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ABSTRACT 

The Colorado School of Mines designed and installed a neutron radiography system at the 

United States Geological Survey TRIGA reactor (GSTR) in 2012. Several potential improvements to 

this system have since been identified, particularly with respect to the neutron beamline. This thesis 

details the design of a new beamline to address some of the drawbacks of the present system. 

Computational analysis using MCNP determined that a 7.32 m long, un-lined, square aluminum 

beam tube with a 1 m circular pre-collimator produces a neutron beam with a lower divergence than 

an equal length collimator that has a neutron absorbing liner and no pre-collimator. The placement of 

graphite around the pre-collimator can boost beam intensity by up to 15%. The new beamstop will 

require an additional 720 kg shielding to keep the radiation dose rates comparable to the present 

beamline. Structural analysis also showed that the new beamline design has a smaller tendency to 

bend (by ~90%) than the current tube, and has a maximum buoyant force of 29.5 kg that will need to 

be overcome through the addition of ballast. 

 

 

 

 

 

 

 

 

 

 



iv 

 

TABLE OF CONTENTS 

ABSTRACT ................................................................................................................................... ii i 

LIST OF FIGURES ...................................................................................................................... vii 

LIST OF TABLES ...........................................................................................................................x 

NOMENCLATURE ...................................................................................................................... xi 

ABBREVIATIONS ..................................................................................................................... xiii  

CHAPTER 1. INTRODUCTION ...................................................................................................1 

    1.1.  References ................................................................................................................3 

CHAPTER 2. BACKGROUND .....................................................................................................4 

     2.1. Neutron Radiography Fundamentals .......................................................................4 

       2.2. Neutron Sources .......................................................................................................9 

     2.3.  Neutron Beamline Design ......................................................................................11 

  2.3.1.  Collimator Geometry ..................................................................................12 

  2.3.2.  Collimator Lining........................................................................................15 

  2.3.3.  Fill Gas ........................................................................................................16 

  2.3.4.  Beam Shutter ...............................................................................................17 

2.3.5.  Aperture ......................................................................................................17 

  2.3.6.  Neutron Filters ............................................................................................18 

             2.3.6.1.  Absorption.....................................................................................19 

                                   2.3.6.2.  Scattering ......................................................................................20 

     2.3.6.2.1.  Bragg Scattering...........................................................21 

     2.3.6.2.2.  Thermal Diffuse Scattering ..........................................22 

     2.3.6.2.3.  Other Considerations ...................................................24 

     2.3.6.2.4.  Potential Thermal Neutron Filters ...............................25 

     2.4. Neutron Imaging Methods .....................................................................................26 

    2.5. Facilities and Equipment........................................................................................28 

2.5.1.  TRIGA Reactors  ........................................................................................28 

                                   2.5.1.1.  Mark I TRIGA Reactors  ..............................................................30 

                                   2.5.1.2.  Mark II TRIGA Reactors  .............................................................32 

                                   2.5.1.3.  Mark III TRIGA Reactors .............................................................32 

2.5.2.  Geological Survey TRIGA Reactor ............................................................34 



v 

 

2.5.3.  MINER Facility ..........................................................................................38 

    2.6.  Project Overview ...................................................................................................42 

    2.7.  References ..............................................................................................................46 

CHAPTER 3. COMPUTATIONAL ANALYSIS SUPPORTING THE DESIGN OF A NEW 
BEAMLINE FOR THE MINES NEUTRON RADIOGRAPHY FACILITY ......51 

    3.1.  Introduction ............................................................................................................52 

    3.2. Facilities and Equipment........................................................................................53 

     3.3. Model Descriptions ................................................................................................59 

3.3.1.  Collimator Model ........................................................................................59 

3.3.2.  Source Definition ........................................................................................64 

     3.4. Results ....................................................................................................................68 

3.4.1.  Collimator Shape and Lining ......................................................................70 

3.4.2.  Image Plane Uniformity ..............................................................................78 

3.4.3.  Neutron Source Improvement .....................................................................81 

     3.5. Summary and Conclusions ....................................................................................86 

     3.6. References ..............................................................................................................88 

CHAPTER 4. DESIGNING A NEW BEAMSTOP FOR THE MINES NEUTRON 
RADIOGRAPHY FACILITY ...............................................................................90 

    4.1.  Introduction ............................................................................................................90 

    4.2. Background ............................................................................................................91 

     4.3. Model Descriptions ................................................................................................92 

    4.4. Results ....................................................................................................................95 

    4.5. Experiment Enclosure Modification ....................................................................102 

    4.6. Summary and Conclusions ..................................................................................105 

    4.7. References ............................................................................................................106 

CHAPTER 5. SUPPLEMENTAL ANALYSIS ..........................................................................108 

    5.1. Introduction ..........................................................................................................108 

    5.2. Reduced Shutter Thickness ..................................................................................109 

    5.3. Structural Considerations .....................................................................................109 

5.3.1.  Beamline Description................................................................................110 

5.3.2.  Bending .....................................................................................................112 



vi 
 

  5.3.3.  Buoyancy ..................................................................................................115 

    5.4.  Summary and Conclusions ..................................................................................116 

    5.5.  References ............................................................................................................116 

CHAPTER 6. SUMMARY AND CONCLUSIONS ..................................................................118 

CHAPTER 7. RECOMMENDATIONS FOR FUTURE WORK ..............................................121 

APPENDIX A.  Collimator Fill Gas Analysis .............................................................................123 

APPENDIX B.  Material Compositions ......................................................................................126 

APPENDIX C.  Supplemental Electronic Files ...........................................................................129 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii  

 

LIST OF FIGURES 

Figure 2.1. Mass attenuation coefficients as a function of atomic number ...................................7 

Figure 2.2. Typical neutron cross-sections for materials used in neutron radiography ................8 

Figure 2.3. Neutron radiography concept ......................................................................................9 

Figure 2.4. Basic elements of a neutron radiography system ......................................................11 

Figure 2.5. Basic collimator shapes.............................................................................................12 

Figure 2.6. Divergent collimator .................................................................................................14 

Figure 2.7. Diagram of geometric unsharpness in radiography ..................................................15 

Figure 2.8. Bragg scattering diagram ..........................................................................................21 

Figure 2.9. Transverse phonon modes.........................................................................................24 

Figure 2.10. Side view of a typical Mark I TRIGA reactor ..........................................................31 

Figure 2.11. Mark II TRIGA .........................................................................................................33 

Figure 2.12. Mark III TRIGA ........................................................................................................34 

Figure 2.13. Photograph of the GSTR core ...................................................................................35 

Figure 2.14. MINER facility .........................................................................................................38 

Figure 2.15. Cut-away rendering of the MINER facility as installed at the GSTR ......................41 

Figure 2.16. MINER facility controls ...........................................................................................42 

Figure 2.17. Bright field image produced by the current beamline showing flux distortion ........43 

Figure 2.18. Construction of a composite image from several exposures ....................................45 

Figure 3.1. Geological Survey TRIGA Reactor core ..................................................................53 

Figure 3.2. Side view of a typical Mark I TRIGA reactor ..........................................................55 

Figure 3.3. Cut-away rendering of the MINER facility as installed at the GSTR ......................56 

Figure 3.4. Bright field image with visible flux distortion produced by the current            
beamline ....................................................................................................................59 

Figure 3.5. Schematic of collimator model used in the beam divergence study .........................60 

Figure 3.6. Variance reduction surfaces used with the full size collimator model .....................63 

Figure 3.7. MCNP source characterization models .....................................................................65 

Figure 3.8. Neutron current at the tube entrance as a function of off-normal angle ...................67 

Figure 3.9. Neutron current at the tube exit as a function of off-normal angle ...........................67 

Figure 3.10. Neutron energy distribution at the entrance to the pre-collimator ............................69 

Figure 3.11. Neutron energy distribution at the exit of the pre-collimator ...................................69 



viii  

 

Figure 3.12. Umbral and penumbral angles ..................................................................................71 

Figure 3.13. Angular distribution of neutron current at the exit of an 8.32 m beam tube .............72 

Figure 3.14. Angular distribution of neutron current at the exit of a 4.66 m beam tube ...............73 

Figure 3.15. Angular distribution of neutron current at the exit of a 1.91 m beam tube ...............74 

Figure 3.16. Neutron flux profiles at the collimator exit ...............................................................80 

Figure 3.17. Cross-sectional side views of the GSTR showing four possible beamline     
locations ....................................................................................................................82 

Figure 3.18. Neutron flux 50 cm above the top of the top of the reflector as a function of the          
beamline positions in Figure 3.17 at a reactor power of 950 kW .............................82 

Figure 3.19. Location of the graphite collar ..................................................................................84 

Figure 3.20. Neutron flux 50 cm above the top of the top of the reflector as a function of  
graphite collar radial thickness at a reactor power of 950 kW .................................84 

Figure 3.21. Neutron flux 150 cm above the top of the reflector as a function of graphite      
collar height at a reactor power of 950 kW...............................................................85 

Figure 4.1. Side-view drawing of the current beamstop .............................................................92 

Figure 4.2. MCNP model used in the present beamstop analysis ...............................................93 

Figure 4.3. MCNP model used to calculate the neutron energy distribution ..............................95 

Figure 4.4. MCNP model used to calculate the expected neutron and gamma fluxes ................96 

Figure 4.5. Calculated dose rate profiles for the current beamstop with the original source     
and the reactor at 1 MWth .........................................................................................97 

Figure 4.6. Calculated dose rate profiles for the current beamstop with the new source and     
the reactor at 1 MWth ................................................................................................97 

Figure 4.7. Calculated dose rate profiles for the beamstop with a wider cavity, new source,   
and the reactor at 1 MWth .........................................................................................99 

Figure 4.8. Calculated dose rate profiles for a modified beamstop with an additional 3.175    
mm of lead and 15.24 cm of borated paraffin, with the reactor at 1 MWth ..............99 

Figure 4.9. Side-view drawing of the final beamstop design ....................................................100 

Figure 4.10. Calculated dose rate profiles for the final beamstop design with the reactor at 
1 MW th ....................................................................................................................101 

Figure 4.11. Binary visualization of the total dose rate for the final beamstop design with         
the reactor at 1 MW th ..............................................................................................101 

Figure 4.12. Beamstop support structure.....................................................................................103 



ix 

 

Figure 4.13. Examples of the series 25 80/20 extruded aluminum beams used in the   
construction of the experiment enclosure ...............................................................103 

Figure 4.14. Beamstop support structure modifications..............................................................105 

Figure 5.1. CAD drawing of the new beamline ........................................................................111 

Figure 5.2. Simply supported beam with a uniformly distributed load .....................................113 

Figure 5.3. Tensile and compressive forces in a loaded tube ....................................................115 

Figure 5.4. Conservative simplification of the area moment of inertia for a flanged joint .......115 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 

 

LIST OF TABLES 

Table 2.1.  Collimator lining materials ..........................................................................................16 

Table 2.2.  Neutron energy ranges .................................................................................................19 

Table 3.1.  Beam current results for the collimator configuration study .......................................77 

Table 4.1.  Energy distributions of the source particles in the beamstop analysis ........................94 

Table 4.2.  Angular distributions of the source particles in the beamstop analysis .......................94 

Table 5.1.  Physical properties of the beam tubes and bolts ........................................................114 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 
 

NOMENCLATURE 

A collimator inlet area 
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kB Boltzmann constant; a physical constant relating energy at the individual particle level to 
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L/D collimator length-to-inlet-diameter ratio; a simple, widely used measure of the quality of 
collimation provided by a beamline 
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CHAPTER 1 

INTRODUCTION 

Neutron radiography is a valuable non-destructive imaging technique for examining the 

internal structure of solid materials. It is based on the same principles of radiation attenuation as x-

ray radiography, but while x-rays are attenuated primarily by dense materials and heavy elements 

like bones and metal, neutrons interact primarily with lighter elements like hydrogen (Markgraf and 

Matfield, 1992). In this way the two imaging techniques are complimentary, and neutron 

radiography can have important advantages in many situations. Neutrons can be used to penetrate 

large thicknesses of dense materials which are opaque to x-rays, while remaining sensitive to small 

details that contain hydrogen or certain other light elements (Barton, 1976). Materials of similar 

density that would appear identical when using x-rays can have high contrast when using neutrons. 

Some neutron radiography techniques can be used to image highly radioactive objects without 

interference from gamma-rays (Barton, 1976). Applications of neutron radiography include: 

inspection of explosive cords used in pilot ejector mechanisms; inspection of gaskets, seals, and o-

rings inside metallic valves; confirmation that coolant channels in jet engine turbine blades are free 

of blockages; and screening of aircraft panels to detect low-level moisture or early stage corrosion in 

the aluminum honeycomb (Bossi, Iddings, and Wheeler, 2002). 

Having the capability to perform neutron radiography is therefore valuable as a means of 

non-destructive testing; and, in 2012, the Colorado School of Mines completed construction of a new 

neutron radiography facility. The MInes NEutron Radiography (MINER) facility is co-located with a 

nuclear research reactor owned by the United States Geological Survey (USGS), which acts as the 

neutron source. The initial goal of constructing the MINER facility was simply to establish a 

working radiography system; however, since finishing the facility and accumulating operating 
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experience, many opportunities for improvements have been identified, primarily regarding the 

neutron beamline. Some limitations of the current beamline are a large amount of non-uniformity in 

the imaging area, a small imaging area, and a lack of any adjustability of the beam through the 

addition of filters or apertures. 

The goal for this project is to evaluate design options for an improved neutron beamline for 

the MINER facility. The primary objectives are to: (1) determine the optimal beamline geometry by 

considering combinations of divergent versus straight collimators, absorber coatings, and the use of a 

pre-collimator, (2) evaluate the impact of a pre-collimator on the uniformity of the neutron current at 

the image plane, (3) examine the feasibility of increasing the neutron flux entering the beamline by 

surrounding the pre-collimator with graphite, and (4) evaluate the effectiveness of the current 

beamstop in conjunction with the new beamline. 

Chapter 2 provides background information for the topics discussed in this work, including 

an overview of the basic principles and methods of neutron radiography, a review of the various 

aspects of collimator design, a discussion of the physics of neutron filters, and a description of the 

current facilities and equipment used in this project. Chapter 3 discusses the computational analysis 

and design work that was performed using the nuclear transport code MCNP6.1 in pursuit of 

Objectives 1-3 above, and presents the results. This chapter also details the development of an 

accurate, surrogate neutron source for subsequent collimator modelling. Chapter 4 analyzes the 

effectiveness of the beamstop paired with the new beamline, and offers proposed modifications to 

the beamstop and experiment enclosure. Chapter 5 presents structural analysis performed to support 

the design of the new beamline, including a discussion of beamline stiffness and buoyancy. The 

appendices provide supplemental information. Appendix A discusses the effect fill gas and shutter 

location has on beam intensity. Appendix B lists the material compositions used to construct the 
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MCNP models in this project. Appendix C lists and describes the supplemental electronic files 

associated with this thesis. 

1.1. References 
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 (1976). 
 
Bossi, R. H., Iddings, F. A., and Wheeler, G. C., Nondestructive Testing Handbook, Vol. 4, 
 Radiographic Testing, ed. Moore, P. O., American Society for Nondestructive Testing, 
 Inc., USA (2002). 
 
Markgraf, J. W. F., and Matfield, R., “Neutron Beam.” Practical Neutron Radiography, ed. 
 Domanus, J. C., Kluwer Academic Publishers, Dordrecht, Holland (1992). 
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CHAPTER 2 

BACKGROUND 

Radiography is an imaging technique for examining the internal structure of solid materials 

using radiation other than visible light. It is based on the attenuation of radiation as it passes through 

matter, with different rates of attenuation based on the structure and composition of the object being 

imaged. The resulting radiation intensity pattern reveals clues about the internal makeup of the 

object and allows an image to be reconstructed. X-rays are the most common radiographic medium; 

however, other types of penetrating radiation such as neutrons can be advantageous for certain 

applications. X-rays are more readily attenuated by dense, high-Z materials like bones or metal, 

while neutrons tend to be attenuated more so by materials containing light elements such as 

hydrogen. This makes neutron radiography well-suited for examining explosives, fluids, rubber, 

plastics, adhesives, etc., especially when they are enclosed in a metal that is opaque to x-rays but 

virtually transparent to neutrons. Since neutron radiography is non-destructive, it can be very 

valuable for product quality assurance, and this technique typically sees application in the nuclear, 

aerospace, and military industries for inspecting critical components where early or unexpected 

failure could result in unacceptable damage or loss of life (Cutforth, 1976). 

2.1. Neutron Radiography Fundamentals 

As a beam of radiation passes through matter, the individual quanta can either interact with 

the material, or proceed unaffected. If an individual unit of radiation interacts with its environment, 

either through scattering or absorption, it is removed from the beam and the beam grows weaker. 

This is called “attenuation.” The Beer-Lambert law is an important physical principle linking the 

attenuation of radiation to the properties of the material through which the radiation is travelling. 

The first component of the Beer-Lambert law is known as Lambert’s law, which details the effect 
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material thickness has on the fraction of radiation that is absorbed (Olsen, 1975). The second 

component, Beer’s law, deals with the effect of concentration (Olsen, 1λ75). Taken together, they 

form the Beer-Lambert law which is essential to understanding radiation attenuation. 

Lambert’s law begins with the intuitively reasonable conclusion that each unit of length of 

material through which radiation passes absorbs the same fraction of radiation. Assuming a mono-

energetic beam of intensity I passing through a differential thickness db of material, this concept can 

be represented mathematically by the differential equation (Olsen, 1975): 

 � = − �  (2.1) 

The negative sign arises from the fact that I becomes smaller as b becomes larger and the 

proportionality constant k specifies the rate at which this occurs. Equation 2.1 can be rearranged to 

obtain (Olsen, 1975): 

 �� = −   (2.2) 

If I0 is the incident radiation intensity when b = 0, Equation 2.2 can be integrated 

 ∫ �� =�
�0 − ∫0  (2.3) 

to obtain (Olsen, 1975): 

 � ��0 = −  (2.4) 

Equation 2.4 can then be converted to the more familiar form of: 

 � = �0 −  (2.5) 

which describes the exponential attenuation of radiation as it passes through matter. The 

proportionality constant k has units of inverse length (e.g. cm-1) and its value for a given material 

depends on the wavelength of the incident radiation (Ingle and Crouch, 1988). 
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Beer’s law builds on the previous derivation with the idea that, in addition to thickness, 

radiation attenuation is also proportional to the concentration of the absorbing material. This allows 

the proportionality constant, also called the “attenuation coefficient,” to be expressed in terms that 

are independent of concentration. To accomplish this, the attenuation coefficient is typically divided 

by either the mass density or the atomic number density of a material. The resulting “mass 

attenuation coefficient” has units of area (per mass or per atom) and is commonly called a cross-

section (Olsen, 1975; Ingle and Crouch, 1988). Since the mass attenuation coefficient has units of 

area, it can be thought to represent the cross-sectional target area a material presents to incident 

radiation, hence the name “cross-section” (Lamarsh and Baratta, 2001). 

A distinctive property of neutrons, as implied by their name, is that they are electrically 

neutral. As a result, neutrons, unlike charged particles and electromagnetic radiation, interact 

primarily with atomic nuclei (via the strong force) rather than the surrounding orbital electrons 

(Herwig, 2009). The lack of interaction with electrons is what allows neutrons to penetrate deeply 

into matter, since most of the volume of matter is comprised of electron orbitals (Pynn, 2009). This 

fundamental difference in how neutrons interact with matter is the source of their usefulness as an 

imaging technique that is “complimentary” to x-ray radiography. X-rays are attenuated primarily 

based on the electron density of the material they are passing through (Nelson and Reilly, 1991). 

Materials with similar atomic numbers and densities tend to have similar electron densities making 

them difficult to distinguish using x-rays. Neutron attenuation, however, does not exhibit this 

dependence on electron density. The interaction probability between a neutron and the nucleus of an 

atom can vary widely between elements and even between isotopes of the same element, enabling 

neutrons to distinguish between materials that would appear identical to x-rays (Barton, 1976). This 

effect is illustrated in Figure 2.1. 
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Figure 2.1. Mass attenuation coefficients as a function of atomic number (Thewlis, 1956). 

The likelihood that a neutron will interact with a single atom is termed a cross-section (σ). 

Cross-sections are typically measured in units of “barns,” with 1 barn (1 b) = 10-24 cm2. Every 

possible type of neutron interaction with an atom (absorption, elastic scattering, inelastic scattering, 

fission, etc.) has its own characteristic cross-section, with the sum of these representing the overall 

interaction probability and termed the “total cross-section” (Lamarsh and Baratta, 2001). Cross-

sections are energy dependent but are typically highest at lower neutron energies (Barton, 2001). 

There can also be large resonances where the cross-section increases rapidly by as much as several 

orders of magnitude before decreasing back to its original level (Leeflang and Matfield, 1992). 

Figure 2.2 shows the total cross-section as a function of incident neutron energy for some 

elements that are commonly used in neutron radiography. The cross-sections are generally higher at 

low neutron energies and decrease as neutron energy increases. At higher neutron energies, there  
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Figure 2.2. Typical neutron cross-sections for materials used in neutron radiography (Von Der 
Hardt and Rӧttger, 1981). 

also tend to be sudden, large spikes in cross-section, referred to as resonances. To the left of each 

element is a number representing the approximate ratio of absorption to scattering for thermal 

neutrons. For reference, Figure 2.2 also includes an overlaid plot of a typical neutron energy 

spectrum seen in radiography, shown in units of percent on the right, vertical axis. 

