 

Regions 4&5 -(Guide Plates) 

Water Volume Fraction 

19.55 
2.43 

15.35 
1.77 
0.79 
0.09 

0.50 
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Calculate Atom Densities and Atom Fractions 

Region 1 -(5 Plates) 
Atom Densities 
N235 (dbarn-cm) 1.87E-04 
N238 (dbarn-cm) 7.49E-04 
NSi (dbarn-cm) 6.75E-04 
NAI (dbarn-cm) 2.25E-02 
NO (dbarn-cm) , 1 SE-02 
NH (dbarn-cm) 3.91 E-02 

t RG 1 Totalldbarn-cml 1 8.2825E-02 I 
Atom Fractions 

RG 1 AF AI 0.271 6 
RGlAFO I 0.2363 
RG1 AFH 0.4726 

Region 2 -(6 Plates) 
Atom Densities 
N235 (dbarn-cm) 
N238 (dbarn-cm) 
NSi (dbarn-cm) 
NAI (dbarn-cm) 
NO (dbarn-cm) 

1 ME-04 
7.53E-04 
6.79E-04 
2.26E-02 
1.95E-02 

NH (dbarn-cm) 3.90E-02 
I RG 2 Total(dbarn-cm) 
Atom Fractions 

I 8.273E-02 I 

RG 2 AF AI 

Region 3 -(Water Only) 
Atom Densities 
NAI (dbarn-cm) 7.47E-03 
NO (dbarn-cm) 2.92E-02 
NH (dbarn-cm) 5.84E-02 
I RG 3w Total(dbarn-cm) I 9.505E-02 I 
Atom Fractions 

Region 3 -(Boron Steel) 
Atom Densities 
NAI (a/barn-cm) 7.47E-03 
NO (dbarn-cm) 3.02E-03 
NH (dbarn-cm) 6.05E-03 
NFe (dbarn-cm) 4.82E-02 
NNi (dbarn-cm) 5.73E-03 
NCr (dbarn-cm) 1.36E-02 
NB (dbarn-cm) 5.26E-03 
NB-10 Wbarn-c 1.04E-03 

Regions 4&5 -(Guide Plate) 
Atom Densities 
NAI (dbarn-cm) 3.03E-02 
NO (dbarn-cm) 1.66E-02 
NH (dbarn-cm) 3.31 E-02 
IRG 4&5 Total(a/ I 8.00E-02 I 
Atom Fractions 
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Regulating Element 103 

Regulating Element Information 
core height(in) 23.3 
element width(in) 2.996 
element length(in) 3.1 40 

end width@) 0.1 88 
control region length(in) 1 .ooo 

unit cell width(in) 3.031 
unit cell length(in) 3.1 89 

.. Plates(equiva1ent) 
length/plate(eq.] 
plate thickness(in) 
plate width@) 
fm thickness(in) 
fm width(in) 

22 
0.1 43 
0.050 
2.620 
0.020 
2.400 

mass U235 in std.elem.Z(g) 274.7 
mass U238 in std.elem.Z(g) 11 16.19 
mass Si in std.elem.Z(g) 11 8.65 



Regulating Element (cont.) 

Calculate Volumes of Each Region 

Region 1 - (5 Plates) 

RG 1 Length(cm) 
RG 1 Volume(cm3) 

1.875 
854.236 

.. . 

Region 2 - (6 Plates) 

RG 2 Length(cm) 
RG 2 Volume(cm3) 

RG 3 Length(cm) 
RG 3 Volume(cm3) 

RG 4&5 Length(cm) 
RG 4&5 Volume(cm) 

Total Volume Check 

2.237 
101 9.41 3 

Region 3 - (Control) 

2.540 
1 157.200 

Regions 4&5 - (Guide Plate) 

0.724 
329.828 

3690.593 
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Calculate Masses of Components of Each Region 

Region 1 - (5 Plates) 

RG 1 Mass U235(g) 
RG 1 Mass U238(g) 
RG 1 Mass Si(g) 

RG 1 Mass Al(g) 

Region 2 46 Plates) 

AI Volume-not fm(g) 

- 

62.43 
253.68 
26.97 

260.91 
861.54 

RG 2 Mass U235(g) - _ -  74.92 
RG 2 Mass U238(g) 304.42 
RG 2 Mass Si(g) 32.36 

AI Volume-not fm(g) 31 3.09 
RG 2 Mass Al(g) 1033.84 

Region 3 -(Water Only) 

AI Volume(cm3) 
RG 3w Mass Al(g) 

143.56 
387.62 

1 
2.38 

control rod density(glcm3 
control rod length(in) 
control rod width(in) 

wt% Boron 
wt% Ni 
wt% Cr 
wt% Fe 

a% Boron 10 19.80% 
a% Boron 11 80.20% 

Region 3 -(Stainless Steel) 

AI Volume(cm3) 
RG 3bs Mass Al(g) 

Regions 4&5 -(Guide Plates) 

AI Volume(cm3) 
RG 4&5 Mass Al(g) 

143.56 
387.62 

165.96 
448.10 



Regulating Element (cont.) 