As a neutron passes through matter, it has a specific probability of being scattered or 

absorbed based on the cross-section of the material at that particular neutron energy. The cumulative 

effect of this stochastic behavior, when occurring on a large enough scale (e.g. in a neutron beam at a 
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radiography facility), is the basis for radiographic imaging. As a neutron beam passes through an 

object to be imaged, neutrons are absorbed or scattered out of the beam path based on the internal 

structure and composition of the object. Then, the beam that emerges from the object enters a 

detector which records the radiation intensity that has been transmitted through each point in the 

object. Any defect in the object, such as a void, crack, or porosity, will show up as a change in 

radiation intensity reaching the detector. Thus, radiography is based on recording differences in 

radiation intensity caused by differences in sample structure or composition, and this basic principle 

is the same for all radiographic methods, regardless of whether x-rays, gamma-rays, or neutrons are 

used (Domanus, 1992). Figure 2.3 illustrates this concept for neutron radiography. 

2.2. Neutron Sources 

The most essential element of a neutron radiography system is certainly the neutron source; 

without it, this imaging technique would not be possible. Unfortunately, neutron sources are far more 

expensive to build and operate than x-ray sources, and experimental neutrons, despite their 

advantages, are utilized much less often than x-rays (Willis and Carlile, 2009). There are three major 

 

Figure 2.3. Neutron radiography concept. 
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types of neutron sources. In order of increasing intensity, complexity, and cost they are: 

radioisotopes, accelerators, and nuclear reactors (Hawkesworth, 1977). Radioisotope sources are 

constructed to take advantage of neutron-emitting reactions that occur when radiation from a 

radioactive isotope strikes a suitable target material—most use either (α, n) or ( , n) reactions. 

Isotopes that undergo spontaneous fission such as 252Cf are also useful as neutron emitters. This type 

of neutron source is very reliable and at least semi-portable, but low intensities greatly limit its use 

for neutron radiography. 

Particle accelerators can be used to generate neutrons by impinging a beam of charged 

particles on a target material and can typically achieve much higher intensities than radioisotope 

sources. Specific reactions of interest include 3H(d, n)4He, 2H(d, n)3He, and 9Be(d, n)10B. The best 

results have been achieved using positive ions; however, useful results have also been recorded by 

accelerating electrons into high Z materials and irradiating a target material with the resulting 

bremsstrahlung radiation. 

Nuclear reactors typically generate the highest thermal neutron intensities, and consequently 

produce the highest quality neutron radiographs (Greim, Leeflang, and Matfield, 1992). Radiography 

systems that use nuclear reactors as a neutron source have almost universally been retrofitted onto 

existing reactors for which neutron imaging was not part of the original design intent (Cutforth, 

1976). This ability to use neutrons as a “by-product” of reactors speaks to the relative simplicity of 

the concept, while also making the best neutron source more easily obtainable from a cost 

perspective. One drawback is that this arrangement clearly lacks portability, and any object one 

wishes to image must be brought to the reactor (Cutforth, 1976). 

Another important point to consider in evaluating neutron sources is the high -ray or x-ray 

radiation which may also be present in the beam. If the neutron detection method used is also 
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sensitive to high energy photons this will produce a neutron radiograph with a -ray image 

superimposed over the neutron image. This could potentially obscure useful information in the 

neutron radiograph (Berger, 1965). 

2.3. Neutron Beamline Design 

After the neutron source, the beamline is the most important part of a neutron radiography 

system. The beamline principally acts as a collimator to shape the neutron flux emerging from the 

neutron source into a coherent beam (Domanus and Greim, 1992). This is typically accomplished by 

passing a collimating tube through a breach in the shielding of the neutron source, allowing neutrons 

to stream down the tube in a manner analogous to a beam of light (Domanus and Greim, 1992). The 

desired result at the end of the beamline is that the neutrons are all travelling roughly parallel to one 

another so that they can be used to produce an intelligible image. Thus, since the beamline actually 

collimates the neutron source into a useable beam, its profound effect on the quality of a radiograph 

should come as no surprise. Figure 2.4 shows the basic elements of a neutron radiography system. 

 
Figure 2.4. Basic elements of a neutron radiography system (Domanus and Greim, 1992). 
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2.3.1. Collimator Geometry 

Recalling the light-beam analogy for a beamline/collimator, it is apparent that geometry is 

very important to the formation of a neutron radiography beam. In light of this, there are three major 

types of collimator with respect to shape: parallel-wall, Soller slit, and divergent (Cutforth, 1976).   

A simple diagram of these geometries is shown in Figure 2.5. 

The simple, parallel-walled design is the most straightforward, usually consisting of just a 

straight tube. This method is good at producing parallel neutrons; however, the usable area for 

imaging is typically small. The Soller slit collimator consists of many thin, closely-spaced, parallel 

sheets of neutron absorbing material which limits the out-of-plane divergence of the neutron beam. 

Two Soller slit collimators oriented 90º apart can produce a well-collimated neutron beam over a 

relatively short distance, however the slit structure greatly reduces the beam intensity and normally 

generates a grid-like artifact on the final image. A variation of the Soller slit collimator uses many 

small parallel tubes bundled together. This “soda-straw” design limits neutron divergence in every  

 

Figure 2.5. Basic collimator shapes. 
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plane simultaneously and is thus even more compact than the traditional arrangement, but has the 

same drawbacks related to beam intensity and image quality (Von Der Hardt and Rӧttger, 1981). 

A divergent collimator design has angled walls so that the cross-section gets larger further 

from the inlet. The cross-section can either be circular, square, or rectangular so that the overall 

collimator shape resembles a truncated cone or pyramid called a “frustum.” The diverging shape 

allows this type of collimator to have a large usable area for imaging while still generating a quality 

neutron beam capable of producing sharp images. Diverging walls made of neutron absorbing 

material help this type of collimator minimize geometric unsharpness due to neutron scattering. 

Some of the other advantages of a divergent collimator are: (1) the absence of masking lines on the 

radiograph caused by the dividing slits of a Soller slit-type collimator, (2) minimal displacement of 

moderator near the neutron source which can significantly affect the neutron intensity of smaller 

sources, (3) the absence of neutron reflection problems encountered with fine Soller slit collimators, 

and (4) the relative simplicity of manufacturing compared to a Soller slit-type collimator (Barton, 

1967). A neutron beam produced by this type of collimator will also clearly have a slight divergence 

which will tend to magnify the image. Due to their numerous advantages, divergent collimators are 

the most commonly used at neutron radiography facilities (Domanus, 1987). 

Figure 2.6 shows a simplified diagram of a divergent collimator with an inlet aperture D and 

collimator length L. The flux that emerges from the collimator can be calculated using the 

approximation (Domanus and Greim, 1992): 

 � = �0�� 2 (2.6) 

For a square collimator, A = D2 and Equation 2.6 can be written as: 

 � = �0 2� 2  (2.7) 
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Figure 2.6. Divergent Collimator. 

The ratio of neutrons at the entrance and exit of the collimator is thus: 

 �  � ��  �� = �0� = � ( )2
 (2.8) 

which gives an idea of how many neutrons are lost as a result of collimation (Domanus and Greim, 

1992). The quantity L/D is called the collimator ratio, and it is an important characteristic parameter 

of every collimator as it represents a simple way to quantify collimator resolution and efficiency 

(Von Der Hardt and Rӧttger, 1λ81). In order to characterize the geometric resolution of a particular 

collimator, Figure 2.7 displays a collimator where the object-to-detector distance, Lf, is very large 

compared to the source-to-object distance, Ls. 

Figure 2.7 shows that when a neutron source has finite width (as opposed to being a true 

point source) there will be a loss of resolution based on the geometry of the system. This is referred 

to as the geometric unsharpness (Ug), given by:  

 =  (2.9) 

Normally the object-to-detector distance is minimized by placing the object and detector as 

close together as possible so that Lf<<Ls and Ls≈L, which allows Equation 2.9 to be written as: 

 =  (2.10) 
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Figure 2.7. Diagram of geometric unsharpness in radiography. 

This indicates that the geometric unsharpness is dependent on the collimator ratio L/D, 

decreasing as this ratio increases. Thus a longer collimator with a smaller inlet will produce a sharper 

image. 

It is essential to have the highest possible neutron flux at the end of the collimator in order to 

minimize the time required to record an image. From Equation 2.8, this condition requires a larger D 

and a shorter L, in direct contrast to the geometric requirements of a sharp image. Image sharpness 

and exposure time are therefore competing factors and for every collimator a compromise must be 

found (Domanus and Greim, 1992). Minimum L/D values are normally cited to be in the 50-100 

range, while the advantage of increasing beyond 300 is generally minimal (Cutforth, 1976; Von Der 

Hardt and Rӧttger, 1λ81). 

2.3.2. Collimator Lining 

A collimator must produce a beam of neutrons all travelling in roughly the same direction 

from a source in which neutrons are travelling in many different directions. Ideally, every neutron 

that touches the walls of the collimator will be absorbed and removed from the beam, thus leaving 

only the neutrons that are already travelling along the collimator axis. In reality, however, some 

neutrons will inevitably scatter off the collimator walls and back into the beam, thereby lowering 
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image resolution. To reduce this effect, collimator walls are sometimes lined with a neutron 

absorbing material. Table 2.1 lists some common elements used for this purpose. 

These elements can be used individually, in combination, or can be compounded/alloyed 

with other materials in order to make it easier for them to be machined into useful shapes. An 

important consideration in choosing a lining material is the extent to which it emits gamma-rays 

during neutron bombardment. This unwanted secondary radiation may require additional shielding 

and can also greatly reduce the radiographic contrast for direct film exposure techniques. Additional 

factors to consider include chemical reactivity and cost, which can render an otherwise attractive 

element unusable. 

2.3.3. Fill Gas 

The attenuation of neutrons by the atmosphere inside the beamline must also be taken into 

account. Neutron intensity decreases by about 5% m-1 in air whereas in helium such losses are <1% 

m-1 (Domanus and Greim, 1992). It is therefore common practice to backfill beamlines with helium 

to reduce the loss in neutron intensity due to scattering off the fill gas. 

Table 2.1. Collimator lining materials. 
Z Name Isotope 

involved in 
reaction 

Relative 
natural 

abundance 

Absorption 
cross-section for 
thermal neutrons 

(barns) 

Secondary 
radiation 

Chemical 
reactivity 

Relative 
cost 

5 Boron B-10 19.9% 3,840 Medium Low Medium 
48 Cadmium Cd-113 12.22% 20,600 High Low Low 
49 Indium In-115 95.71% 203 High Low Medium 
63 Europium Eu-151 47.81% 9,204 High Medium High 
64 Gadolinium Gd-155 

Gd-157 
14.80% 
15.65% 

61,000 
255,000 

Low Medium Medium 

66 Dysprosium Dy-164 28.18% 2,700 Medium Low Medium 
79 Gold Au-197 100% 98.7 Medium Low High 
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2.3.4. Beam Shutter 

A neutron radiography system requires a breach in the shielding of a neutron source to allow 

neutrons to reach the imaging plane. This presents obvious issues with respect to radiation safety. 

Neutron sources at research facilities are typically multipurpose and so are likely to be up and 

running even when the radiography system is not in use. It is therefore necessary to have some 

mechanism to open and close the neutron beam at will. This mechanism is called the “beam shutter” 

and acts by moving radiation shielding into or out of the beam path. There are many solutions to this 

problem and consequently beam shutter design is unique to every radiography facility, based on the 

individual system characteristics (Domanus, 1987). 

Shutters need to shield against all types of radiation coming from the neutron source, 

including  and , so they are typically constructed out of dense, high-Z materials like lead, although 

neutron absorbers and moderating materials are also sometimes used (Domanus, 1987). A distinctive 

type of shutter used by in-pool beamlines exploits the water-based shielding of the neutron source. 

To close the beam, all or part of the beamline is flooded with water from the shielding pool. To open 

the beam this same water is evacuated pneumatically (Craft and King, 2014), providing an elegant 

solution to a potentially complex design challenge. 

2.3.5. Aperture 

The aperture marks the beginning of the collimator. It is made of neutron absorbing materials 

with a hole to pass only a precise-width beam of neutrons into the collimator. It is an important 

component of a neutron radiography system because its primary dimension “D” partially defines the 

collimator ratio which, as previously discussed, is a significant characteristic attribute of every 

collimator. Given that the “L” of a collimator is generally fixed, the aperture represents the only way 

to adjust the L/D parameter. It is therefore advantageous to design the aperture to be adjustable to 
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allow the collimator ratio to be modified to suit the specific needs of a radiographic specimen with 

respect to exposure time and image sharpness. The aperture is typically made of the same types of 

neutron absorbing materials as used for the collimator lining, listed in Table 2.1 (Von Der Hardt and 

Rӧttger, 1981; Domanus and Greim, 1992). 

2.3.6. Neutron Filters 

An important goal in the design of a neutron radiography system is the production of a 

neutron beam that reveals the interior structure and composition of a material with the highest 

possible contrast. Greater visible detail means more information is available about the object being 

imaged, and ultimately means a more useful neutron beam (Barton, 2001). 

The neutron interaction cross-sections of a particular material are dependent on the energy of 

incident neutrons, as discussed in Section 2.1. This dependence of cross-section on neutron energy 

allows a neutron beam to be “tailored” for specific radiographic purposes. Maximum contrast can be 

achieved by adjusting the energy of the neutron beam to a level that is optimal for a particular 

application. 

The idea of fine-tuning a stream of particles is (from a taxonomic viewpoint) naturally 

associated with the concept of physical filters. Consequently, materials which are used to control the 

energy of a neutron beam are typically referred to as “filters.” A neutron filter is designed to 

primarily transmit neutrons in a specific, desirable energy range which can be either narrow or wide 

(Willis and Carlile, 2009). Thermal neutrons are typically desired for most applications owing to 

their (generally) larger cross-sections. Thermal neutrons (in contrast to the fast neutrons emitted by 

fission) are neutrons that have slowed down through collisions with moderating material until they 

are in thermal equilibrium with their surroundings. These neutrons are generally assumed to behave 

as an ideal gas, having a Maxwell-Boltzmann energy distribution. The most likely velocity of 
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thermal neutrons at 293.6 K is 2,200 m/s which corresponds to an energy of 0.0253 eV and a 

wavelength of about 0.180 nm (Lamarsh and Baratta, 2001). Typical definitions of neutron energy 

ranges of interest in neutron radiography are listed in Table 2.2. 

The main methods of neutron beam “filtration” are absorbing the unwanted beam 

components and/or scattering them out of the beam path (Willis and Carlile, 2009). These methods 

are discussed in the following sections. 

2.3.6.1. Absorption 

Most materials exhibit larger absorption cross-sections at lower neutron energies making it 

possible to design a filter which only transmits higher energy neutrons. Such filters are useful in the 

field of fast neutron radiography, where high-energy neutron beams are used to image large 

biological (or other hydrogen containing) samples. Higher penetrating fast-neutrons are required in 

these cases because the mean free path of the neutron must be comparable to the thickness of the 

object to be imaged (Dühmke and Greim, 1983a; Dühmke and Greim, 1983b). Cadmium is an 

example of a very effective thermal neutron absorber that is nearly transparent to higher energy 

neutrons. As can be seen in Figure 2.2, the total cross-section of cadmium exhibits an abrupt drop-

off as neutron energy increases. This is referred to as the “cadmium-cutoff,” and is usually assumed 

to be around 0.4 eV (Spowart, 1968). Some materials also have sharp resonances at higher energies  

Table 2.2. Neutron energy ranges (Carron, 2006). 
Name Energy Range Wavelength 
Cold <0.025 eV >0.181 nm 

Thermal 0.025 eV 0.181 nm 
Epithermal 0.0β5‒0.4 eV 0.181‒0.045 nm 
Cadmium 0.4‒0.6 eV 0.045‒0.0γ7 nm 

Epicadmium 0.6‒1.0 eV 0.0γ7‒0.0βλ nm 
Slow 1‒10 eV 0.0βλ‒0.00λ05 nm 

Resonance 10‒γ00 eV 9.05×10-3‒1.65×10-3 nm 
Intermediate γ00 eV‒1 MeV 1.65×10-3‒2.86×10-5 nm 

Fast 1‒β0 MeV 2.86×10-5‒6.36×10-6 nm 
Relativistic >20MeV <6.36×10-6 nm 
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which can be used to selectively remove a monochromatic band from the neutron energy spectrum. 

Indium, with a large resonance at 1.4 eV, is a particularly good example. When combined, cadmium 

and indium form an epithermal imaging system which has been shown to be advantageous for 

radiographing nuclear fuel (Spowart, 1968). 

2.3.6.2. Scattering 

Most neutron beam filtration consists of removing higher energy neutrons to produce a beam 

of thermal (or in some cases cold) neutrons due to the generally higher achievable contrast possible 

with lower energy neutrons. Large, highly-perfect, single crystals are typically used for this purpose 

due to their ability to preferentially transmit low energy neutrons, scattering unwanted fast neutrons 

out of the beam path (Brockhouse, 1959; Stamatelatos, and Messoloras, 2000). 

The repeating structure of a crystal can be used as a diffraction grating to scatter neutrons 

based on their wavelength (i.e. energy). It is well known that neutrons exhibit wave-like behavior 

under certain conditions. In particular, when an obstacle in the path of a neutron is comparable in 

size to the wavelength of the neutron, diffraction is observed (Alexandrov, 1992). The “wavelength” 

of a neutron refers to the de Broglie wavelength: 

 � = ℎ/� (2.11) 

However, neutron transmission is not based solely on diffraction; the total neutron cross-

section of a crystal is comprised of five main components: neutron capture, incoherent scattering, 

Bragg scattering, thermal diffuse scattering, and paramagnetic diffuse scattering (Brockhouse, 1959). 

If a crystal material is chosen which has a low propensity for neutron capture, incoherent scattering, 

and paramagnetic diffuse scattering, then the total cross-section is based predominantly on Bragg 

scattering and thermal diffuse scattering. Such a material could then be used to preferentially scatter 

or transmit neutrons via Bragg scattering and/or thermal diffuse scattering. Some materials that have 
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been proposed which could meet these criteria are quartz, calcite, fluorite, beryllium, bismuth, and 

cerium (Brockhouse, 1959). Bragg scattering and thermal diffuse scattering are discussed in the 

following sections. 

2.3.6.2.1. Bragg Scattering 

Diffraction from a periodic array of atoms in a crystal lattice is known as “Bragg scattering.” 

The angles at which scattered particles interfere constructively to produce regions of relative 

intensity or “diffraction peaks” are given by Bragg’s lawμ 

 �� = sin � (2.12) 

Figure 2.8 illustrates the concept of Bragg’s law. When a beam of radiation strikes an array 

of atoms with spacing d at angle θ, some of the radiation is elastically scattered at the surface while 

some of the radiation continues to the next atomic plane before being elastically scattered. The 

radiation scattering off the atom at point B in Figure 2.8 travels an additional distance of “2dsinθ” as 

compared to the radiation scattering off the atom at point A. If this additional distance is an integer 

(n) multiple of the wavelength, the radiation will continue to be in phase and interfere constructively 

(Wahab, 2009). 

 

Figure 2.8. Bragg scattering diagram. 
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It is important to note that there is a maximum wavelength above which Equation 2.12 

cannot be satisfied and Bragg scattering does not occur, given by: 

 � � = � (2.13) 

This is known as the Bragg cut-off wavelength, or simply the Bragg cut-off (Copley, 2001; Willis 

and Carlile, 2009). The Bragg cut-off typically occurs in the range of 0.4-0.8 nm for most materials 

(Shirane, Shapiro, and Tranquada, 2002). From Table 2.1, this is in the sub-thermal region of the 

neutron energy spectrum, indicating that neutron filters based solely on Bragg scattering are only 

useful for producing sub-thermal neutron beams. A related observation is that Bragg scattering 

affects neutrons in the thermal and sub-thermal energy regions much more so than higher energy 

neutrons. 

2.3.6.2.2. Thermal Diffuse Scattering 

Thermal diffuse scattering is an inelastic scattering process (meaning a neutron either gains 

or loses kinetic energy) caused by neutrons interacting with thermal vibrations in a crystal lattice. 

The dynamics of crystal lattice vibrations are very complex. Rather than acting as isolated, 

individually oscillating bodies, the movement of one atom affects its neighbors through interatomic 

binding forces, sending vibrational waves through the entire crystal (Ghatak and Kothari, 1972). 

These vibrational waves are quantized in a manner analogous to photons and are fittingly called 

“phonons” (Jensen, 1964). When a neutron undergoes thermal diffuse scattering it either transfers 

energy to the crystal lattice generating one or more phonons, or absorbs phonons thereby gaining 

energy. An interaction in which no phonons are generated or absorbed corresponds to elastic 

scattering, such as seen in Bragg scattering (Ghatak and Kothari, 1972). 

The thermal diffuse scattering cross-section is temperature and wavelength dependent, 

approaching zero with decreasing temperature and increasing neutron wavelength (Brockhouse, 
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1959). Thus, the scattering effect on thermal neutrons due to lattice vibrations can be reduced by 

cooling the crystal to minimize the thermal energy available to manifest as phonons. A useful 

parameter for quantifying the abundance of phonons in a crystal is the Debye temperature (θD), given 

by: 

 �� = ℎ��  (2.14) 

νm is the maximum allowed vibrational frequency of the crystal, given by (Ghatak and Kothari, 

1972): 

 � = √ � ∙3
 (2.15) 

The Debye temperature represents the point at which the highest possible normal mode of 

vibration in a crystal begins to be excited. Below this temperature higher vibrational modes will 

begin to be “frozen out” (Brüesch, 1λ8β). The highest normal vibrational mode corresponds to the 

shortest possible wavelength phonon, which is limited by the atomic spacing of the crystal as shown 

in Figure 2.9. 

Said another way, the Debye temperature is the point at which the highest energy phonons 

can be produced (Willis and Carlile, 2009). It should also be noted that the overall phonon 

population is a distinct concept from the phononic energy spectrum, and that the total number of 

excited phonons increases with increasing temperature (Brüesch, 1982). 

It is therefore important for the operating temperature of a crystal neutron filter to be much 

lower than its Debye temperature in order to minimize the phononic lattice excitation and thus 

minimize the amount of thermal diffuse scattering (Willis and Carlile, 2009). In some cases this 

entails cooling the crystal during operation; however, some materials with high Debye temperatures,  
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Figure 2.9. Transverse phonon modes. 

such as sapphire (Al2O3), are effective filters at room-temperature and do not require any special 

cooling (Barton, 2001). 

It is important to note that while the thermal diffuse scattering cross-section decreases with 

decreasing neutron energy it remains high for high incident energies, with multiphonon scattering 

being the dominant scattering process for fast neutrons (Shirane, Shapiro, and Tranquada, 2002). 

Thermal diffuse scattering is therefore the primary mechanism which allows highly-perfect crystals 

to act as filters that preferentially pass thermal neutrons. 

2.3.6.2.3. Other Considerations 

Generally speaking, actual crystals that are used as neutron filters differ from ideal crystals 

by containing a large number of defects. Rather than consisting of a single, continuous, perfect 
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crystal lattice, most available highly-perfect crystals have a “mosaic” structure made up of many 

small, perfect crystal blocks that are only slightly misoriented from one another (Bloss, 1971). This 

mosaic structure results in a greater number of Bragg-angle orientations being available to scatter 

neutrons, so that the aggregate crystal produces much more Bragg scattering than an ideal crystal 

would (Willis and Carlile, 2009). As crystal perfection increases, the portion of a neutron beam lost 

to Bragg scattering decreases (Adib et al., 2005). 

2.3.6.2.4. Potential Thermal Neutron Filters 

There are a number of materials whose nuclear properties indicate they could potentially 

make good thermal neutron filters. Some of the most promising candidates that have been 

investigated to date include quartz (SiO2), bismuth, beryllium, magnesium oxide (MgO), and silicon; 

however, sapphire (Al2O3) has been shown to present the best combination of properties (Nieman, 

Tennant, and Dolling, 1980; Barton, 2001). 

Sapphire has a neutron transmission peak that spans the thermal and sub-thermal energy 

regions, with the maximum transmission rate corresponding to neutrons with wavelengths around 

0.2 nm (0.020 eV) (Mildner, Arif, and Stone, 1993; Mildner, and Lamaze, 1998). As previously 

mentioned, liquid nitrogen cooling is sometimes used to improve the neutron transmission 

characteristics of crystal filters. Sapphire, however, exhibits little change in its neutron attenuation 

properties from 300K to 80K (as evident from its high Debye temperature), and is comparable even 

at room temperature to other filters that have been cooled (Nieman, Tennant, and Dolling, 1980). 

Thus, sapphire filters typically do not require cooling to be effective, unless the very lowest energy 

neutrons are desired. This presents an important practical advantage when designing a neutron 

radiography system. 
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In the past, neutron filtration was hindered by the limited ability to manufacture highly 

perfect crystals. Crystals with a high enough degree of perfection were either simply unavailable or 

else cost prohibitive. Even when available, crystals would typically have a large mosaic spread that 

required rotational adjustment or “tuning” to minimize the Bragg scattering and achieve the 

maximum transmission. Presently, crystal manufacturing has progressed to the point where this is 

typically no longer necessary; highly perfect crystals that do not require tuning are readily available 

and affordable (Nieman, Tennant, and Dolling, 1980; Mildner, Arif, and Stone, 1993; Barton, 2001). 

Even lower grade sapphires available from many crystal manufacturers are sufficiently perfect that 

they do not require any tuning (Mildner, and Lamaze, 1998). 

Neutron filters made of sapphire have also been shown to be long-lasting. After being 

subjected to a fast neutron fluence of 2×1017cm-2, thermal neutron fluence of 3×1018cm-2, and -ray 

exposure of 2×109 R, the neutron transmission characteristics of sapphire are not altered even for 

lower grade crystals, despite being heavily discolored (Mildner, and Lamaze, 1998). 

2.4. Neutron Imaging Methods 

There are many neutron imaging methods available when performing neutron radiography. 

Similar to x-ray radiography, neutron radiography has, until recently, been a predominantly film-

based technique (Domanus et al., 1992). Neutrons cannot directly expose film due to their highly 

penetrating nature, so they must first be converted to a more directly detectable radiation, such as 

charged particles or light (Leeflang and Markgraf, 1992). This is typically accomplished by using a 

converter foil, which interacts with incoming neutrons and emits a more easily detectable type of 

radiation. Neutron radiographic methods using converter foils can be split into two categories: direct 

and indirect (or transfer) methods. 
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In the direct method, the film and the converter foil are sandwiched together and placed 

together in the neutron beam. This allows the secondary radiation produced in the converter foil to 

immediately expose the film; but, it has the disadvantage of being vulnerable to other 

electromagnetic radiation (usually gamma-rays) that may also be present in the neutron beam. The 

gamma-rays in the beam can cause blurring and obscure subtle details in the radiographic image 

(Domanus et al., 1992). 

The indirect method eliminates this issue by irradiating only the converter foil in the neutron 

beam. First, the converter foil is placed behind the object to be imaged and exposed to the neutron 

beam. The resulting neutron activation pattern in the foil correlates with the internal structure and 

composition of the object being imaged. The foil is then removed from the beam and pressed against 

the film. The activation products in the foil decay away, producing beta and gamma radiation, and 

exposing the film which can then be developed to produce an image of the original object (Domanus 

et al., 1992). The difficulty with this method arises from the need to quickly transfer the activated 

converter foil to the unexposed film under darkroom conditions. 

In addition to film techniques, digital imaging methods are becoming more prevalent 

(Lehmann et al., 2004). These methods offer a variety of advantages including avoiding the need for 

film-handling or a darkroom, and the possibility of real time imaging. In addition, current digital 

neutron imaging technology can also offer image resolution that is close to that of film (Lehmann et 

al., 2004). Some of the most common digital imaging methods for neutron radiography include 

microchannel (or alternatively, “multichannel”) plate detectors (MCP) and neutron cameras. 

A microchannel plate detector consists of a slab of thin material that contains many small, 

parallel tubes or “channels.” The channels typically have a diameter on the order of 10 m and are 

spaced a few microns apart (Tremsin et al., 2011). A potential difference of 500-1000 V is applied 
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across the plate so that each channel acts as an electron multiplier (Bossi, Iddings, and Wheeler, 

2002). The plate material is doped with a neutron absorber such as 10B or 157Gd to make the detector 

neutron sensitive (Siegmund et al., 2007). When a neutron interacts with the plate, a charged particle 

is released, ultimately causing an electron cascade (Bossi, Iddings, and Wheeler, 2002). By 

monitoring the electric current output by each channel, an image can be generated where the spatial 

resolution is limited by the spacing of the individual channels. 

A neutron camera is an imaging system based on digital camera optics and a neutron 

sensitive scintillation screen. The central optical component is a charge-coupled device (CCD) which 

converts the electric charge produced by incoming photons to a digital signal (Bossi, Iddings, and 

Wheeler, 2002). A scintillation screen converts neutrons into detectable light which are then detected 

by the CCD camera and recorded (Bossi, Iddings, and Wheeler, 2002). Advantages of this type of 

system are its simplicity and ability to generate real time images; however, one drawback is that 

some of the components can be susceptible to radiation damage. Consequently, many systems use 

mirrors to take sensitive camera optics out of the beam path and reduce the likelihood of radiation 

damage. 

2.5. Facilities and Equipment 

At present, the Colorado School of Mines (CSM) owns and operates a first generation 

neutron radiography system. The radiography system is co-located with a USGS nuclear research 

reactor known as the Geological Survey TRIGA Reactor (GSTR) in Lakewood, Colorado. The 

following sections discuss the associated facilities and equipment that are relevant to this work. 

2.5.1. TRIGA Reactors 

The General Atomics Division of General Dynamics Corporation designed the Training, 

Research, Isotopes, General Atomics (TRIGA) reactor in the 1λ50’s with the goal of creating an 
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“inherently safe” nuclear reactor, i.e., they sought to create a reactor whose safety was guaranteed by 

the very laws of nature rather than by administrative or engineered safety controls (Fouquet, Razvi, 

and Whittemore, 2003). As a starting point, the objective of the design team working under Edward 

Teller was to create a reactor that, “…if it was started from its shut-down condition and all its control 

rods instantaneously removed, it would settle down to a steady level of operation without melting 

any of its fuel…” (Dyson, 1λ7λ). This was accomplished through the unique design of the TRIGA 

reactor fuel.  

When neutrons are first released by fission they are emitted at very high energies and must be 

slowed down or “moderated” before they can effectively cause further fission (Markgraf and 

Matfield, 1992). This is accomplished by the high energy neutrons undergoing a series of collisions 

with lower energy surrounding materials (Lamarsh and Baratta, 2001). In a conventional reactor this 

moderation is provided by water (or, more specifically, the hydrogen component of the water) which 

bathes the core and also acts as coolant (Lamarsh and Baratta, 2001); however, in a TRIGA reactor a 

significant amount of the moderation is provided by hydrogen that is embedded in the fuel elements 

themselves, which are made of a fine metallic dispersion of uranium in a zirconium hydride matrix 

(Simnad, 1981). As the power of the reactor increases, the temperature of the fuel (including the 

hydrogen component) increases, causing it to no longer act as an effective neutron moderator due to 

its increased thermal energy. This allows more neutrons to escape from the fuel without causing 

fission, which leads to a decrease in power (Simnad, Foushee, and West, 1976). The response time is 

very fast—on the order of milliseconds—which is faster than any engineered safety system could 

respond. This effect is called a “prompt negative temperature coefficient of reactivity” and is the 

source of the inherent safety that allows TRIGA reactors to be self-regulating (Fouquet, Razvi, and 

Whittemore, 2003). It is also what allows TRIGA reactors to be “pulsed.” 
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A unique feature of many TRIGA reactors is that they are able to pulse up to power levels 

thousands of times greater than steady-state and then return, in a few thousandths of a second, to a 

safe low power (Fouquet, Razvi, and Whittemore, 2003). When a TRIGA reactor is pulsed, a large 

amount of positive reactivity is quickly inserted into the core causing a large, but brief, power spike 

(Fouquet, Razvi, and Whittemore, 2003). This pulse is accompanied by an intense burst of neutrons 

and gamma-rays, making it possible to perform experiments that could not be done with steady-state 

research reactors (Fouquet, Razvi, and Whittemore, 2003). 

In addition to the large prompt negative temperature coefficient of reactivity, the UZrH fuel 

has several additional characteristics that contribute to safety, including excellent fission product 

retention and chemical stability. The thorough commitment to safety and simplicity in this 

innovative design ultimately led to the TRIGA reactor becoming the most widely used research 

reactor in the world (Simnad, Foushee, and West, 1976; Fouquet, Razvi, and Whittemore, 2003). 

2.5.1.1. Mark I TRIGA Reactors 

Historically, General Atomics supplied TRIGA reactors in three standard designs. The model 

with the simplest construction is known as the “Mark I.” It consists of a below-ground aluminum 

tank filled with demineralized water, and a graphite reflected core. Shielding is provided by the 

water and the surrounding soil, so these reactors normally do not require any special containment 

structure. Figure 2.10 shows a schematic of this type of reactor. Mark I TRIGAs are typically 

licensed to operate up to 1 MW, although their characteristic ability to pulse can allow them to 

briefly attain power levels that are much higher. The primary cooling mechanism is natural 

convection of the water in the tank; however, secondary forced cooling systems may also be utilized 

to allow for extended operation. The Mark I TRIGA design also includes a variety of irradiation 

facilities for conducting experiments including a high-flux central thimble, a pneumatic transfer  
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Figure 2.10. Side view of a typical Mark I TRIGA reactor. 
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system to quickly move samples in and out of the core, and a rotary specimen rack around the 

outside of the core that can accommodate up to 80 samples (Fouquet, Razvi, and Whittemore, 2003). 

2.5.1.2. Mark II TRIGA Reactors 

The Mark II  TRIGA reactor, shown in Figure 2.11, is an above-ground design with a core 

that is identical to the Mark I. The core is contained within a concrete shield structure that is filled 

with demineralized water, which facilitates natural convection cooling for operation up to 2 MW. 

Operation up to 3 MW is possible with forced cooling. The Mark II has the same irradiation facilities 

as the Mark I, plus four horizontal beam ports which pass through the concrete shielding to the 

reflector, and a graphite thermal column which serves as a well-thermalized neutron source. Early 

Mark II reactors also included an additional thermalizing column coupled with a separate water-

fi lled pool for shielding studies; however, many users have repurposed these facilities for other uses, 

such as dry neutron radiography rooms, due to the versatility afforded by their built-in shielding 

(Fouquet, Razvi, and Whittemore, 2003). 

2.5.1.3. Mark III TRIGA Reactors 

General Atomics also offers a Mark III reactor, depicted in Figure 2.12, which features a 

movable core on a gantry for maximum operational flexibility. The core can be moved to either end 

of the elongated reactor tank to be positioned near the equipment and instruments that are relevant to 

the particular experiments being conducted. One end of the tank is adjacent to a dry, multipurpose, 

walk-in experiment room, while the other is integrated with a thermal column and a series of beam 

ports. The core can also be positioned in the center of the tank to allow for other applications such as 

isotope production. As with earlier models, the Mark III TRIGA reactor design supports both steady-

state (2 MW) and pulsing modes of operation (Fouquet, Razvi, and Whittemore, 2003). 
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(a) Side view. 

 

(b) Top view. 

Figure 2.11. Mark II TRIGA (Kansas State University, 2015). 
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(a) Schematic details of a Mark III  TRIGA (Altamirano, Segovia, and Monnin, 1983). 
 

         

        (b) Mark III  TRIGA cut-away                                    (c) Photograph of Mark III                   
(Fouquet, Razvi, and Whittemore, 2003).                      TRIGA core (Hernández, 2012). 

Figure 2.12. Mark III TRIGA. 

2.5.2. Geological Survey TRIGA Reactor 

The United States Geological Survey owns and operates a nuclear reactor at the Denver 

Federal Center in Lakewood, Colorado. The reactor is a standard Mark I TRIGA design, and is 

referred to as the Geological Survey TRIGA Reactor (GSTR). The facility has been in operation 
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since February 1969 and is a non-power research reactor, which means that the reactor does not 

produce electricity, but rather is used as a source of neutrons to conduct nuclear tests and 

experiments (United States Geological Survey, 2009). The reactor is primarily used for neutron 

activation analysis, geochronology experiments, and radioisotope production, with a significant 

secondary mission being collaborative research with the Colorado School of Mines (DeBey, Roy, 

and Brady, 2012; United States Geological Survey et al., 2011). 

As described in the safety analysis report for the reactor, the GSTR is licensed to operate at a 

steady-state power level of 1 MWth and is capable of regularly pulsing up to 1600 MWth. The reactor 

core, shown in Figure 2.13, is fueled with low-enriched (i.e. <20% 235U) UZrH fuel rods that are 

arranged in six concentric rings. The top grid plate has 126 positions for fuel and control rods, 4 of  

 

Figure 2.13. Photograph of the GSTR core. 
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which are occupied by control rods and the remaining 122 are fuel. The total uranium content varies 

among the fuel rods which consist of a combination of: (1) stainless steel clad rods that are 8.5 wt% 

uranium, (2) stainless steel clad rods that are 12 wt% uranium, and (3) aluminum clad rods that are 8 

wt% uranium. Weight percentage (or mass fraction) is the ratio of the mass of one substance in a 

mixture to the mass of the total mixture. So, in the GSTR, 8-12% of the initial mass of the fuel 

material in each fuel rod is uranium, which has itself been enriched to about 19.75 wt% 235U. The  

core is surrounded by a graphite reflector 55.88 cm (22 in) high and 25.91 cm (10.2 in) thick (United 

States Geological Survey, 2009). The purpose of the reflector, as its name implies, is to reflect 

neutrons back into the core where they can potentially cause further fissions. A reflector is made out 

of moderating material and positioned around the core boundary to act as a buffer against the loss of 

neutrons. The result is that less fuel is required to achieve criticality, which allows the overall size of 

the reactor core to be reduced (Lamarsh and Baratta, 2001). 

Reactor power is controlled with four control rods (a regulating rod, two shim rods, and a 

transient rod), while temperature is regulated by a combination of natural convection and forced 

cooling. Natural convection removes heat from the core to the surrounding water in the tank, and has 

been shown to be sufficient for several hours of operation at maximum power. However, as a safety 

precaution and to facilitate increased operating time, heat is also removed from the tank water via an 

active cooling system that consists of a 350 gpm pump and a 1000 kW shell-and-tube heat exchanger 

(United States Geological Survey, 2009). 

The core itself rests at the bottom of an in-ground aluminum tank that has an aluminum liner 

which is filled with demineralized water. The liner is 7.70 m (25 ft 3 in) deep and has an OD of 2.31 

m (7 ft 7 in) while the tank has an OD of 2.44 m (8 ft) and a depth of 7.57 m (24 ft 10 in) (the liner 

extends approximately 12.7 cm (5 in) above the top of the tank). The water level is maintained at 
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least 4.88 m (16 ft) above the top of the core as an operating requirement and provides radiation 

shielding during reactor operation. A layer of concrete that is 1.22 m (4 ft) thick around the walls of 

the tank and 0.91 m (3 ft) thick below the tank provides additional shielding to the surrounding soil 

(United States Geological Survey, 2009). 

The reactor has several means of conducting irradiation experiments. The experimental 

facilities consist of the central thimble, a rotating specimen rack nicknamed the “lazy susan,” and 

several vertical irradiation tubes of varying sizes. The central thimble, visible in Figure 2.13, is a 

3.81 cm (1.5 in) OD, 0.211 cm (0.083 in) thick aluminum tube and, as its name implies, it extends 

from the reactor bridge straight down to the center of the core where the maximum neutron flux 

occurs. The central thimble is made up of three sections totaling about 8.69 m (28.5 ft) in length and 

is normally filled with water for shielding, although it can be filled with air for certain applications. 

The lazy susan, shown in Figure 2.13, is a ring-shaped sample holder around the perimeter of the 

core. It has 40 sample positions that can be continuously rotated around the reactor during irradiation 

so that each sample receives the same fluence. The rotating assembly rests in a groove in the 

graphite reflector and is housed in a water-tight aluminum casing (United States Geological Survey, 

2009). 

The reactor also contains several vertical irradiation tubes. There is a rack mounted to the 

exterior of the graphite reflector that can accommodate four sample tubes (“dry-tubes”), labeled R1-

R4; however, at present, only two positions are used (R1 and R3). These tubes can be used in 

conjunction with a pneumatic transfer system which can quickly send samples to and from the 

reactor, enabling researchers to work with extremely short-lived radioisotopes. These dry-tubes are 

slightly curved or bent in order to minimize radiation streaming from the reactor core. There is also a 
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20.32 cm (8 in) diameter, schedule 40 aluminum beam tube, and a 15.24 cm (6 in) OD pump tube 

which can accommodate larger samples (United States Geological Survey, 2009). 

2.5.3. MINER Facility 

The GSTR can host the CSM-constructed neutron radiography system known as the MInes 

NEutron Radiography (MINER) facility. The main components of the MINER facility include a 

neutron beamline and beamstop, an optical table, an experiment enclosure, and a computer control 

system to run the equipment (Craft and King, 2013). When installed, the facility, shown in Figure 

2.14, is situated in the reactor bay at the southwest edge of the reactor tank. It is relatively compact 

and can be disassembled and stored when not in use. 

The current beamline is made of 0.635 cm (0.25 in) thick 6061 aluminum alloy tubing with  

                         

                          (a) CAD drawing.                                                (b) Photograph. 

Figure 2.14. MINER facility. 
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an ID of 3.81 cm (1.5 in) and an OD of 5.08 cm (2 in). The beamline consists of three pieces (two 

3.66 m (12 ft) sections and one 1.22 m (4 ft) top section) that are joined by 5.08 cm (2 in) Swagelok 

connectors. The three-piece beamline design makes installation practical and allows the beamline to 

be dismantled more easily, thereby reducing its “footprint” and overall impact on GSTR operations. 

The source-end of the beamline is located tangent to the lazy susan and is held in place by an 

aluminum stand. The beamline is secured at the top of the reactor tank by a Teflon-lined clamp 

which allows the beam tube to slide vertically, accommodating thermal expansion in the aluminum 

tubing. The beamline is open at the bottom so that when it is not in operation it is filled with 

demineralized water from the reactor. Near the top, the beamline is connected to a pressurized 

helium tank that is used to open the beamline by filling it with helium gas to evacuate the water. The 

water therefore acts as the beamline shutter (Craft and King, 2014). 

The beamstop is a device designed to attenuate the neutron and gamma radiation coming 

from the beamline in order to minimize radiation dose in the reactor bay. The construction of the 

beamstop consists of a 30.48 cm (12 in) OD, 101.6 cm (40 in) long aluminum can filled with borax 

(Na2B4O7∙10H2O), mixed with paraffin wax which acts as a binder. This mixture is an excellent 

neutron absorber as it contains a significant amount of both boron and hydrogen. The front of the 

beamstop contains a 10.16 cm (4 in) OD, 20.32 cm (8 in) deep cavity with a cadmium cover to 

minimize scattered radiation leakage. The rear of the beamstop contains four 5.08x10.16x20.32 cm 

(2x4x8 in) lead bricks that act as a backstop for gamma radiation. The entire device weighs 140.6 kg 

(310 lbs) and mounts above the optical table to a support structure that allows it to be finely adjusted 

so that it is aligned with the beamline (Craft and King, 2014). 