Calculate Volume Fractions 

Region 1 - (5 Plates) 

Region 1 Area(cm2) 
AI+ Fuel Area(cm2) 
Water Area(cm2) 
RG 1 Volume Fraction W 

Region 2 46 Plates) 

Region 2 Area(cm2) 
AI+ Fuel Area(cm2) 
Water Area(cm2) 
RG 2 Volume Fraction W 

Region 3 -(Water Only) 

Region 3 Area(cm2) 
AI Area(cm2) 
Water Area(cm2) 
RG 3w Volume Fraction 

Region 3 -(Stainless Steel) 

Region 3 Area(cm2) 
AI Area(cm2) 
Control Rod Area(cm2) 
Water Area(cm2) 
Control Rod Volume Fra 
RG 3bs Volume Fraction 

Regions 4&5 -(Guide Plates) 

14.43 
5.96 
8.48 
0.59 

17.23 
7.1 5 

10.08 
0.59 

19.55 
2.43 

17.13 
0.88 

19.55 
2.43 

15.35 
1.77 
0.79 
0.09 
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Water Volume Fraction 0.50 
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Calculate Atom Densities and Atom Fractions 

107 

Region 1 45 Plates) 
Atom Densities 
N235 (dbarn-cm) 
N238 (dbarn-cm) 
NSi (dbarn-cm) 
NAI (dbarn-cm) 
NO (dbarn-cm) 
NH (dbarn-cm) 3.91 E-02 

IRG 1 Total(4barn-cm) 
Atom Fractions 

I 8.2829E-02 ] 

1.87E-04 
7.51 E-04 
6.77E-04 
2.25E-02 
1 .%EM 

RG 1 AF 235 

IRG 1 AF H I 0.4726 I 

Region 2 46 Plates) 
Atom Densities 
N235 (dbarn-cm) 
N238 (dbarn-cm) 
NSi (dbarn-cm) 
NAI (dbam-cm) 
NO (dbarn-cm) 

1.88E-04 
7.56E-04 
6.80E-04 
2.26E-M 
1.95E-M 

NH (dbarn-cm) 3.90E-02 
I RG 2 Total(a/barn-cm) 
Atom Fractions 

I 8.273E-02 I 

RG 2 AF AI 

Region 3 -(Water Only) 
Atom Densities 
NAI (dbarn-cm) 7.47E-03 
NO (dbarn-cm) 2.92E-02 
NH (dbarn-cm) 5.84E-02 
I RG 3w Total(dbarn-cm) I 9.505E-02 I 
Atom Fractions 

Region 3 -(Stainless Steel) 
Atom Densities 
NAI (dbarn-cm) 
NO (dbarn-cm) 
NH (dbarn-cm) 
NFe (dbarn-cm) 
NNi (dbarn-cm) 
NCr (dbarn-cm) 
NB (dbarn-cm) 
NB-10 (dbarn-c 

7.47E-03 
3.02E-03 
6.05E-03 

5.81 E-03 
1.39E-02 

4.89E-02 

0.00E+00 
0.00E+00 

NB-11 (dbarn-c 0.00E+00 
IRG 3bs Total(db1 8.51E-02 I 
Atom Fractions 

0.0878 

0.071 1 
0.5745 

0.1628 

Regions 4&5 -(Guide Plate) 
Atom Densities 
NAI (dbarn-cm) 3.03E-02 
NO (dbarn-cm) 1.66E-02 
NH (dbarn-cm) 3.31 E-02 
[RG 4&5 Total(d I 8.00E-02 I 
Atom Fractions 
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Graphite Element 1 09 

Calculate Volume Fractions 

Unit Cell Area(cm2) 
Graphite Area(cm2) 
Aluminum Area(cm2) 
Water Area(cm2) 

VF Graphite 
VF AI 
VF Water 

Atom Density 

62.36026 
47.79802 
9.1 83853 
5.378383 

0.766482 
0.1 47271 
0.086247 

NGraphite(C) (a/barn-cm) 0.061 543 
NAI (a/barn-cm) 0.008869 
NO (a/barn-cm) 0.002874 
NH (a/barn-cm) 0.005749 

ITotal Atom Density(a/barn-cm) I 0.079035 I 

graphite width(in.) 
graphite+Al width(in) 
graphite length(in) 
graphite+Al length(in 

2.698 
2.948 
2.746 
2.996 

unit cel I width (i n .) 3.031 

IAtom Fractions I I 

a% H 0.072737 
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