An optical table is mounted just above the top of the beamline on a stand alongside the edge 

of the reactor tank. The stand bolts to the concrete floor surrounding the reactor tank and is 
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removable. This allows the MINER facility to be dismantled relatively easily and minimizes the 

impact on GSTR operations. The optical table provides a solid, vibration free surface which is well-

suited for radiography, where stability translates to improved image quality and consistency. The 

table has a 15.24 cm (6 in) wide slot that allows neutrons from the beamline to pass through and 

reach radiographic samples and instruments. A metric bench plate is affixed to the table-top and can 

be tilted to match the angle of the beamline so that equipment can be mounted perpendicular to the 

neutron beam. The standard construction of the bench plate allows a great deal of flexibility in 

experiment design (Craft, 2012). 

An experiment enclosure mounted to the top of the optical table prevents personnel from 

accessing the high radiation areas associated with the operating MINER facility and receiving an 

excessive radiation dose. Experiments are set up inside the enclosure and four doors (two on either 

side) allow for access. There is a snap-acting switch for each door to verify that the doors are closed 

before the beamline can be opened. There are also two photo-switches—one from the optical table to 

the beamline, and one from the optical table to the beamstop—to ensure the beamline and beamstop 

are properly aligned. If an experiment enclosure door is opened or part of the beamline/beamstop 

system becomes misaligned during operation of the MINER facility, the corresponding safety 

interlocks for these safety systems cut power to the gas pressure control system, closing the 

beamline. There is also a lower enclosure, visible in Figure 2.14 (b), which isolates the section of the 

beamline below the optical table to prevent access while the facility is operating (Craft and King, 

2014). A CAD drawing of the MINER facility as it is installed at the GSTR is shown in Figure 2.15 

with a cut-away view of the reactor tank to give some perspective of the facility dimensions. 

All of the electronic equipment which controls the operation of the MINER facility is housed 

in a modular 48.26 cm (19 in) rack adjacent to the optical table (see Figure 2.16). A LabView 
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Figure 2.15. Cut-away rendering of the MINER facility as installed at the GSTR. 

computer program controls the operation of the gas pressure control system and the movement of 

motorized stages for the imaging equipment and sample holders. The current NeutronOptics 

scintillator camera interfaces with AMCap image acquisition software to capture radiographic 

images. The camera settings are controlled via the network client “PuTTY.” The MINER facility can 

be controlled by an operator in the reactor bay using the computer in the 48.26 cm (19 in) rack, or 

the  facility can  be  run  remotely from  the control  room via  Ethernet  using  a  virtual  network 
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Figure 2.16. MINER facility controls. 

computing (VNC) client. The control computer has the software client “RealVNC” installed for this 

purpose. Remote operation of the MINER facility minimizes operator dose. 

2.6. Project Overview 

The MINER facility is a first generation radiography system, and as such it was expected that 

design problems and areas for potential improvement would be discovered as operating experience 

was accrued. The beamline in particular is the source of several issues that hinder image quality. The 

purpose of this project is to design a new beamline to resolve several of those problems. This section 

describes the issues with the current beamline, and spells out how solutions will be reached by this 

project. 

The most significant issue with the current beamline is the lack of beam straightness. The 

current beamline consists of three sections of circular aluminum tubing that join with threaded 

Swagelok connectors. The intent was to be able to disassemble and reassemble the beamline with 

relative ease (Craft and King, 2014); however, it has proven difficult to put the beamline back 
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together so that it consistently produces a good quality neutron beam. After reassembling the 

beamline, the imaging area exhibits a roughly gibbous shape with a noticeable intensity gradient 

instead of the uniform, circular area expected from the cross-section of the tube (see Figure 2.17). In 

addition, the dose rate around the MINER facility is significantly higher than previously measured. 

This suggests several potential causes. One possibility is that the tube sections are slightly 

misaligned so that the beam path is not straight, and neutrons are scattering off the walls of the 

beamline. This is certainly possible given the difficulty of precisely aligning Swagelok connectors, 

and would account for the truncated imaging area as well as the elevated dose rate. Another 

explanation is that the fully assembled beamline, which has a rather large length-to-width ratio, is 

flexing in the pool under its own weight so that even if the connection points are properly aligned, 

the beamline may not be providing a straight neutron path. Yet a third possible explanation is that 

the water which fills the beam tube and acts as the shutter, when evacuated, leaves a residue on the 

inside walls of the tube which causes excessive neutron scattering. This alone seems unlikely to be 

enough to entirely account for the imaging problems, but could worsen the effects of other 

contributors, and the reality is most likely some combination of the causes noted above. 

 

Figure 2.17. Bright field image produced by the current beamline showing flux distortion. 
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The new beamline will overcome this problem by addressing each of the three causes 

mentioned above. The new beamline will utilize flanged connections on each tube section to ensure 

alignment during assembly. A flanged design will produce a more reliably straight beam than the 

current Swagelok system. The new beamline will also have a larger cross-section in order to 

generate a larger imaging area. A beneficial side-effect of this modification is that the beam tube will 

have a larger area moment of inertia, which will result in the tube being stiffer. A stiffer tube will 

naturally have a lower tendency to bend, preserving beam straightness. In addition, the new beamline 

will have a shorter shutter than the current design; the rest if the tube will be backfilled with helium. 

This will reduce the neutron scattering effects caused by residual moisture on the walls inside the 

tube after the shutter is opened. 

As already mentioned, the size of the imaging area of the current beamline has been 

identified as a weakness that will be addressed by this project. The beamline currently consists of a 

3.81 cm (1.5 in) ID circular tube, which defines the shape of the beam and thus the imaging area. 

This cross-section limits the size of objects that can be radiographed. Objects larger than 3.81 cm in 

length or width can be imaged but this requires taking multiple images in a raster scan pattern and 

stitching them together, which is time consuming and can result in a lower quality image. Figure 

2.18 illustrates this process. Having a larger rectangular imaging area with a constant intensity will 

reduce the amount of time required to capture and process a composite image. 

The design of the beam shutter is another weakness that will be able to be addressed by this 

project. The beam shutter for the MINER facility utilizes the water in the reactor pool to close the 

beam when not in use. The current beamline is open at the bottom so when not pressurized the water 

level inside the tube returns to its equilibrium state, matching the level of the pool. Using the current 

system to pressurize the beamline and evacuate the entire ~7 m of tubing below the waterline takes  
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Figure 2.18. Construction of a composite image from several exposures. 

several minutes which can be relatively long depending on the amount of time the reactor is 

scheduled to run. In addition, moisture remaining on the inner walls of the tube can potentially cause 

unnecessary neutron scattering, lowering image quality. Incorporating a shorter section of shutter 

into the design of the new beamline will alleviate these issues. The new beamline will make it 

possible to use a shorter shutter by having a modular section design. A single 1.524 m (5 ft) section 

of tube can be isolated from the rest of the beamline and pneumatically controlled in the same way 

as the current beamline. This shorter shutter, while still providing adequate shielding, will 

significantly reduce the amount of the beamline interior that is exposed to water, and thus reduce the  

possibility of neutron scattering from residual moisture. It will also open and close faster than the 

current system. 

A further weakness of the current beamline is a lack of any adjustability of the beam through 

the addition of filters or modification of the aperture. Advanced neutron imaging facilities often have 

the ability to adjust certain beam characteristics to suit the specific task at hand through the addition 

of supplementary components that affect neutron behavior. For example, as discussed in Section 

2.3.6, the energy spectrum of the neutron beam can be adjusted by adding various filter materials to 

the beam path. The size of the inlet aperture, which is related to image sharpness and brightness, can 

also be changed to better support a particular activity (see Section 2.3.5). The MINER facility 
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currently lacks this type of versatility, which greatly limits its ability to be utilized for different 

applications. The new beamline will include the ability to modify or “tune” the beam by adding or 

removing various filters/apertures. This will be supported through a modular design that includes a 

pre-collimator, allowing specifically sized filters/apertures to be exchangeable. 
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FOR THE MINES NEUTRON RADIOGRAPHY FACILITY 
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An expanded version of a paper to be submitted to the Proceedings of the 8th International 

Topical Meeting on Neutron Radiography 
 

Abstract 

The Colorado School of Mines installed a neutron radiography system at the United States 

Geological Survey TRIGA reactor in 2012. An upgraded beamline could dramatically improve the 

imaging capabilities of this system. This project performed computational analyses to support the 

design of a new beamline, with the major goals of minimizing beam divergence and maximizing 

beam intensity. The new beamline will consist of a square aluminum tube with an 11.43 cm (4.5 in.) 

inner side length and 0.635 cm (0.25 in.) thick walls. It is the same length as the original beam tube 

(8.53 m) and is composed of 1.22 m (4 ft) and 1.52 m (5 ft) flanged sections which bolt together. The 

bottom 1.22 m of the beamline is a cylindrical aluminum pre-collimator which is 0.635 cm (0.25 in) 

thick, with an ID of 5.08 cm (2 in). Based on Monte Carlo model results, when a pre-collimator is 

present, the use of a neutron absorbing liner on the inside surface of the beam tube has almost no 

effect on the angular distribution of the neutron current at the collimator exit. The use of a pre-

collimator may result in a non-uniform flux profile at the image plane; however, as long as the 

collimator is at least three times longer than the pre-collimator, the flux distortion is acceptably low. 

Surrounding the pre-collimator with graphite can also provide a slight boost to the beam intensity 

(up to 15% in this case). 

 

                                                           
1 Graduate student and advisor, respectively. Colorado School of Mines, Nuclear Science and Engineering Program, 
1500 Illinois St, Golden, CO 80401. 
2 Primary researcher and author. 
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3.1. Introduction 

In 2012 the Colorado School of Mines (CSM) completed construction of a neutron 

radiography system, called the MInes NEutron Radiography (MINER) facility. The MINER facility 

is a first generation neutron radiography system, attached to a nuclear research reactor owned by the 

United States Geological Survey (USGS) (Craft and King, 2014). The Geological Survey TRIGA 

Reactor (GSTR), located in Lakewood, CO, is a Mark-I TRIGA reactor which acts as the neutron 

source for the MINER facility (United States Geological Survey, 2009; Craft and King, 2014). 

Several potential improvements to the MINER facility have been identified, particularly with 

respect to the neutron beamline. Some limitations of the current beamline include a lack of beam 

tube “straightness” (which leads to excessive scattering of the neutron beam), a small imaging area, 

and a need to adjust the properties of the beam through the addition of filters or apertures. This paper 

describes the computational analyses conducted to support the design of a new beamline to 

overcome these limitations. The analyses were performed using the Monte Carlo N-Particle (MCNP) 

transport code (Goorley, 2012), and are arranged into three main sections. First, the optimal 

collimator shape is investigated along with the potential advantages of lining the collimator with a 

neutron absorbing material to remove scattered neutrons and improve beam quality. Then, based on 

the chosen collimator geometry, the uniformity of the neutron beam intensity at the imaging plane is 

evaluated. Finally, the effectiveness of surrounding the lower portion of the beam tube with graphite 

to boost the beam intensity is examined. 

 The next section provides a description of the relevant facilities and equipment, followed by 

a description of the models used in this analysis to determine the optimal collimator shape/lining, an 

evaluation of neutron beam intensity at the imaging plane, and an investigation into the effectiveness 

of surrounding the lower portion of the beam tube with graphite to boost beam intensity. 
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3.2. Facilities and Equipment 

The MINER facility is co-located with a Training Research and Isotopes—General Atomics 

(TRIGA) reactor owned by the United States Geological Survey (USGS) in Lakewood, Colorado. 

Figure 3.1 displays the core of the Geological Survey TRIGA Reactor (GSTR) which acts as the 

neutron source for the MINER facility (United States Geological Survey, 2009). The GSTR is a 

typical Mark-I TRIGA design, consisting of a graphite reflected TRIGA core at the bottom of a 

below-ground aluminum tank filled with demineralized water (Fouquet, Razvi, and Whittemore, 

2003). The lazy susan, shown in Figure 3.1, is a ring-shaped sample holder around the perimeter of 

the core. It has 40 sample positions that can be continuously rotated around the reactor during 

irradiation so that each sample receives the same fluence. The central thimble, also visible in 

Figure 3.1, is a 3.81 cm (1.5 in) OD, 0.211 cm (0.083 in) thick aluminum tube which extends from  

 

Figure 3.1. Geological Survey TRIGA Reactor core. 
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the reactor bridge straight down to the center of the core where the maximum neutron flux occurs 

(United States Geological Survey, 2009). 

The GSTR is licensed to operate at a steady-state power of 1 MWth and is capable of pulsing 

up to 1600 MWth. Reactor power is controlled with four control rods (a regulating rod, two shim 

rods, and a transient rod, shown in Figure 3.1), while temperature is regulated by a combination of 

natural convection and forced cooling of the reactor pool (United States Geological Survey, 2009). 

The reactor uses uranium-zirconium hydride fuel which consists of a fine metallic dispersion 

of uranium in a zirconium hydride matrix (Simnad, 1981). A unique property of UZrH fuel is that a 

significant amount of neutron moderation is provided by the hydrogen that is embedded in the fuel 

elements (Simnad, 1981). This creates a very negative temperature coefficient of reactivity and 

allows the reactor to pulse up to power levels thousands of times greater than steady-state and then 

return, in a few thousandths of a second, to a safe low power (Fouquet, Razvi, and Whittemore, 

2003). 

Figure 3.2 shows a cut-away drawing of the reactor tank. The core rests at the bottom of an 

in-ground aluminum tank inside an aluminum liner which is filled with demineralized water. The 

liner is 7.70 m (25 ft 3 in) deep and has an OD of 2.31 m (7 ft 7 in) while the tank has an OD of 

2.44 m (8 ft) and a depth of 7.57 m (24 ft 10 in) (the liner extends approximately 12.7 cm (5 in) 

above the top of the tank) (United States Geological Survey, 2009). The water level is maintained at 

least 4.88 m (16 ft) above the top of the core as an operating requirement and provides radiation 

shielding during reactor operation. A layer of concrete that is 1.22 m (4 ft) thick around the walls of 

the tank and 0.91 m (3 ft) thick below the tank provides additional shielding to the surrounding soil. 

The MINER facility sits at the top of the reactor tank and includes a neutron beamline and 

beamstop, an optical table on a support stand, an experiment enclosure, and a computer control  
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Figure 3.2. Side view of a typical Mark I TRIGA reactor. 

system to run the various associated electronics. Figure 3.3 presents a cut-away view of the MINER 

facility as it is installed at the GSTR. The source-end of the beamline is situated close to the reactor 

near the lazy susan. When the reactor is running and the beamline is open, neutrons stream up the 

beam tube and are collimated into a beam. The neutron beam can then be used to perform imaging 

inside the experiment enclosure, before being attenuated to safe levels by the beamstop. 
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Figure 3.3. Cut-away rendering of the MINER facility as installed at the GSTR. 

The design of the reactor necessitates that any beamline must be quite long (>7 m). The 

current beamline is made of 0.635 cm (¼ in) thick 6061 aluminum alloy tubing with an ID of 

3.81 cm (1.5 in) and an OD of 5.08 cm (2 in). The beamline consists of two main ~3.66 m (12 ft) 

sections and a ~1.22 m (4 ft) top section that are joined by 5.08 cm (2 in) Swagelok connectors. The 

source-end of the beamline is located tangent to the lazy susan at the point indicated in Figure 3.1, 

and is held in place by an aluminum stand. A previous research project selected this location as 
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having the best combination of high neutron flux, high thermal neutron content, and low gamma 

radiation content (Craft and King, 2014). The beamline is secured at the top of the reactor tank by a 

Teflon-lined clamp which allows the beam tube to slide vertically, accommodating thermal 

expansion in the aluminum tubing. The beamline is open at the bottom so that when it is not in 

operation it is filled with demineralized water from the reactor. Near the top, the beamline is 

connected to a pressurized helium tank that is used to open the beamline by filling it with helium gas 

to evacuate the water (Craft and King, 2014). 

The beamstop is designed to attenuate the neutron and gamma radiation coming from the 

beamline in order to minimize radiation dose in the reactor bay (Craft and King, 2013). The 

beamstop (visible in Figure 3.3) consists of a 30.48 cm (12 in) OD, 101.6 cm (40 in) long aluminum 

can filled with borax (Na2B4O7∙10H2O), mixed with paraffin wax which acts as a moderator and 

binder (Craft and King, 2014). This mixture is an excellent neutron absorber as it contains a 

significant amount of both hydrogen and boron (Craft and King, 2014). The front of the beamstop 

contains a 10.16 cm (4 in) OD, 20.32 cm (8 in) deep cavity with a cadmium cover to minimize 

scattered radiation leakage (Craft and King, 2014). The rear of the beamstop contains four 

5.08x10.16x20.32 cm (2x4x8 in) lead bricks that act as a backstop for gamma radiation (Craft and 

King, 2014). The entire device weighs 140.6 kg (310 lbs) and mounts above the optical table to a 

support structure that allows it to be finely adjusted so that it is aligned with the beamline (Craft and 

King, 2014). 

An optical table, visible in Figure 3.3, is mounted just above the top of the beamline on a 

stand alongside the edge of the reactor tank. The stand bolts to the concrete floor surrounding the 

reactor tank and is removable (Craft and King, 2014). This allows the MINER facility to be 

dismantled relatively easily and minimizes the impact on GSTR operations. The optical table 
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provides a solid, vibrationally isolated surface which is well-suited for radiography, where stability 

translates to improved image quality and consistency (Craft and King, 2014). The table has a 

15.24 cm (6 in) wide slot that allows neutrons from the beamline to pass through to reach 

radiographic samples and instruments (Craft and King, 2014). A metric bench plate affixed to the 

table-top can be tilted to match the angle of the beamline so that equipment can be mounted 

perpendicular to the neutron beam (Craft, 2012). The standard construction of the bench plate allows 

a great deal of flexibility in experiment design. An experiment enclosure mounted to the top of the 

optical table prevents personnel from accessing the high radiation areas associated with the operating 

MINER facility. 

The beam tube of the current beamline does not provide a sufficiently reproducible straight 

path for the neutron beam. The multi-part construction of the beamline was intended to minimize the 

impact of the MINER facility on reactor operations by allowing it to be disassembled and 

reassembled with relative ease (Craft and King, 2014); however, it has proven difficult to put the 

beamline back together so that it consistently produces a good quality neutron beam. After the most 

recent reassembly of the beamline, the imaging area exhibited a distorted, gibbous shape with a 

noticeable intensity gradient instead of the uniform, circular area expected from the cross-section of 

the tube (Figure 3.4). A beam tube that is not sufficiently straight can cause excessive neutron 

scattering. This is most likely why the dose rate around the MINER facility was significantly higher 

after the most recent installation, compared to measurements taken after the beamline was first 

installed. This variability in beam quality limits the utility of the MINER facility. The new beamline 

needs to provide a beam tube that is not prone to misalignment, and which produces the least 

divergent (i.e. “straightest”) neutron beam possible. 
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Figure 3.4. Bright field image with visible flux distortion produced by the current beamline. 

3.3. Model Descriptions 

 In order to evaluate potential new collimator designs, an analysis performed using MCNP 

models examined the qualities of beams produced by different beam tube geometries. The models 

used for this analysis are described in the following sections. 

3.3.1. Collimator Model 

The MCNP collimator model used for this analysis, depicted in Figure 3.5, consists of a 

square aluminum tube having an 11.43 cm (4.5 in.) inner side length and 0.635 cm (0.25 in.) thick 

walls. The inner axial length of the tube varies between 0.91 m and 8.32 m, to provide six different 

cases for comparison—three separate collimator lengths, each with and without a 1 m pre-collimator. 

These models quantified the impact that the collimator length, as well as the use of a pre-collimator, 

has on beam intensity and angular distribution. When a pre-collimator is not included, the collimator 

length is extended by 1 m so that the nominal distance travelled by a neutron from the source to the 

image plane remains unchanged. The modelled collimator lengths were: 7.32 m (24 ft), 8.32 m 

(27.28 ft), 3.66 m (12 ft), 4.66 m (15.28 ft), 0.91 m (3 ft), and 1.91 m (6.28 ft). 
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Figure 3.5. Schematic of collimator model used in the beam divergence study. 
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The imaging end of the tube is closed with a 0.635 cm (0.25 in.) thick aluminum plate which 

is flush with the end of the collimator. The source-end of the tube is similarly “capped” with a 

0.635 cm (0.25 in.) thick aluminum plate, but has a 5 cm circular hole in the center to admit the 

source neutrons. When included, the pre-collimator consists of a 1 m long, circular aluminum tube, 

with a 5 cm inner diameter and 0.5 cm thick walls. The neutron source is placed either at the far end 

of the pre-collimator or at the entrance to the collimator depending on the case being analyzed (i.e. 

“with” or “without” the pre-collimator).  

The model also includes three cells along the inner walls of the collimator (lengthwise) 

which can be used to simulate lining materials. These cells are visible in the inset detail in 

Figure 3.5. The thicknesses of these cells (0.0254, 0.2032, and 0.0254 cm) total 0.254 cm (0.100 in) 

and correspond to the typical dimensions of Boral, a commercially available, boron-based, 

aluminum-clad neutron absorber (Lindquist, 2005). 

The interiors of the pre-collimator and collimator models are filled with helium at 143 kPa, 

which takes into account both water pressure in the tank and atmospheric pressure at 5000 ft above 

sea-level. The helium in the collimator is divided into two separate cells in order to allow differences 

between parallel-wall and divergent collimators to be measured. Cell B in Figure 3.5 is a square 

pyramid with its base on the inside surface of the imaging end of the collimator, and with its edge 

bordering the liner cells. The pyramid tapers back to the collimator entrance so that its cross-

sectional side-length is equal to the diameter of the collimator inlet. Cell A in Figure 3.5 is the 

volume inside the collimator that is outside of cell B. Cells A and B together represent the interior 

volume of a parallel-wall collimator, while cell B corresponds to the interior volume of a divergent 

collimator with the same L/D. Neutrons that enter cell A would presumably not reach the imaging 

plane in a divergent collimator, instead being absorbed by the walls of the divergent collimator and 
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removed from the beam. These neutrons are assumed to contribute to a reduction in image quality 

due to their high scattering angles. MCNP has the capability to track or “flag” particles when they 

enter a specific cell, thus allowing neutrons that enter cell A to be recorded, which provides a 

method to quantify differences between parallel-wall and divergent collimators. 

The source-end of the collimator is surrounded by water and the imaging end is surrounded 

by air. The waterline is adjusted in each model so that the parts of the collimator (not including the 

pre-collimator) above water and below water have a constant ratio of 0.159, which corresponds 

closely to the environment of the current beamline. The material definitions in the models used the 

ENDF/B-VII.1 (.80c) cross-section libraries, and also included the ENDF/B-VII.0 S(α, ) 293.6 K 

libraries (.20t or .22t), where available, to account for inelastic scattering from chemically bound 

atoms. The specific material compositions used in the model are given in Appendix B of this thesis 

(omitted from the paper submission). 

Since only a small fraction of the source neutrons reach the end of the collimator, variance 

reduction was needed to reduce the time required to obtain statistically meaningful results. Variance 

reduction refers to a group of mathematical techniques used to improve the efficiency of a Monte 

Carlo calculation by allowing the simulation to deviate under certain circumstances from what 

actually occurs in nature (Shultis and Faw, 2000). A fundamental concept which allows the 

efficiency of this process to be improved is assigning each particle a “weight” or numerical value of 

its importance (Shultis and Faw, 2000). The goal is to optimize high-importance events while still 

keeping the answer accurate (Shultis and Faw, 2000). 

The models for this project employ the variance reduction techniques of geometry splitting 

and rouletting. Splitting and rouletting rely on the model developer’s knowledge of the problem to 

determine when a particle is more or less likely to contribute to the tally being calculated (e.g. based 
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on its location within the problem, its energy level, etc). Different parts of the problem can then be 

assigned an “importance,” allowing particles to be weighted and tracked more efficiently. If a 

particle proceeds from a region of lower importance to a region of higher importance, it may be split 

into two or more particles, each with the same characteristics as the original, but with the original 

particle weight divided evenly among the new particles (Shultis and Faw, 2000). If a particle 

proceeds from a region of higher importance to a region of lower importance then roulette is played 

and the particle is “killed” with a probability equal to the change in importance between regions. The 

weight of the surviving particles is increased by this same factor (e.g. if particles are killed 50% of 

the time, the weight of surviving particles is increased by a factor of two) (Shultis and Faw, 2000). 

The variance reduction surfaces used in the full size collimator model are shown in 

Figure 3.6. The collimator was divided into 4 equal length sections of 182.88 cm (6 ft) and the 

neutron importance was doubled in each successive section to give weight to neutrons that make it 

down the collimator. Cylindrical cells of decreasing neutron importance were added around the pre-

collimator to decrease the weight given to neutrons moving into the water instead of down the 

collimator. Each successive cell of decreasing importance is 2.5 cm thick (approximately 5 mean 

free paths). The importance of the water 5 cm behind the source-end of the pre-collimator is zero to 

remove particles moving in the wrong direction. The universe is 1 m square, centered around the  

 

Figure 3.6. Variance reduction surfaces used with the full size collimator model. 
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collimator, and it extends axially to 0.5 m above and below the beamline. As mentioned previously, 

several shorter collimators were considered for comparative analysis in addition to the full size 

collimator. The shorter collimator models did not include any variance reduction. 

3.3.2. Source Definition 

A previous study developed a highly-detailed MCNP model of the GSTR (Shugart and King, 

2014). While this model provides a very accurate source, the complexity of the source makes it 

impractical to use for beamline analysis due to the long run times necessary to achieve acceptable 

statistics. Using a simplified source to represent the reactor in the beamline model dramatically 

improves the time needed to achieve a sufficient level of statistical confidence; however, the 

surrogate source must represent the reactor source with acceptable accuracy. An analysis using 

MCNP determined an efficient and accurate neutron source for use in the collimator models.  

The highly-detailed GSTR model provided a standard for comparison, since it is expected to 

produce the most accurate simulation of neutron behavior. The potential sources considered in this 

study included: (1) a graphite cylinder of dimensions similar to the GSTR reflector with an isotropic, 

Maxwellian distribution of thermal neutrons dispersed evenly throughout the volume, (2) a planar 

disk source with the same diameter as the pre-collimator tube emitting a Maxwellian distribution of 

thermal neutrons isotropically, and (3) an identical disk source emitting neutrons “half-

isotropically,” i.e., in a 2-π geometry that corresponds to the "forward" direction.  

The basic model for the source analysis consists of a 1 m section of 5 cm ID 6061 aluminum 

tube filled with helium at 143 kPa and surrounded by water, as shown in Figure 3.7. A 1 m section 

of tube was used because the final beamline is expected to utilize an approximately 1 m pre-

collimator for beam shaping and filtration, so this source definition can be incorporated into 

subsequent models. Figure 3.6a shows the highly detailed MCNP model of the GSTR. The pre-  
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(a) GSTR model (cross-sectional side view). 

 

(b) Graphite cylinder volume source (top view). 

 

(c) Disk source. 

Figure 3.7. MCNP source characterization models. 
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collimator tube is aligned horizontally with the center of the reactor, and has tally surfaces at the 

entrance and at 1 m from the entrance. The end of the tube has a zero importance region to prevent 

backscatter. Figure 3.7b shows the geometry used to characterize the graphite volume source. The 

graphite cylinder has a diameter of 112 cm and a height of 56 cm, similar to the GSTR. The pre-

collimator tube is aligned in the same way as in 3.7a, with the exit end of the tube flush with helium. 

Figure 3.7c shows the geometry used to characterize the disk sources. The disk sources were placed 

0.001 cm inside the tube entrance so as not to be situated on a cell division. The material definitions 

used the same libraries as the model discussed in section 3.3.1. Type F1 tallies recorded the angular 

distribution of neutron current as well as the energy distribution of neutron current at the entrance 

and exit for all four cases. 

Figure 3.8 shows the angular neutron distribution at the tube entrance. The tally data is 

displayed as a histogram, with the bars representing the relative number of neutrons that fall between 

the upper and lower bin limits. The data has also been normalized to particle total and bin width, and 

is shown with 2-sigma error bars. The plot shows that the angular distributions near the sources are 

all quite different, which is expected since the sources all have very different shapes and the tally 

was taken close to the source surface. However, by the time the neutrons reach the tube exit 

(Figure 3.9), the angular distributions begin to look noticeably similar, as well as much more 

“straight,” owing to the collimating effect of the tube. The distribution at the pre-collimator exit is 

what is important, since this is what will emerge into the collimator to form the neutron beam. From 

Figure 3.9, the angular distribution of the forward biased disk source represents the angular 

distribution of the GSTR source (at the pre-collimator exit) within the 2-sigma error bounds and is 

thus a good approximation for the collimator analyses. 
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Figure 3.8. Neutron current at the tube entrance as a function of off-normal angle. 
 

 

Figure 3.9. Neutron current at the tube exit as a function of off-normal angle. 
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Figures 3.10 and 3.11 show the neutron energy distribution at the pre-collimator tube 

entrance and exit, respectively. The data is displayed in a histogram in the same way as the angular 

distribution, with the bins corresponding to an equal change in neutron lethargy. Neutron lethargy, u, 

is a dimensionless variable used to describe collisional energy loss, defined as 

 = ln �⁄  (3.1) 

where EM is an arbitrary energy—usually that of the highest energy neutron in the system (Lamarsh 

and Baratta, 2001). The average change in lethargy, ∆̅̅̅ ̅, is 0.920 in ordinary water (Lamarsh and 

Baratta, 2001). The histogram bin width for the plots in Figures 3.9 and 3.10 is half of the average 

change in lethargy in water, i.e. u = 0.460 (Lamarsh and Baratta, 2001). 

Figures 3.10 and 3.11 together show that the neutron energy distribution does not change 

significantly over the course of 1 m, with only very slight beam-hardening evident at the end of the 

1 m pre-collimator. It can also be seen that the thermal Maxwellian distribution of the disk sources is 

not a completely accurate approximation of the energy distribution produced by the GSTR model. 

To address this discrepancy, the source used in the beam tube analysis models was manually defined 

on the SDEF card to have the energy distribution measured at the entrance to the pre-collimator tube 

in the GSTR model (and shown in Figure 3.10). For example, a neutron would be generated in the 

collimator model with an energy between 0.064 and 0.101 eV 20% of the time. 

3.4. Results 

 This section presents the results of the computational analyses supporting the design of the 

new beamline. The goals of these analyses are to determine the optimal collimator shape/lining, 

evaluate the neutron beam intensity at the imaging plane, and investigate the effectiveness of 

surrounding the lower portion of the beam tube with graphite to boost beam intensity. 
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Figure 3.10. Neutron energy distribution at the entrance to the pre-collimator. 

 

 

Figure 3.11. Neutron energy distribution at the exit of the pre-collimator. 
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3.4.1. Collimator Shape and Lining 

In the early years of neutron radiography, parallel-walled collimators were preferred because 

of their perceived advantage over divergent collimators with respect to beam intensity; the intensity 

of a neutron beam decreases in a divergent collimator according to an inverse square law (Berger, 

1965). However, nearly all subsequent references (Barton, 1967; Barton, 1976; Cutforth, 1976;  

Domanus, 1987; Domanus and Greim, 1992) indicate that a divergent collimator is the most 

common shape used in radiography facilities around the world. This is primarily due to: (1) their low 

geometric unsharpness compared to parallel-wall collimators, (2) their simple construction and 

uniform beam production compared to Soller slit collimators (Berger, 1965; Cutforth, 1976), and (3) 

their ability to obtain a large image while minimally disturbing the neutron source. 

The necessary dimensions involved with building a divergent collimator for the MINER 

facility raised the question of how significant the difference between a parallel-wall and a divergent 

collimator would be. A collimator that diverges from 5 cm to 11 cm over the course of 7-8 m has 

such a small angle of divergence that it is not significantly different from a straight tube. In addition, 

a straight tube is much easier and economic to construct. Therefore, it was desirable to quantify the 

potential advantages offered by a divergent collimator. 

 Using the models described in Section 3.3, the angular neutron current distribution was 

tallied at the collimator exit. This analysis used angular current distribution as a measure of beam 

quality because it is a literal measure of the angles of incoming neutrons with respect to the image 

plane, which is directly tied to image quality. 

Each of the six models simulated three different neutron absorbing liner cases to gauge the 

effect a liner has on neutron beam quality. The three cases were bare aluminum walls (i.e. no liner), 

a Boral liner (a proprietary neutron absorber consisting of aluminum clad boron carbide cermet 
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(Lindquist, 2005)), and a “perfect” liner where any neutron that touches the collimator walls is 

immediately removed from the beam (accomplished by setting the neutron importance of the 

collimator wall cells equal to zero). 

The angular distribution results are considered relative to the “umbral” and “penumbral” 

angles for each collimator. These two angles, depicted in Figure 3.12, are the two most relevant 

angular demarcations when considering a radiographic collimator because they govern the formation 

of a penumbra. A neutron source with a finite size (as opposed to a true point source) results in the 

production of a penumbra, which reduces the spatial resolution of an image. The closer the angular 

distribution of a neutron beam is to the umbral angle and the further it is from the penumbral angle 

(i.e. the “straighter” the beam is), the better the final image quality will be. 

Figures 3.13 through 3.15 show the results of this analysis, presented in histogram form with 

2-sigma error bars, for each of the collimators. The tally data is normalized to the total positive 

current at the collimator exit. The first histogram bin for each plot extends from 90º off normal 

(perpendicular to the “forward” direction) to the corresponding penumbral angle, with the 

subsequent bins consisting of the penumbral angle divided into 10 equally spaced segments. There is 

a noticeable difference in the angular distribution of the neutron current depending on whether or 

 

Figure 3.12. Umbral and penumbral angles. 
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(a) 7.32 m collimator with a 1 m pre-collimator. 

 
(b) 8.32 m collimator with no pre-collimator. 

Figure 3.13. Angular distribution of neutron current at the exit of an 8.32 m beam tube. 



73 

 

 

(a) 3.66 m collimator with a 1 m pre-collimator. 

 
(b) 4.66 m collimator with no pre-collimator. 

Figure 3.14. Angular distribution of neutron current at the exit of a 4.66 m beam tube. 
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(a) 0.91 m collimator with a 1 m pre-collimator. 

 
(b) 1.91 m collimator with no pre-collimator. 

Figure 3.15. Angular distribution of neutron current at the exit of a 1.91 m beam tube. 
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not a pre-collimator is present. The distribution appears to be shifted toward the umbral angle in 

Figure 3.13a compared to 3.13b, and there is noticeably less current at greater than the penumbral 

angle; the case with the pre-collimator consistently results in a less divergent beam regardless of 

lining material. Also, when a pre-collimator is present, adding a neutron absorbing liner to the walls 

of the collimator has very little effect on angular distribution (Figure 3.13a). However, when a pre-

collimator is not present, a liner has a significant impact on angular distribution and can improve the 

beam quality dramatically. 

Figure γ.14 shows the results of this analysis for the 4.66 m “medium length” collimator and 

the data is presented in the same fashion as Figure 3.13. Figure 3.14 exhibits the same trends as 

Figure 3.13; however, they are more pronounced. When a pre-collimator is used, the angular neutron 

current distribution is noticeably shifted toward the umbral angle compared to when a pre-collimator 

is not used. When a pre-collimator is absent, a neutron absorbing liner is also more important, 

because there is a larger fraction of current scattered at greater than the penumbral angle for the “no 

liner” case in Figure γ.14b than in Figure γ.14b. The use of a liner continues to make little difference 

when used in conjunction with a pre-collimator. 

Figure 3.15 shows the results of this analysis for the 1.91 m collimator, and the data is 

presented in the same fashion as Figures 3.13 and 3.14. Here, the differences between using or not 

using a pre-collimator are significant. When a pre-collimator is present, the majority of the neutron 

current is shifted to within the umbral angle. If no pre-collimator and no liner are used, fully 25% of 

the angular neutron current reaches the collimator exit at an angle greater than the penumbral angle. 

Some general conclusions can be drawn from the data in Figures 3.13, 3.14, and 3.15. When 

a pre-collimator is present, the use of a neutron absorbing liner has almost no effect on the angular 

distribution of the neutron current at the collimator exit; there is almost no discernable difference 
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between the “no liner” and “perfect liner” cases, regardless of collimator length. However, when a 

pre-collimator is not present, the liner has a significant impact on the angular distribution of the 

beam. When neither a pre-collimator nor a liner are used, the fraction of current reaching the image 

plane at an off normal angle greater than the penumbral angle is at least 11%, increasing up to 25% 

as the length of the collimator decreases. The addition of a neutron absorbing liner reduces this 

undesirable fraction by over 80%. The modeled Boral liner (50% B4C) is very effective, closely 

mimicking a perfectly absorbing volume. 

When a pre-collimator is not present, the current distribution is shifted towards the 

penumbral angle (i.e. the beam is more divergent) compared to when using a pre-collimator. This is 

partly due to the geometric effect of lengthening the collimator when the pre-collimator is removed, 

which results in a smaller penumbral angle. However, given that a liner is unnecessary when a pre-

collimator is present, it follows that the pre-collimator produces a much less divergent beam at the 

collimator entrance, which results in a less divergent beam at the collimator exit. It can be concluded 

that using a pre-collimator with no liner produces a less divergent beam than using no pre-collimator 

and a perfect liner, and this effect becomes more dramatic as collimator length decreases. 

A longer collimator clearly produces a less divergent neutron beam, evident from the fact 

that, for a longer collimator, the neutron current is encompassed by a smaller angular distribution. 

However, this improved divergence comes at a cost to beam intensity. Table 3.1 presents beam 

intensity data for different combinations of collimator length and liner. The positive current is 

normalized to the number of neutrons produced by the model source. The ratios of the positive 

currents are relative to that of the highest-current case in the study. The total positive neutron current 

at the collimator exit (tally type F1, taken across the full area of the collimator exit) decreases 

significantly as collimator length increases. The presence of a pre-collimator does not significantly  
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Table 3.1. Beam current results for the collimator configuration study. 

Collimator 
Pre-

collimator 
Liner 

material 

% of total 
current that is 

flagged 

Positive Current 
(neutron/source 

particle) 
1-sigma 

Uncertainty 

Relative ratio 
of the positive 

current 
8.32 m 

(27.28 ft) 
L/D=166 

None 
No liner 34.44 ± 0.26 4.06×10-5 0.0021 0.04 

Boral liner 0.32 ± 0.03 2.67×10-5 0.0032 0.02 
Perfect liner 0.10 ± 0.01 2.66×10-5 0.003 0.02 

7.32 m 
(24 ft) 

L/D=146 

1 m 
(3.28 ft) 
L/D=20 

No liner 0.60 ± 0.01 3.50×10-5 0.0016 0.03 
Boral liner 0.21 ± 0.01 3.49×10-5 0.0016 0.03 

Perfect liner 0.18 ± 0.01 3.49×10-5 0.0016 0.03 
4.66 m 

(15.28 ft) 
L/D=93 

None 
No liner 36.33 ± 0.86 1.36×10-4 0.0066 0.14 

Boral liner 0.33 ± 0.04 8.64×10-5 0.0034 0.08 
Perfect liner 0.11 ± 0.02 8.62×10-5 0.0034 0.08 

3.66 m 
(12 ft) 

L/D=73 

1 m 
(3.28 ft) 
L/D=20 

No liner 1.17 ± 0.03 1.10×10-4 0.0013 0.11 
Boral liner 0.41 ± 0.04 1.10×10-4 0.0029 0.11 

Perfect liner 0.38 ± 0.02 1.10×10-4 0.0013 0.11 
1.91 m 
(6.28 ft) 
L/D=38 

None 
No liner 46.78 ± 0.19 9.66×10-4 0.0012 1.00 

Boral liner 0.36 ± 0.02 5.17×10-4 0.002 0.53 
Perfect liner 0.10 ± 0.01 5.15×10-4 0.002 0.53 

0.91 m 
(3 ft) 

L/D=18 

1 m 
(3.28 ft) 
L/D=20 

No liner 3.18 ± 0.02 5.05×10-4 0.0006 0.52 
Boral liner 2.40 ± 0.01 5.01×10-4 0.0004 0.51 

Perfect liner 2.38 ± 0.01 5.01×10-4 0.0004 0.51 
 

reduce beam intensity compared to the cases without a pre-collimator; and, for collimators longer 

than 1.91 m (6.28 ft) that also have a liner, the presence of a pre-collimator actually results in a 

larger positive current at the collimator exit by approximately 30%. This is likely due to neutrons 

scattering off the walls of the pre-collimator; the absence of Boral in the pre-collimator gives 

neutrons a greater chance to scatter “forward” before being absorbed, resulting in more neutrons 

making it to the end of the collimator (without a pre-collimator, any source neutron that is not 

already travelling straight toward the collimator exit has a very high chance of being absorbed in the 

Boral liner). 

In order to test this hypothesis, neutrons that entered the pre-collimator cell were tracked 

using the cell-flagging capability of MCNP. For the 7.32 m (24 ft) collimator with a 1 m pre-

collimator, 27.2 ± 0.7% of the positive neutron current at the collimator exit had scattered from the 
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pre-collimator. For the 3.66 m (12 ft) collimator with a 1 m pre-collimator, 28.8 ± 0.5% of the 

positive neutron current at the collimator exit had traversed the pre-collimator walls. This additional 

scattering matches the “approximately γ0%” increase in neutron current that is observed when a pre-

collimator is used (Table 3.1). The fact that a pre-collimator can increase beam intensity, coupled 

with the evidence that a pre-collimator produces a less divergent beam, supports the use of a pre-

collimator in the new beamline for the MINER facility. 

The flagged neutron current, i.e. neutrons which have scattered outside the angle of 

divergence of the collimator and which would presumably been removed from the beam if a 

divergent collimator design were used, is also shown in Table 3.1. This constituted a small fraction 

of the total current, except for the cases with no pre-collimator and no liner, and is not a prominent 

factor when either a pre-collimator or a liner is present. For the full length collimator, less than 1% 

of the neutron current was flagged, which is not large enough to significantly affect the angular 

distribution at the exit or, by extension, image quality. The fraction of flagged neutrons does appear 

to increase for shorter collimators, and a divergent collimator shape could be useful in those cases. 

3.4.2. Image Plane Uniformity 

 An important concern regarding the use of a pre-collimator is the possibility that it could 

produce an overly constricted neutron beam which shows up as a “spot” on the imaging plane. In 

addition to the beam constriction, the pre-collimator also has a circular, as opposed to square, cross-

section which could further reduce the beam intensity at the corners of the image. The round cross-

section of the pre-collimator was selected to accommodate neutron filters which are easier to 

manufacture as cylinders. 

An analysis performed using MCNP quantified the beam intensity at the imaging plane in 

order to evaluate the potential impact of the pre-collimator on image uniformity. The models used 
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for this analysis were identical to those used for the prior collimator shape/lining analysis (Figures 

3.5 and 3.6) with one distinction: the pre-collimator was extended to 1.22 m (4 ft). The proposed 

design of the new beamline includes a 1.22 m (4 ft) pre-collimator, which allows the majority of the 

collimator body to be composed of modular 1.52 m (5 ft) sections. 

The beamline was modeled with no liner, and a mesh tally (type FMESH4) was 

superimposed over the collimator exit to record the neutron flux. The mesh divides the 11.43 cm x 

11.43 cm interior cross-section of the collimator into a 20x20 grid. The mesh is 1 mm thick and 

centered on the inside surface of the collimator exit. A track length estimation of neutron flux is 

calculated for each cell of the mesh. The same neutron source developed in Section 3.3.2 was located 

0.001 cm inside the beginning of the pre-collimator (or 0.001 cm outside the collimator, if no pre-

collimator is present). Enough particles were run in each case so that the 1-sigma uncertainty was 

less than 3.5%. Contour plots of the neutron flux at the collimator exit (Figures 3.16a-f) display the 

data from the mesh tallies. In each case, the data was normalized by dividing the point fluxes by the 

average flux across the collimator exit. 

Figures 3.16a, 3.16c, and 3.16e show the neutron flux profiles at the exits of collimators that 

are 8.53 m, 4.88 m, and 2.13 m long respectively, and which do not have pre-collimators. These 

images are fairly “flat” i.e. they don’t have much variation away from the average flux value, 

regardless of collimator length. Figures 3.16b, 3.16d, and 3.16f show the same total length beam 

tube with a 1.22 m pre-collimator, and there is distinct variation both above and below the average. 

The effect of the pre-collimator on the neutron flux intensity profile is more pronounced for shorter 

collimators. The flux profile produced by the 0.91 m (3 ft) collimator with a 1.22 m (4 ft) pre-

collimator varies by nearly an order of magnitude from the corners to the center of the imaging 

plane. 
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              (a) 8.53 m (28 ft) collimator                          (b) 7.32 m (24 ft) collimator with 
                   with no pre-collimator                                    a 1.22 m (4 ft) pre-collimator 

 
             (c) 4.88 m (16 ft) collimator                          (d) 3.66 m (12 ft) collimator with 
                  with no pre-collimator                                    a 1.22 m (4 ft) pre-collimator 

 
              (e) 2.13 m (7 ft) collimator                            (f) 0.91 m (3 ft) collimator with 
                   with no pre-collimator                                   a 1.22 m (4 ft) pre-collimator 

Figure 3.16. Neutron flux profiles at the collimator exit. 
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However, as the collimator length increases, the flux profile for the collimator with a pre-

collimator begins to resemble the flux profile without a pre-collimator. The flux profile for the 

3.66 m (12 ft) collimator with a 1.22 m (4 ft) pre-collimator varies by approximately a factor of 1.6 

from the corners to the center of the imaging plane. This variation decreases to approximately 1.3 for 

the 7.32 m (24 ft) collimator with a 1.22 m (4 ft) pre-collimator. As expected, a longer collimator 

produces a more uniform flux profile. Additionally, when a pre-collimator is present, the collimator 

should be significantly longer than the pre-collimator (>3x) in order to allow the neutron flux to 

“spread out” uniformly over the larger area. For the full length beam tube with a pre-collimator in 

Figure 3.16b, there is a slight intensity gradient from the center to the edges, while a similar length 

beam tube without a pre-collimator (Figure 3.16a) shows no significant gradient. The majority of the 

image plane in Figure 3.16b varies by less than 10%, which will be acceptable, considering the 

additional benefits of the pre-collimator, which include a less divergent beam and the ability to 

easily add gamma and fast neutron filters. 

3.4.3. Neutron Source Improvement 

The intensity of the new beamline could potentially be improved by changing the location of 

the source-end, as well as by surrounding the lower portion of the pre-collimator with graphite. An 

analysis using MCNP tested these hypotheses. The model consisted of a highly-detailed MCNP 

model of the GSTR developed in a previous study (Shugart and King, 2014), with a 5.08 cm inner 

diameter, 0.635 cm thick 6061 aluminum tube filled with helium at 143 kPa in the locations shown 

in Figure 3.17. The top of the tube is 6 m above the top of the reactor and is capped with a cell that 

has zero neutron importance to eliminate backscatter as well as to shorten run time. The entire model 

is immersed in water. Tallies of the neutron flux (type F2) were recorded inside the tube, 50 cm 

above the top of the reflector, and the results are presented in Figure 3.18. 
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      (a) Position 1                   (b) Position 2                  (c) Position 3                   (d) Position 4 

Figure 3.17. Cross-sectional side views of the GSTR showing four possible beamline locations. 

 

 

 
Figure 3.18. Neutron flux 50 cm above the top of the top of the reflector as a function of the 
beamline positions in Figure 3.17 at a reactor power of 950 kW. 
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The results in Figure 3.18 are expressed as the absolute neutron flux using a source particle 

rate corresponding to a reactor power of 950 kW. Position 1 (i.e. the location of the current beam 

tube) results in the highest neutron flux for the beamline. When the tube is in Position 1, the neutron 

flux 50 cm above the reflector is almost 5 times higher than when the tube is in Position 3 (the next 

highest value). 

The new beamline should provide the highest possible neutron beam intensity. One way to 

potentially boost the beam intensity is by surrounding the lower portion of the beam tube with 

graphite. Since graphite has a much lower absorption cross-section than water, a graphite collar 

around the pre-collimator may allow more neutrons to scatter into the beamline. On average, 

neutrons also lose less energy per collision in graphite than in water, enabling them to travel farther 

before being absorbed (Lamarsh and Baratta, 2001). The mean free path of a thermal neutron is also 

approximately 4 times greater in graphite than in water (Lamarsh and Baratta, 2001). In addition to 

allowing more neutrons to enter the tube, the graphite could also reduce neutron leakage from the 

tube. 

In order to test this hypothesis, a graphite “collar” was added to the model of the beam tube 

in Position 1 in Figure 3.17 (see Figure 3.19). The bottom of the collar is flush with the bottom of 

the beam tube and the top is level with the top of the lazy susan, making the collar 11.43 cm high. 

The collar is also truncated where it intersects with the outer edge of the lazy susan. The radial 

thickness of the collar was increased in steps of 1.949 cm (the mean free path of a thermal neutron in 

water) (Lamarsh and Baratta, 2001), and the results are presented in Figure 3.20. The neutron flux in 

the tube increases as the radial thickness of the collar increases, reaching a maximum at a collar 

thickness of ~8 cm. The presence of the graphite collar increases the neutron flux in the tube from  
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                  (a) Cross-sectional side view b-b                           (b) Radial view a-a 

Figure 3.19. Location of the graphite collar. 

 

 

Figure 3.20. Neutron flux 50 cm above the top of the top of the reflector as a function of graphite 
collar radial thickness at a reactor power of 950 kW. 
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approximately 2.32×1010 n/cm2s to 2.67×1010 n/cm2s, corresponding to a 15% increase in intensity 

compared to a bare tube. 

Building on the previous analysis, increasing the height of the collar may also provide a 

boost in beam intensity. The tally surface was moved to 150 cm above the reflector to provide room 

for a larger collar, and the height of an 8 cm thick collar was increased in 20 cm steps. The collar 

was kept truncated above the lazy susan since, practically speaking, such a modification would likely 

not be permitted to overhang the reactor fuel and block access. The results are given in Figure 3.21. 

The neutron flux in the tube initially appears to abruptly increase until the collar is the same height 

as the lazy susan (11.43 cm), and then to slightly increase as the collar height continues to grow. The 

uncertainties in the calculated fluxes, however, are greater than the differences in the fluxes. It would 

be impractical to obtain significantly more precise flux estimates due to the long computational  

 

Figure 3.21. Neutron flux 150 cm above the top of the reflector as a function of graphite collar 
height at a reactor power of 950 kW. 
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times involved. A collar that is taller than the lazy susan may provide a slight increase to neutron 

flux; however, it appears that the majority of the benefit is already achieved when the collar is the 

same height as the lazy susan (11.43 cm). Any additional benefit from increasing the height of the 

collar would likely be small (less than 10% improvement, based on the results in Figure 3.21). The 

most economical way to boost the neutron beam intensity therefore appears to be an 8 cm thick 

graphite collar that is the same height as the lazy susan. 

3.5. Summary and Conclusions 

The Mines Neutron Radiography (MINER) Facility is a small neutron radiography station 

owned by the Colorado School of Mines (CSM). It has several limitations that can be improved with 

the addition of a more advanced beamline, and this paper examines several possible beamline 

improvements. The neutron transport code MCNP simulated various combinations of beamline 

geometry and materials. The most important characteristics of the new beamline are that it should 

produce a beam with the lowest possible divergence (which generates a higher image resolution) 

while maximizing beam intensity (which results in a shorter image acquisition time). In order to 

quantify beam divergence, neutron angular distribution at the collimator exit was calculated for 

various collimator lengths with different liner materials (6061 aluminum, borated aluminum, and a 

“perfect” absorber with a 100% absorption rate). Divergence was calculated for each case with and 

without a pre-collimator, which has the benefit of being able to easily accommodate beam filters and 

apertures to adjust the beam. A pre-collimator, however, can produce a beam with a non-uniform 

flux profile at the image plane, so an analysis of this effect for various collimator lengths was 

performed. Finally, to improve beam intensity, the feasibility of surrounding the lower portion of the 

beamline with graphite was investigated. 
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The results of modelling three different beam tube lengths, both with and without a pre-

collimator, indicate that a pre-collimator has a more significant positive effect on beam divergence 

than lining the collimator with a neutron absorbing material. When a pre-collimator is not present, 

the beam divergence is high—over 10% of the neutron current at the exit of the full size collimator is 

scattered at an angle that exceeds the penumbral angle. This increases to 25% as the length of the 

beam tube decreases to 1.91 m. The addition of a neutron absorbing Boral liner (50% B4C) reduces 

this undesirable highly-scattered fraction by over 80% and greatly reduces the beam divergence. The 

addition of a pre-collimator further reduces beam divergence, making a liner unnecessary. With a 

pre-collimator present, there is almost no difference in the angular distribution of the neutron current 

at the collimator exit between cases that had no liner and a perfectly absorbing liner. Comparing 

similar length beamlines, the presence of a pre-collimator shifts the angular current distribution 

closer to the beamline axis, thereby reducing beam divergence; this effect becomes more noticeable 

as collimator length decreases. The reduced beam divergence provided by a pre-collimator does not 

significantly reduce beam intensity. For the full size beamline, the use of a pre-collimator actually 

leads to a slight increase in beam intensity. 

The results of the neutron beam uniformity analysis indicate that the presence of a pre-

collimator can produce a non-uniform neutron flux profile at the collimator exit, causing the beam 

intensity to peak in the center of the image plane, while falling off in the corners. This effect 

increases as collimator length decreases. For the full size, 8.32 m beamline, the uniformity of the 

flux profile varies by a factor of approximately 1.3 from the corners to the center of the image plane, 

with the majority of the imaging plane varying by less than 10%. However, for the shorter, 1.91 m 

beamline, the flux profile varies by nearly an order of magnitude. Therefore, when a pre-collimator 

is present, the collimator should be significantly longer than the pre-collimator (>3x) in order to 
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allow the neutron flux to “spread out” uniformly over the larger area before reaching the beamline 

exit. The variation of the flux profile for the full size beamline with a pre-collimator is considered 

acceptable for the expected applications of the MINER facility. 

Adding graphite around the pre-collimator could produce a boost in beam intensity of about 

15%. The maximum increase occurs for a collar that is 8 cm thick and 11.4 cm high (the same height 

as the lazy susan). The benefit of increasing the height of the collar beyond the top of the lazy susan 

does not appear to be significant. 
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CHAPTER 4 

A NEW BEAMSTOP DESIGN FOR THE MINES NEUTRON RADIOGRAPHY FACILITY 
 

Abstract 

The MInes NEutron Radiography (MINER) facility is being upgraded to include a more 

advanced, larger neutron beamline. This paper examines the necessary modifications to the MINER 

facility beamstop to effectively attenuate the new beam, and also considers the strength of the 

beamstop support structure to ensure it can bear the weight of a larger, heavier beamstop. The new 

beamstop will consist of the current beamstop with a 0.3175 cm (1/8 in) thick layer of lead around 

the surface, and 30.48 cm (12 in) of borated paraffin around that. The diameter of the front cavity 

will also be widened to 16.2 cm to match the size of the new beam. These modifications result in a 

calculated dose rate that is <5mrem/h at 30 cm from the beamstop surface. The new beamstop will 

weigh approximately 858 kg (1892 lbs), and the 80/20 aluminum beamstop support structure can be 

strengthened to support this weight (without blocking the neutron beam) by the addition of 6 

horizontal beams across the top of the enclosure and 4 vertical beams to the narrow sides of the 

enclosure. 

4.1. Introduction 

In 2012 the Colorado School of Mines (CSM) completed construction of a neutron 

radiography system, called the MInes NEutron Radiography (MINER) facility. The MINER facility 

is a first generation neutron radiography system, attached to a nuclear research reactor owned by the 

United States Geological Survey (USGS) (Craft and King, 2014). The MINER facility is being 

upgraded to include a more advanced, larger neutron beamline to improve its imaging capability. 

The larger beam tube planned for the MINER facility will produce a correspondingly larger neutron 

beam, so the radiation beamstop needs to be re-evaluated (and modified if necessary) to ensure that 
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the dose rate in the reactor bay will be acceptable. The unfiltered beam for the MINER facility may 

have a significant gamma radiation content in addition to neutrons, so the beamstop must effectively 

attenuate both neutron and gamma radiation (including secondary gamma radiation). This paper 

examines the necessary modifications to the MINER facility beamstop to effectively attenuate the 

new beam, and also considers the strength of the beamstop support structure to ensure it can bear the 

weight of a larger, heavier beamstop. 

4.2. Background 

A radiation beamstop is the last component at the end of a radiography beam (Domanus and 

Greim, 1992). The purpose of a radiation beamstop in a radiography facility is to attenuate the 

radiation beam in order to minimize the ambient dose around the facility while it is operating (Craft 

and King, 2014). The reactor bay and roof are currently posted as radiation areas. A radiation area is 

defined by the U.S. Nuclear Regulatory Commission (NRC) as “an area, accessible to individuals, in 

which radiation levels could result in an individual receiving a dose equivalent in excess of 5 mrem 

(0.05 mSv) in 1 hour at 30 centimeters from the radiation source or from any surface that the 

radiation penetrates” (10 CFR 20). For a conservative beamstop, a dose rate limit of 5 mrem 

(0.05 mSv) in 1 hour at 30 cm from the surface ensures that the presence of the neutron beam would 

not result in posting changes in the reactor bay, which is already posted as a radiation area. The same 

goal was set for the roof of the reactor building, but was not a hard limit since access to the roof is 

restricted and monitored by the reactor staff. 

The current beamstop, depicted in Figure 4.1, consists of a 30.48 cm (12 in) OD, 101.6 cm 

(40 in) long aluminum can filled with borax (sodium borate decahydrate i.e. Na2B4O7∙10H2O), 

mixed with paraffin wax which acts as a binder. The materials are combined in a 60:40 

borax:paraffin ratio (Craft and King, 2014). This mixture is an excellent neutron absorber as it  
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Figure 4.1. Side-view drawing of the current beamstop. 

contains a significant amount of both boron and hydrogen. The front of the beamstop contains a 

10.16 cm (4 in) OD, 20.32 cm (8 in) deep cavity with a cadmium cover to minimize scattered 

radiation leakage. The rear of the beamstop contains four 5.08x10.16x20.32 cm (2x4x8 in) lead 

bricks that act as a backstop for gamma radiation. The entire beamstop weighs 140.6 kg (310 lbs) 

and mounts above the optical table to a support structure that allows it to be aligned with the 

beamline (Craft and King, 2014). 

4.3. Model Descriptions 

An analysis performed using MCNP evaluated the expected dose rate from the new 

beamline. The analysis added the new beam tube to the model used to develop the original beamstop 

design. The model, shown in Figure 4.2, consists of the top of the reactor and includes the top 

portion of the beam tube and the beamstop. The model does not include the cadmium cover that is 

part of the current beamstop. The cover was originally added to reduce scattered neutrons; however, 
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subsequent analysis determined that the cover actually results in a net increase in dose rate, due to 

neutron capture gamma-rays. The cover will be removed as part of the beamstop modifications. The 

material definitions for the model used the ENDF/B-VII.1 (.80c) cross-section libraries, and also 

included S(α, ) βλγ.6 K libraries (.β0t or .ββt), where available, to account for inelastic scattering 

from chemically bound atoms. The sources used are plane sources perpendicular to the beamline axis 

that fill the inside of the beam tube. The gamma source is 10 cm below the surface of the water, and 

the neutron source is 0.5 cm below the top of the beamline. Source particles are emitted uniformly 

over the source area with the energy and angular distributions given in Tables 4.1 and 4.2, 

respectively, and are assumed to have a uniform azimuthal distribution. The ICRP-21 flux-to-dose 

rate conversion factors converted neutron and gamma flux tallies to dose estimates (Goorley, 2012). 

 It was necessary to exclude the reactor from the model to shorten run time, so surrogate 

sources were used. The analysis for the previous beamstop developed a conservative surrogate  

 

Figure 4.2. MCNP model used in the present beamstop analysis. 
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Table 4.1. Energy distributions of the source particles in the beamstop analysis. 
Neutron energy 

(MeV) 
Fraction 

(%) 
 Gamma energy 

(MeV) 
Fraction 

(%) 
<1×10-8 3.457  <0.5 64.3 

1×10-8 to 1×10-7 59.306  0.5 to 1.0 13.3 
1×10-7 to 1×10-6 12.227  1.0 to 1.5 3.0 
1×10-6 to 1×10-5 3.073  1.5 to 2.0 1.6 
1×10-5 to 1×10-4 2.700  2.0 to 2.5 17.0 
1×10-4 to 1×10-3 3.404  2.5 to 3.0 0.8 
1×10-3 to 0.01 3.172    

0.01 to 0.1 3.792    
0.1 to 1.0 4.852    
1.0 to 20.0 4.017    

 

Table  4.2. Angular distributions of the source particles in the beamstop analysis. 
Neutron angle Fraction (%)  Gamma angle Fraction (%) 
180° to 90 ° 2.368  180° to 0.5° 0.5 
90° to 0.62° 0.695  0.5° to 0.2° 25.3 

0.62° to 0.56° 1.706  0.2° to 0.1° 47.9 
0.56° to 0.50° 5.118  0.1° to 0° 26.3 
0.50° to 0.44° 10.125    
0.44° to 0.37° 14.546    
0.37° to 0.31° 16.831    
0.31° to 0.25° 16.410    
0.25° to 0.19° 13.765    
0.19° to 0.12° 10.068    
0.12° to 0.06° 6.257    

0.06° to 0° 2.110    
 

source based on the central thimble (Craft and King, 2014). The current analysis modified this 

source to include more realistic neutron parameters based on a beam source located near the lazy 

susan. An existing model of the GSTR (Shugart and King, 2014), modified to include the 1.22 m 

(4 ft) helium-filled pre-collimator in its expected location and orientation (Figure 4.3) calculated the 

neutron energy spectrum. Table 4.1 shows the neutron energy distribution, recorded using a type F1 

tally at the top of the pre-collimator tube. Table 4.2 presents the neutron angular distribution at the 

beamline exit calculated in Chapter 3 and used for this analysis. Tables 4.1 and 4.2 also show the  
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Figure 4.3. MCNP model used to calculate the neutron energy distribution. 

gamma distributions which are not changed from the previous analysis (Craft and King, 2014). The 

existing model of the GSTR also calculated the expected neutron and gamma fluxes at the exit of the 

beam tube. The full beamline was added to the model (Figure 4.4) and F5 flux tallies were recorded 

at beam tube exit. The expected neutron and gamma fluxes at 1 MWth are 6.73×106 n/cm2-s and 

5.30×106 /cm2-s respectively. 

4.4. Results 

The first case in the analysis considered the original beamstop (without the cadmium cover) 

paired with the original, conservative source expanded to the area of the new beam tube. Figure 4.5 

shows the calculated dose rate profiles for this case. The total dose rate at 30 cm from the surface of 

the beamstop is never lower than 8.5 mrem/h, and at one point is as high as 285 mrem/h. Replacing 
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Figure 4.4. MCNP model used to calculate the expected neutron and gamma fluxes. 

the original conservative source with the new source described in Section 4.3 lowers the maximum 

dose rate at 30 cm to 80 mrem/h (Figure 4.6). 

There is also a large amount of scattered radiation below and to the side of the beamstop. The 

new beam is wider than the current beamstop cavity and impinges on the front surface of the 

beamstop, leading to increased neutron scattering as well as increased secondary gamma-ray 

production. This results in an increased dose rate in the area in front of the beamstop. In order to 
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(a) neutron dose rate        (b) secondary gamma       (c) primary gamma                                                                                  

                   dose rate                          dose rate 

Figure 4.5. Calculated dose rate profiles for the current beamstop with the original source and the 
reactor at 1 MWth.  
 

 
                      (a) neutron dose rate      (b) secondary gamma       (c) primary gamma                    

                                  dose rate                         dose rate 

Figure 4.6. Calculated dose rate profiles for the current beamstop with the new source and the 
reactor at 1 MWth. 
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reduce the dose from scattered and secondary radiation, the diameter of the beamstop cavity was 

increased to 16.2 cm to match the size of the new beam tube. This modification greatly reduces the 

dose rate in front of the beamstop. Figure 4.7 shows the doses resulting from the beamstop with an 

enlarged cavity. Figure 4.7 also includes a vertical dashed line that is 30 cm from the side surface of 

the beamstop (i.e the very edge of the plotted area). The average total dose rate along this line is 

approximately 43.3 mrem/h. The average total dose rate in the same location with an unmodified 

cavity (Figure 4.6) is approximately 52.2 mrem/h, indicating that widening the cavity is effective at 

lowering the average dose rate. A side-effect of this modification is a slightly increased maximum 

dose rate at 30 cm from the surface of the beamstop (82 mrem/h instead of 80 mrem/h), since the 

beamstop now has less shielding around the cavity. 

Slightly increasing the maximum dose rate in order to significantly decrease the average dose 

rate is an acceptable trade-off; however, at over 80 mrem/h, the dose rate is still unacceptably high. 

It is therefore necessary to modify the original beamstop to include more shielding material. The 

same shielding materials used in the original beamstop construction (lead and borated paraffin) were 

considered, and were added to the model sequentially until a combination was found which reduced 

the calculated dose rate at 30 cm to the 5 mrem/h goal. Figure 4.8 shows the calculated dose rate 

profiles for an intermediate combination. This modified beamstop includes γ.175 mm (1/8”) of lead 

around the original beamstop surface, and an additional 15.β4 cm (6”) of borated paraffin around 

that. The cavity at the front of the beamstop is also larger, with a diameter of 16.2 cm in order to 

accommodate the larger beam. This larger beamstop has an approximate weight of 432 kg (952 lbs). 

The addition of more material to reduce neutrons and primary gammas has the counteracting 

effect of producing more secondary gammas, which reduces the effectiveness of the shielding. The 

lead shielding is best located behind the borated paraffin so that it can shield the secondary gammas 
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                       a) neutron dose rate      (b) secondary gamma       (c) primary gamma                    

                                  dose rate                         dose rate 

Figure 4.7. Calculated dose rate profiles for the beamstop with a wider cavity, new source and 
the reactor at 1 MWth. 
 

 
         (a) neutron dose rate           (b) secondary gamma dose rate     (c) primary gamma dose rate 

Figure 4.8. Calculated dose rate profiles for a modified beamstop with an additional 3.175 mm of 
lead and 15.24 cm of borated paraffin, with the reactor at 1 MWth. 
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produced in the lead. The maximum dose rate at 30 cm from the beamstop in Figure 4.8 is 

approximately 12 mrem/h, which still exceeds the 5 mrem/h goal for the beamstop. More material 

must be added to achieve an effective, final beamstop design. 

Doubling the thickness of the borated paraffin from 15.24 cm (6 in) to 30.48 cm (12 in) 

produces a beamstop which reduces the total radiation dose rate to less than 5 mrem/h at 30 cm. This 

final beamstop design is depicted in Figure 4.9, and the calculated dose rate profiles are shown in 

Figure 4.10. In addition to the continuous dose rate profiles showing the contributions from the 

individual types of radiation, Figure 4.11 presents a binary visualization of the total dose rate 

showing the 5 mrem/h boundary. The area immediately below the beamstop (inside the experiment 

enclosure) has a dose rate greater than 5 mrem/h, however this area is controlled as a high radiation 

area (permitting dose rates greater than 100 mrem/h 30 cm from the source. The experiment  

 

Figure 4.9. Side-view drawing of the final beamstop design. 
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         (a) neutron dose rate           (b) secondary gamma dose rate     (c) primary gamma dose rate 

Figure 4.10. Calculated dose rate profiles for the final beamstop design with the reactor at 
1 MW th. 

 

 

Figure 4.11. Binary visualization of the total dose rate for the final beamstop design with the 
reactor at 1 MW th. 
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enclosure makes this area inaccessible during beamline operation to prevent personnel from 

accidentally receiving an excessive radiation dose. 

Like the current beamstop, the area above the new beamstop will also have a dose rate 

greater than 5 mrem/h. Since access to the roof is restricted and monitored by the reactor staff, this 

higher dose area is acceptable. 

4.5. Experiment Enclosure Modification 

At 858 kg (1892 lbs), the new beamstop will weigh significantly more than the current 

beamstop, so the construction of the experiment enclosure must be re-evaluated to ensure that it can 

support the added weight. The basic experiment enclosure structure, which supports the beamstop 

and is shown in Figure 4.12, is made of series 25 80/20 aluminum extrusion, which has a minimum 

yield strength of 241.1 N/mm2 (35,000 psi). Some examples of 80/20 extruded aluminum beams are 

shown in Figure 4.13. 

The experiment enclosure is constructed in such a way that the weight of the beamstop is 

supported by the four vertical beams at the corners, which are compressed axially. The cross-

sectional area of each of these beams is 4.875 cm2 (0.7556 in2). As currently loaded, the stress in the 

vertical supports is approximately 0.29% of the yield strength. If loaded with a conservative 907 kg 

(2000 lbs) to represent the new beamstop, the stress in the supports is still less than 2% of the yield 

strength. 

The weakest parts of the experiment enclosure are the horizontal support beams. The length 

of the two long horizontal load bearing beams in Figure 4.12 is 1.2 m and the span of the two short 

horizontal beams is 1 m. Bending stress for a constant cross section beam can be calculated using the 

flexure formula (Spiegel and Limbrunner, 1994): 
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Figure 4.12. Beamstop support structure. 

 

 

Figure 4.13. Examples of the series 25 80/20 extruded aluminum beams used in the construction 
of the experiment enclosure (8020, 2016). 
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 max = �  
(4.1) 

The beams in this analysis are assumed to be simply supported, meaning they cannot transfer a 

moment to another member. This is a conservative assumption since, in reality, the bolted 

construction of the enclosure will allow the transfer of some of the bending moment to other 

members of the structure, resulting in a lower actual maximum bending stress. The bending stress is 

also assumed to be the limiting design factor, since for any beam of appreciable length compared to 

its width and depth, the maximum bending stress will greatly exceed the maximum shear stress 

(Spiegel and Limbrunner, 1994). 

As currently loaded, the maximum bending stress experienced by the 1.2 m beams in 

Figure 4.12 is approximately 86.37 N/mm2 (12,527 psi) or 36% of the yield strength. If loaded with 

907 kg, the maximum bending stress is approximately 557.25 N/mm2 (80,822 psi), or 231% of the 

yield strength, which is unacceptable. In order to reduce the stress experienced by each member, 

more horizontal beams need to be added. Larger beams, such as 25-5050 extrusion from 80/20 

(Fig. 4.13) have a greater resistance to bending. If six of these beams are placed across the top of the 

current structure as in Figure 4.13a, the maximum bending stress in each member is 106.98 N/mm2 

(15,516 psi), which is 44% of the yield stress. The aluminum beams can be arranged so that they do 

not block the neutron beam (Fig. 4.14a). The current beamstop can be mounted to these additional 

beams, which will also support a platform on which the necessary additional shielding material to 

modify the beamstop can be stacked. 

The shorter, 1 m horizontal beams also need to be considered. As currently loaded, these 

shorter beams experience negligible bending stress; however, the additional long beams in 

Figure 4.14a transfer the weight of the beamstop to the shorter beams. If loaded with 907 kg, the 

maximum bending stress is approximately 465.16 N/mm2 (67,466 psi), or 193% of the yield  
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                        (a) 1.2 m beam reinforcement                                (b) 1 m beam reinforcement 

Figure 4.14. Beamstop support structure modifications. 

strength, which is unacceptable. In order to reduce this stress, a vertical support can be added 

beneath the horizontal member. This is a simple modification and will not significantly reduce the 

visibility inside the experiment enclosure. If one piece of 25-2525 is added underneath each 100 cm 

horizontal beam, the maximum bending stress is 116.17 N/mm2 (16,849 psi). If two of these vertical 

supports are added as in Figure 4.14b, the maximum bending stress is reduced to 77.45 N/mm2 

(11,233 psi), which is 32.1% of the yield stress. 

The current vibration isolation mounts cannot support the weight of the new beamstop, and 

will need to be upgraded. The Newport SLM-12A compact air mount is a viable alternative, capable 

of supporting a combined 1632 kg (3600 lbs). 

4.6. Summary and Conclusions 

 The Colorado School of Mines (CSM) Mines Neutron Radiography (MINER) facility is 

being upgraded to include a more advanced neutron beamline. The new beamline will be larger than 

the current beamline, and this paper examines how the MINER facility beamstop will need to be 
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modified to effectively attenuate the new beam. In addition, this paper also reconsiders the strength 

of the beamstop support structure to ensure it can bear the weight of a larger, heavier beamstop. 

 The neutron transport code MCNP modeled the new beamline with various modifications to 

the current beamstop to determine the final configuration for a new beamstop. The model calculated 

the resulting dose rate from neutrons, gammas, and secondary gammas for the area around the 

beamstop. The conservative goal for the new beamstop was to reduce the total dose rate from the 

beam to <5 mrem/h at 30 cm from its surface. 

 The results indicate that the beamstop must be significantly larger to effectively reduce the 

dose rates from the new beam to the desired levels. An additional 30.48 cm (12 in) of borated 

paraffin is necessary to sufficiently reduce the neutron dose rate. In addition to this, a 0.3175 cm (1/8 

in) thick layer of lead between the original beamstop and the extra borated paraffin strongly reduces 

the gamma dose. Enlarging the front cavity to match the new beam also greatly reduces the amount 

of scattered radiation in front of the beamstop. The resulting beamstop weighs 858 kg (1892 lbs). 

  The experiment enclosure, constructed of 80/20 aluminum framing, must also be modified to 

support the increased weight of the new beamstop. Adding 6 horizontal beams across the top of the 

enclosure and 4 vertical beams to the narrow sides of the enclosure will support the additional 

weight without blocking the neutron beam. 
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CHAPTER 5 

SUPPLEMENTAL ANALYSIS 

This chapter presents additional engineering analysis performed during this project to support 

the design of the new beamline. The topics investigated are: the effectiveness of a smaller shutter, 

the structural properties of the new beamline, and the buoyancy of the new beamline. 

5.1. Introduction 

Designing a new beam tube for the MINER facility provides an opportunity to address many 

of the drawbacks of the current system. One area for potential improvement is the beamline shutter. 

The current beamline shutter setup uses water as the shielding material, and the collimator is flooded 

to close the beam. Presently, the entire submerged length of the collimator, ~7 m (23ft), is used for 

the shutter. Although this maximizes shielding, there are certain drawbacks such as a long 

open/close time, a potential reduction in image quality due to increased neutron scattering from 

residual moisture on the collimator walls, and increased helium usage. Since ~7 m of water is far 

more than necessary to provide adequate shielding for the beamline, it is possible to address all of 

the aforementioned problems by designing the new beamline to incorporate a shorter section of 

flooded tube that acts as the shutter, with the rest of the collimator permanently evacuated and filled 

with helium. 

The structural behavior of the new beamline also needs to be examined. The new beamline is 

significantly larger than the current beamline and is consequently much heavier. Bending of the 

beam tube is a possible cause of the poor quality of the current beam; therefore, it is potentially 

beneficial to ensure that the new beam tube will not be more susceptible to bending than the current 

tube. In addition, the larger volume displacement of the new beamline means its buoyancy will also 

need to be considered. 
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5.2. Reduced Shutter Thickness 

A new beam shutter design needs to provide effective shielding for the MINER facility when 

the beam is closed, and should not be overly complicated so that it is relatively easy to incorporate 

into the new beam tube. The individual sections of the main body of the new beam tube are 1.52 m 

(5 ft) long. From a design perspective, it is easiest to isolate an integer number of tube sections to use 

as the shutter. It is natural, therefore, to start by assuming one section of beam tube will be used for 

the shutter, and to gauge its effectiveness.  

The mean free path in water for both thermal (0.025 eV) and fast (1 MeV) neutrons was 

calculated as the inverse of the total macroscopic cross-section, yielding values of 0.455 cm and 

1.786 cm, respectively. The mean free path is the average distance a neutron moves between 

collisions (Lamarsh and Baratta, 2001). Qualitatively, a shield can be considered effective if its 

thickness is “many times the mean-free-path length of a neutron trying to penetrate the shield” 

(Rinard, 1991). The neutrons in the GSTR are expected to be largely thermal by the time they reach 

the entrance to the beamline; however, 1 MeV neutrons are also considered as a means of examining 

a conservative bounding case for the shutter. For thermal neutrons, 1.52 m of water is over 330 mean 

free paths. For the more penetrating 1 MeV neutrons, 1.52 m of water is equivalent to 85 mean free 

paths, indicating that flooding one section of the beam tube will make an effective shutter. 

5.3. Structural Considerations 

The new beamline is larger and heavier than the current beamline. Since flexing is one 

problem with the current beamline, understanding the bulk structural behavior of the new beamline 

is very important. The tube will tend to sag under its own weight, but this tendency will be 

counteracted by an upward buoyant force. This section examines the behavior of the new beamline 

with respect to bending and buoyancy. 
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5.3.1. Beamline Description 

The new beamline, depicted in Figure 5.1, will be composed of six sections of 6061 

aluminum tubing (five of them square, and one round), which bolt together via flanges at both ends. 

The flanges will minimize the possibility of misalignment, which has been an issue with the current 

system. The flanges are 0.635 cm (0.25 in) thick and extend 3.175 cm (1.25 in) from the outer 

surface of the beam tube. The flanges have 12 evenly spaced bolt holes on the centerline of the 

flange (including one in each corner) to accommodate 0.9525 cm (0.375 in) bolts. The square tube 

sections are 0.635 cm (0.25 in) thick with an inner side length of 11.43 cm (4.5 in) and an outer side 

length of 12.7 cm (5 in). The round tube section is also 0.635 cm (0.25 in) thick, and has an ID of 

5.08 cm (2 in) and an OD of 6.35 cm (2.5 in). The top section of the beamline is 121.92 cm (4 ft) 

long, the middle four sections is 152.4 cm (5 ft) long, and the bottom section is 121.92 cm (4 ft) 

long, resulting in a nominal overall length of 8.53 m (28 ft), which is the same as the current 

beamline. The beamline will be divided into separate, isolated sections allowing a smaller portion of 

the beam tube to act as the shutter and the rest to be permanently backfilled with helium. These 

sections will be separated by 0.15875 cm (.0625 in) thick 6061 aluminum plates that align with the 

flange bolt holes. In addition, there will be gaskets between all metal surfaces to facilitate a good 

seal and prevent water from leaking into the beamline. 

The top four sections of the beam tube will be assembled as one continuous cavity, and will 

be permanently backfilled with helium gas. The fifth piece, a 152.4 cm (5 ft) long section, will be 

isolated from the sections above and below, and will act as the beam shutter (Figure 5.1). This 

section will normally be flooded with water, but will have the ability to be pressurized with helium 

and evacuated like the current beamline. Having a smaller shutter will produce a shorter open/close  
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Figure 5.1. CAD drawing of the new beamline. 
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time, and will minimize the possibility of neutron scattering from moisture on the shutter walls. The 

lowest section of tube, which serves as the pre-collimator, will have a circular cross-section. This 

will accommodate various neutron and gamma filters, which are easier to fabricate in cylindrical 

shapes. 

5.3.2. Bending 

Flexing is a possible cause of the apparent lack of straightness of the current beam tube, and 

so it is important for the new beam tube to maintain a straight alignment under all loading 

conditions. The new beam tube will be larger and heavier than the current beam tube; therefore, the 

bending moment from its own weight will be greater. However, it will be positioned near vertically 

in the reactor tank, resulting in a short moment arm and comparatively small bending stresses. 

Additional factors that will contribute to the prevention of bending (and which are discussed below) 

are using a larger tube cross-section in order to reduce the tendency of the tube to flex, using high-

strength steel bolts to join the individual sections, and permanently backfilling tube sections with 

helium to generate a beam tube that is near neutral buoyancy. 

The beam tube will be installed in a nearly vertical orientation. Therefore, a horizontal tube, 

simply supported at the ends, would be a conservative analysis of the deflection due to bending with 

a uniformly distributed load, as shown in Figure 5.2. 

The maximum deflection of this type of beam occurs at the center, and is given by (Spiegel 

and Limbrunner, 1994): 

 � � = �ℓ48 � (5.1) 

The modulus of elasticity (E) is a material property representing stiffness that is unique to each 

individual material, while the area moment of inertia (I) describes the distribution of material around 

an axis and is based on the cross-sectional area of the tube. According to Equation 5.1, deflection 
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Figure 5.2. Simply supported beam with a uniformly distributed load. 

can be reduced by increasing E or I, or decreasing the weight (ω) or tube length (l). Since the 

material of construction of the beam tube (aluminum; E = 68.9 kPa) and its length (8.53 m) are 

essentially fixed, the only real option is to increase the area moment of inertia by increasing the tube 

cross-section. 

 The current beam tube is a 0.635 cm (0.25 in) thick circular aluminum tube with an ID of 

3.81 cm (1.5 in). The new beam tube will have a 0.635 cm (0.25 in) thick square cross-section with 

an inner side length of 11.43 cm (4.5 in). For simplification the respective beam tubes are assumed 

to have a constant cross-section for their entire lengths (i.e. no flanges or other coupling 

mechanisms). Applying Equation 5.1 and the values in Table 5.1, the maximum theoretical 

deflections of the current and new beam tubes are 10.52 cm (4.14 in) and 1.09 cm (0.43 in) 

respectively. It is obvious that the current beam tube does not bend 10 centimeters off its axis; this 

number is a result of the conservative assumptions built into the calculation. This analysis does serve 

to show however that the new beam tube has a far smaller tendency (~10%) to bend under its own 

weight. 

Another aspect to consider regarding the structural integrity of the new beam tube during 

bending is whether the flanges are a weak point. A flanged joint must be at least as strong as the rest 

of the tube in order to prevent it from weakening the overall structure, and so it must be determined 

how many bolts are necessary to securely join the tube sections. 
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Table 5.1. Physical properties of the beam tubes and bolts. 
 Current Beam Tube New Beam Tube New Beam Tube Bolts 

Material 6061 Aluminum 6061 Aluminum 
18-8 Stainless 
AISI type 304 

Density (ρ) 
2.70 g/cm3 

(0.0975 lb/in3) 
2.70 g/cm3 

(0.0975 lb/in3) 
8.03 g/cm3 
(0.29 lb/in3) 

Modulus of Elasticity (E) 
68.9 kPa 

(10.0 × 106 psi) 
68.9 kPa 

(10.0 × 106 psi) 
193.0 kPa 

(28.0 × 106 psi) 

Area moment of Inertia (I) 
22.35 cm4 
(0.537 in4) 

745.47 cm4 
(17.91 in4) 

379.60 cm4 
(9.12 in4) 

Load per unit Length (ω) 
23.93 g/cm 
(0.134 lb/in) 

82.68 g/cm 
(0.463 lb/in) 

68.57 g/cm 
(0.384 lb/in) 

Length (l) 8.53 m 
(28 ft) 

8.53 m 
(28 ft) 

N/A 

 

When a force is applied to a flanged tube as in Figure 5.3, the opposite half will be in tension 

while the near half will experience compression. The compressive forces in the tube act on the full 

flange face while the tensile forces act only on the bolts. A conservative estimate (and a simplified 

calculation) of the area moment of inertia for the flanged joint therefore would be to only consider 

the area of the bolts, as in Figure 5.4. The only terms from Equation 5.1 that will change between the 

tube and the bolts are the modulus of elasticity and the moment of inertia, so (E × I)bolts must be 

equal to or greater than (E × I)tube for there to be no loss of strength at the joint. The modulus of 

elasticity for 6061 aluminum alloy is 68.9 kPa (10.0 × 106 psi) and for bolt steel (18-8 stainless, AISI 

type 304) is 193.0 kPa (28.0 × 106 psi), therefore the limiting condition for the joint is: 

 � ≤ .8� �  (5.2) 

The moment of inertia of the cross-section of the new beam tube is 745.47 cm4 (17.91 in4), 

while for the 12 flange bolts with the spacing described in Section 5.3.1 it is 379.60 cm4 (9.12 in4). 

This meets the limiting condition, meaning that the flanged joint is stronger and less inclined to bend  
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Figure 5.3. Tensile and compressive forces in a loaded tube. 

 

 

Figure 5.4. Conservative simplification of the area moment of inertia for a flanged joint. 

than the tube body. Considering the conservatism built into this analysis, twelve 0.9525 cm 

(0.375 in) bolts of 18-8 stainless steel will be sufficient for joining the beam tube sections. 

5.3.3. Buoyancy 

When immersed in a fluid, an object experiences an upward “buoyant” force equal to the 

weight of the fluid displaced by the object (Bloomer, 2000). The current beamline does not float 

when open (i.e. filled with helium) which simplifies its installation. The new beamline, however, 

will be significantly larger, thus displacing a much greater volume of water, and so the buoyancy of 

the beam must be considered. 
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The nominal weight of the beam tube is approximately 68.5 kg (151 lbs). This number is 

based only on the tube sections and neglects any internal components such as filters or apertures, as 

well as any hardware like bolts, gaskets, and aluminum dividers. The total amount of water expected 

to be displaced by the beam tube is approximately 98.0 kg (216 lbs) when the shutter is open, and 

78.0 kg (172 lbs) when it is closed. These numbers assume that the top 1.22 m (4 ft) section, as well 

as 30.5 cm (1 ft) of the top 1.52 m (5 ft) section, sit out of the water. 

Based on these calculations, the beamline will have a 29.5 kg (65 lbs) net buoyant force 

acting on it when the shutter is open (9.5 kg (21 lbs) when closed) that will need to be counteracted 

through the addition of ballast. Maintaining the beamline at near neutral buoyancy will help with 

installation by making it easier to move and position in the tank. 

5.4. Summary and Conclusions 

In order to ensure that the new beam tube will be at least as structurally sound as the current 

beam tube, it was necessary to perform some basic structural analyses. The buoyancy of the new 

beam tube was also evaluated due to is larger displacement. These analyses indicate that the new 

beam tube is much stiffer than the current beam tube, owing to its larger cross-section. The 

maximum theoretical deflection of the new beam tube is approximately 10% of the current beam 

tube. In addition, unlike the current beam tube, the new beam tube will have a net buoyant force 

acting on it which will need to be overcome through the addition of ballast. The beamline will have a 

29.5 kg (65 lbs) net buoyant force acting on it when the shutter is open, and a 9.5 kg (21 lbs) acting 

on it when the shutter is closed. Maintaining the beamline at near neutral buoyancy will help with 

installation by making it easier to move and position in the tank 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

This project investigated the behavior of neutron collimators in order to determine a design 

for a new beamline for the Mines Neutron Radiography (MINER) Facility. The main goals for this 

project were to design a beamline that minimizes neutron beam divergence while maximizing beam 

intensity. The specific characteristics studied were the effect of different collimator shapes and liners 

on beam divergence, the effect of using a pre-collimator on beam intensity and uniformity, and the 

feasibility of using graphite to increase neutron flux in the beamline. 

The results of modelling three different beam tube lengths, both with and without a pre-

collimator, indicate that a pre-collimator has a more significant, positive effect on beam divergence 

than lining the collimator with a neutron absorbing material. When a pre-collimator is not present, 

the beam divergence is high—over 10% of the neutron current at the exit of the full size collimator is 

scattered at an angle that exceeds the penumbral angle. This increases to 25% as the length of the 

beam tube decreases to 1.91 m. The addition of a neutron absorbing Boral liner (50% B4C) reduces 

this undesirable, highly-scattered fraction by over 80% and greatly reduces the beam divergence. 

The addition of a pre-collimator further reduces beam divergence, making a liner unnecessary; with 

a pre-collimator present, there is almost no difference in the angular distribution of the neutron 

current at the collimator exit between cases that had no liner and a perfectly absorbing liner. 

Comparing similar length beamlines, the presence of a pre-collimator shifts the angular current 

distribution closer to the beamline axis, thereby reducing beam divergence; this effect becomes more 

noticeable as collimator length decreases. The reduced beam divergence provided by a pre-

collimator also does not come at a significant cost to beam intensity; and, for the full size beamline, 

the use of a pre-collimator actually leads to a slight increase in beam intensity. This evidence, 
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coupled with the fact that a pre-collimator can more easily accommodate beam filters, suggests that 

using a pre-collimator is preferable to lining the collimator with a neutron absorber. 

The results of the neutron beam uniformity analysis at the collimator exit indicate that the 

presence of a pre-collimator produces a non-uniform neutron flux profile, causing the beam intensity 

to peak in the center of the image plane, while falling off in the corners. This effect increases as 

collimator length decreases. For the full size, 8.32 m beamline, the uniformity of the flux profile 

varies by a factor of approximately 1.3 from the corners to the center of the image plane, with the 

majority of the imaging plane varying by less than 10%. However, for the shorter, 1.91 m beamline, 

the flux profile varies by nearly an order of magnitude. Therefore, when a pre-collimator is present, 

the collimator should be significantly longer than the pre-collimator (>3x) in order to allow the 

neutron flux to “spread out” uniformly over the larger area before reaching the beamline exit. The 

variation of the flux profile for the full size beamline with a pre-collimator is considered acceptable 

for the expected applications of the MINER facility. 

The results of the graphite study indicate that adding graphite around the pre-collimator could 

produce a boost in beam intensity of about 15%. The maximum increase occurs for a collar that is 

about 8 cm thick and 11.4 cm high (the same height as the lazy susan). There does not appear to be 

any additional benefit to increasing the height of the collar beyond the top of the lazy susan. 

The results of the beamstop analysis indicate that the beamstop must be significantly larger to 

effectively reduce the dose rate from the new beam to the desired level. An additional 30.48 cm (12 

in) of borated paraffin is necessary to sufficiently reduce the total dose rate. In addition to this, a 

0.3175 cm (1/8 in) thick layer of lead between the original beamstop and the added borated paraffin 

strongly reduces the gamma dose. Enlarging the front cavity to match the new beam also greatly 

reduces the amount of scattered radiation in front of the beamstop. The resulting beamstop weighs 
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858 kg (1892 lbs). The experiment enclosure, constructed of 80/20 aluminum extrusion, must also be 

modified to support the increased weight of the new beamstop. The addition of six horizontal beams 

of series 25-5050 extrusion across the top of the enclosure and four vertical beams of series 25-2525 

extrusion to the narrow sides of the enclosure will strengthen the structure so that it can support the 

additional weight without blocking the neutron beam. 

In addition to the computational analysis, some basic structural analysis was performed for 

the new beamline to verify that it would be at least as rigid as the current beamline, and to determine 

its buoyancy. The results of this analysis indicate that the new beam tube is much stiffer than the 

current beam tube, owing to its larger cross-section. The maximum theoretical deflection of the new 

beam tube is approximately 10% of the current beam tube. In addition, unlike the current beam tube, 

the new beam tube will have a net buoyant force acting on it which will need to be overcome 

through the addition of ballast. The beamline will have a 29.5 kg (65 lbs) net buoyant force acting on 

it when the shutter is open, and a 9.5 kg (21 lbs) acting on it when the shutter is closed. Maintaining 

the beamline at near neutral buoyancy will help with installation by making it easier to move and 

position in the tank. 
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CHAPTER 7 

RECOMMENDATIONS FOR FUTURE WORK 

The obvious next step for this work is to implement the new beamline design; however, there 

are several beam tube modifications and accessories which need to be completed before installation 

can proceed. The most important of these is a plan for mounting the beam tube in the reactor tank. 

The tube needs to be held securely so that the source location is constant and reproducible. The 

current beamline mount is imprecise and drifts over time. A method for attaching ballast to the tube 

will also need to be chosen, as the new beam will be positively buoyant. 

The shutter section of the beam tube also needs to be modified to permit the pneumatic 

evacuation of water. This would consist of an upper hole in the tube wall with a post for attaching a 

hose from the helium tank, and a lower hole through which water can enter and exit the shutter. A 

beneficial design for the lower “drain” hole would be to include a U-shaped trap to ensure the 

complete evacuation of water from the shutter. In addition, the upper section of the beam tube could 

be modified in a manner similar to the shutter to include backfill valves. The upper section of the 

beam tube will have a single helium-filled cavity, and valves at opposite ends would make 

backfilling this section easier and more efficient. 

The pre-collimator is intended to accommodate beam filters which will allow the 

characteristics of the radiography beam to be more precisely controlled; however, a device for 

mounting the filters in the pre-collimator has not yet been constructed. The necessary hardware 

could consist simply of a section of tube with an outer diameter slightly less than the inner diameter 

of the pre-collimator. Since the filters will also have an outer diameter slightly less than the inner 

diameter of the pre-collimator, the tube could be inserted into the pre-collimator and used to hold the 
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filters in place without blocking the beam. The length of the tube would determine the spacing of the 

filters from the bottom of the pre-collimator, and would be easily adjustable.  

Aside from finishing construction and installation of the beamline, the MINER facility itself 

provides ample opportunity for future research. A large part of the motivation for improving the 

beamline was to enable the MINER facility to be more useful for investigating novel techniques and 

applications for neutron radiography. Three-dimensional neutron imaging is one area that could 

benefit from continued study. Presently, work at the MINER facility has focused solely on 

traditional two-dimensional imaging. Combining computed tomography with neutron radiography, 

however, could be a valuable technique in the field of nondestructive quality assurance, particularly 

if high resolution could be achieved. 
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APPENDIX A 

COLLIMATOR FILL GAS ANALYSIS 

As part of designing and quantifying the new neutron beamline for the MINER facility, it is 

relevant to closely examine the role of the fill gas. Air reduces neutron intensity by about 5% per 

meter of travel, while the reduction from helium is <1% per meter of travel (Domanus and Greim, 

1992). In deciding whether to situate the shutter at the top or bottom of the new beamline, it is 

desirable to know whether gas pressure has a significant impact on neutron attenuation. An analysis 

using MCNP6.1 (Goorley, 2012) quantified this effect. 

A.1. Model Description 

The model for the analysis, shown partially in Figure A.1, consists of a 5 cm ID, 6061 

aluminum tube that is 0.5 cm thick. The tube is 3 m long and surrounded by water. The inside of the 

tube is filled with either air or helium, at either 0 kPag (0 psig) (i.e. atmospheric) or 58.6 kPag 

(8.5 psig) (the approximate pressure at the bottom of the reactor tank). Atmospheric pressure at the 

GSTR (i.e 5000 ft) is assumed to be 84.31 kPa, based on the U.S. Standard Atmosphere 1976 

(National Oceanic and Atmospheric Administration, 1976). The material definitions used the 

ENDF/B-VII.1 (.80c) cross-section libraries, and also included ENDF/B-VII.0 S(α, ) 293.6 K 

libraries (.20t or .22t), where available, to account for inelastic scattering from chemically bound 

atoms. 

 

Figure A.1. MCNP gas attenuation model. 
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The neutron source for the analysis is defined as a 5 cm diameter, planar disk, and is placed 

1 m from one end of the tube. The source emits neutrons normal to the surface in the positive 

direction, evenly distributed over the area of the disk. The neutrons have a Maxwell-Boltzmann 

energy distribution with a most likely velocity of 0.025 eV (i.e. thermal). 

A.2. Results 

Tallies of the neutron flux (type F2) and the positive neutron current (type F1) were recorded 

at 0.3048 m (1 ft) and 1 m from the source for all four scenarios, and the results are presented in 

Table A.1 along with the 1-sigma uncertainty (the gas presents very little resistance to the neutron 

beam, and consequently very small uncertainties (<0.0001) were easily obtained). 

Using the data from Table A.1, Table A.2 shows the ratio of the neutron intensity in helium 

to air for each case, to quantify the advantage provided by helium over air. For example, at 0 kPag 

(0 psig), the positive neutron current after passing through 1 m of helium is 4.13% greater than it 

would be if passing through air. Over the course of 7 m this difference grows to over 30% (1.04137). 

Table A.3 further examines the advantage of helium at 0 kPag (0 psig) over helium at 58.6 kPag (8.5 

psig). After 1 m, the difference between the two cases for both neutron flux and current is far less 

than 1%, and remains so after 7 m. The results of this analysis show that using helium for the 

collimator fill gas instead of air provides an advantage that cannot be ignored, while the difference in  

Table A.1. Effect of different gasses and pressures on neutron attenuation. 
Helium 

Dist. 
0 kPag (0 psig) 58.6 kPag (8.5 psig) 

Flux Err. J+ Err. Flux Err. J+ Err. 
1 ft 5.09145×10-2  <10-4 9.99508×10-1  <10-4 5.09041×10-2  <10-4 9.99165×10-1  <10-4 
1 m 5.08484×10-2  <10-4 9.98208×10-1  <10-4 5.07920×10-2  <10-4 9.96961×10-1  <10-4 

Air 

Dist. 
0 kPag (0 psig) 58.6 kPag (8.5 psig) 

Flux Err. J+ Err. Flux Err. J+ Err. 
1 ft 5.05246×10-2  <10-4

 9.88181×10-1  <10-4
 5.02460×10-2  <10-4

 9.80061×10-1  <10-4
 

1 m 4.90151×10-2  <10-4
 9.58617×10-1  <10-4

 4.77268×10-2  <10-4
 9.30883×10-1  <10-4

 



125 

 

Table A.2. Ratio of thermal neutron attenuation in helium to air. 

Distance 
0 kPag (0 psig) 58.6 kPag (8.5 psig) 

Flux Ratio (He/Air) J+ Ratio (He/Air) Flux Ratio (He/Air) J+ Ratio (He/Air) 
1 ft 0.77% 1.15% 1.31% 1.95% 
1 m 3.74% 4.13% 6.42% 7.10% 

 
 
Table A.3. Ratio of thermal neutron attenuation in helium at 0 kPag (0 psig) to 58.6 kPag (8.5 
psig). 

Distance Flux Ratio (0 kPag/58.6 kPag) J+ Ratio (0 kPag/58.6 kPag) 
1 ft 0.02% 0.03% 
1 m 0.11% 0.13% 

 

attenuation between helium at 58.6 kPag (8.5 psig) and 0 kPag (0 psig) is negligible. Therefore, gas 

pressure is not a significant factor in determining the location of the beam shutter. 
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APPENDIX B 

MATERIAL COMPOSITIONS 

The material compositions used in the new MCNP models developed for this thesis are 

given below, along with the input code used to define those materials. 

 

Table B.1. Water. 
Element Atomic Number Atomic Fraction 

H 1 0.6667 
O 8 0.3333 

c water (1.0 g/cc) 
Mx   1001.80c 0.6667 

     8016.80c 0.3333 
MTx lwtr.20t $water S(a,B) card 
 
 

Table B.2. Air. 
Element Atomic Number Elemental Weight Fraction 

C 6 0.000124 
N 7 0.755268 
O 8 0.231781 
Ar 18 0.012827 

c air (9.7921e-4 g/cc at rm temp and 5000 ft) 
c     (1.6599e-3 g/cc at rm temp, 5000 ft, and 8.5 psi gauge pressure) 
Mx   6000.80c -1.24e-4 

     7014.80c -0.752291498 
     7015.80c -0.002976502 
     8016.80c -0.23115288 

     8017.80c -9.35803e-5 
c                           there is no data library for oxygen-18 
     18036.80c -3.88624e-5 

     18038.80c -7.70386e-6 
     18040.80c -0.012780434 

 
 

Table B.3. Helium. 
Element Atomic Number Atomic Fraction 

He 2 1.0 
c helium (1.3531e-4 g/cc at rm temp, 5000 ft, and 0 psi gauge pressure) 
c        (2.2936e-4 g/cc at rm temp, 5000 ft, and 8.5 psi gauge pressure) 
Mx 2004.80c 1.0 
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Table B.4. 6061 aluminum. 
Element Atomic Number Elemental Weight Fraction 

Mg 12 0.01 
Al  13 0.97305 
Si 14 0.006 
Ti 22 0.00075 
Cr 24 0.00195 
Mn 25 0.00075 
Fe 26 0.0035 
Cu 29 0.00275 
Zn 30 0.00125 

c aluminum-6061 (2.7 g/cc; half allowable alloying elements) 
Mx   12024.80c -0.007794999 
     12025.80c -0.00102801 

     12026.80c -0.001176991 
     13027.80c -0.97305 
     14028.80c -0.005512407 

     14029.80c -0.000289907 
     14030.80c -0.000197686 
     22046.80c -5.94007E-05 

     22047.80c -5.47334E-05 
     22048.80c -0.000553838 
     22049.80c -4.14914E-05 

     22050.80c -4.05366E-05 
     24050.80c -8.13869E-05 
     24052.80c -0.001632138 

     24053.80c -0.000188635 
     24054.80c -4.78406E-05 
     25055.80c -0.00075 

     26054.80c -0.000197595 
     26056.80c -0.003216554 
     26057.80c -7.56129E-05 

     26058.80c -1.02391E-05 
     29063.80c -0.001883734 
     29065.80c -0.000866266 

     30064.80c -0.000594244 
     30066.80c -0.000351579 
     30067.80c -5.24503E-05 

     30068.80c -0.00024344 
     30070.80c -8.28682E-06 
MTx al27.22t $aluminum S(a,B) card 
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Table B.5. Boral (50% B4C). 
Element Atomic Number Elemental Weight Fraction 

B 5 0.3914 
C 6 0.1086 
Al  13 0.5 

c boral (2.61 g/cc, 50% boral) 
Mx   5010.80c -0.307423759 
     5011.80c -0.083976241 

     6000.80c -0.1086 
     13027.80c -0.50 
 
 

Table B.6. Graphite. 
Element Atomic Number Elemental Weight Fraction 

C 6 1.0 
c Graphite (2.16 g/cc) 

Mx   6000.80c -1 
MTx grph.20t $graphite S(a,B) card 
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APPENDIX C 

SUPPLEMENTAL ELECTRONIC FILES 

This appendix lists and describes the supplemental electronic files associated with this 

thesis. The uploaded files include example MCNP input files and raw data related to surrogate 

source development, collimator modelling, image plane uniformity quantification, boosting the 

source intensity, and developing a new beamstop. 

Surrogate Source Files Files related to developing a simplified 
surrogate source to use for collimator 
modelling. 

graphite_cylinder_source_test.txt MCNP input file used to model a graphite 
cylinder source with a maxwellian thermal 
distribution of neutrons emitted isotropically 
and evenly over the volume. Tallied neutron 
angular distribution and energy distribution at 
the entrance and exit of a tube representing the 
pre-collimator. 

isotropic_disk_source_test.txt MCNP input file used to model a disk source 
with a maxwellian thermal distribution of 
neutrons emitted isotropically and evenly over 
the disk. Tallied neutron angular distribution 
and energy distribution at the entrance and exit 
of a tube representing the pre-collimator. 

2_pi_disk_source_test.txt MCNP input file used to model a disk source 
with a maxwellian thermal distribution of 
neutrons emitted evenly over the disk but only 
on one side (i.e. “half-isotropically” or in a βπ 
geometry corresponding to the “forward” 
direction). Tallied neutron angular distribution 
and energy distribution at the entrance and exit 
of a tube representing the pre-collimator. 

GSTR_FullPower_July2012_Clint_Test.inp Detailed MCNP model of the GSTR. Used to 
compare to the other models. Tallied neutron 
angular distribution and energy distribution at 
the entrance and exit of a tube representing the 
pre-collimator. 

Surrogate Source Data.xlsx Raw data, as well as the processed, final data 
for the surrogate source analysis. 

Collimator Modelling Files Files related to investigating different 
combinations of collimator shape/size/lining in 
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order to find the optimal collimator shape and 
lining for the MINER facility. 

24_Al-6061.txt MCNP input file used to model a 24 ft 
collimator with a 1 m pre-collimator and bare 
aluminum walls (i.e. no liner). 

27_Al-6061+boral_liner_no_precol.txt MCNP input file used to model a 27.28 ft 
collimator with no pre-collimator and a boral 
liner containing 50% boron. 

12_Al-6061+boral_liner.txt MCNP input file used to model a 12 ft 
collimator with a 1 m pre-collimator and a 
boral liner containing 50% boron. 

15_Al-6061.txt MCNP input file used to model a 15.28 ft 
collimator with a 1 m pre-collimator and bare 
aluminum walls (i.e. no liner). 

6_Al-6061_PA.txt MCNP input file used to model a 6 ft 
collimator with a 1 m pre-collimator and a 
perfect absorber liner. 

3_Al-6061.txt MCNP input file used to model a 3 ft 
collimator with a 1 m pre-collimator and bare 
aluminum walls (i.e. no liner). 

liner data.xlsx Raw data, as well as the processed, final data 
for the collimator shape and lining analysis. 

Image Plane Uniformity Files Files related to quantifying the neutron flux 
intensity profile at the imaging plane for 
various collimator lengths and shapes. 

24_image_plane_mesh.txt MCNP input file used to model a 24 ft 
collimator with a 4 ft pre-collimator. 

28_image_plane_mesh_no_precol.txt MCNP input file used to model a 28 ft 
collimator with no pre-collimator. 

12_image_plane_mesh.txt MCNP input file used to model a 12 ft 
collimator with a 4 ft pre-collimator. 

16_image_plane_mesh_no_precol.txt MCNP input file used to model a 16 ft 
collimator with no pre-collimator. 

Image Plane Uniformity Data.xlsx Raw data for the image plane uniformity 
analysis, parsed and processed. 

Source Intensity Analysis Files Files related to investigating ways to boost the 
source intensity. 

source_test_P1.inp MCNP input file used to model the pre-
collimator in position 1 of Figure 3.17. 

graphite4.inp MCNP input file used to model a graphite 
collar around the pre-collimator 4 mean free 
paths thick and level with the top of the lazy 
susan. 

graphite8_50.inp MCNP input file used to model a graphite 
collar around the pre-collimator 8 cm thick and 
50 cm high. 
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Source Intensity Results.xlsx Final data for the source intensity analysis. 
Beamstop Analysis Files Files related to calculating the dose rate around 

the beamstop from the new beamline, and 
designing a new beamstop. 

fluxmag.inp MCNP input file used to calculate the expected 
neutron and gamma flux magnitudes at the new 
beamline exit. 

fluxdist.inp MCNP input file used to calculate the expected 
neutron energy distribution in the new 
beamline. 

neutron_flux.txt MCNP input file used to determine the neutron 
flux normalizing factor, for the new source and 
beam tube, for neutron dose rate calculations. 

neutron_mesh.txt MCNP input file used to calculate the neutron 
(and secondary gamma) dose rate around the 
current beamstop with the new source and 
beam tube. 

gamma_flux.txt MCNP input file used to determine the gamma 
flux normalizing factor, for the new source and 
beam tube, for primary gamma dose rate 
calculations. 

gamma_mesh.txt MCNP input file used to calculate the primary 
gamma dose rate around the current beamstop 
with the new source and beam tube. 

OG_Beamstop_New_Source_Dose_Data.xlsx Dose rate data for the original beamstop paired 
with the new source/beam tube. 

Additional Files Additional documents and calculations related 
to the new beamline design and analysis 

hand calcs.pdf This PDF file contains the hand-drawn 
dimensions used to procure the new beamline, 
as well as hand calculations for many of the 
values referred to in the thesis—things such as 
gas densities, neutron mean free paths, area 
moments of inertia, beamline buoyancy, etc. 

air0.txt MCNP input file used to quantify the 
attenuation of thermal neutrons travelling 
through air at 0 psig at an elevation of 5000 ft. 

helium8.5.txt MCNP input file used to quantify the 
attenuation of thermal neutrons travelling 
through helium at 8.5 psig at an elevation of 
5000 ft. 

 


