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Abstract 

 

Characterization of Neutron Flux Spectra for  

Radiation Effects Studies 

 

 

 

 

Joseph Turner Graham, M.S.E. 

The University of Texas at Austin, 2011 

 

Supervisor:  Sheldon Landsberger 

 

The effects of neutron displacement damage on materials are sensitive to neutron 

energy spectra. In controlled neutron damage experiments, a well characterized neutron 

flux spectrum is critical in determining the equivalent dose for displacement damage. 

Two techniques were used to characterize the neutron flux spectra in the University of 

Texas at Austin TRIGA research nuclear reactor. The first technique uses a standard 

method of measuring the reaction rates of two identical metal foils, one of which was 

irradiated in a Cd cover, the other of which was irradiated bare. Assuming an analytic 

form of the neutron spectrum the reaction rates were used to determine an approximate 

spectrum.  
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The second technique uses the reaction rates measured from a set of activated 

metal foils along with two spectral unfolding techniques to approximate and then refine 

the neutron spectrum. A Matlab code was developed which fits radiative capture reaction 

rates to an approximate spectrum using a least squares approach. The result was used as 

an initial guess in a second Matlab code which refines the epithermal and fast energy 

ranges of the spectrum using reaction rates from threshold reactions. Errors in the 

reaction rates calculated from the resulting spectrum to the measured reaction rates were 

used to assess the accuracy of the final neutron spectrum.
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Chapter 1: Introduction 

 In the endeavor to design and build new generations of nuclear reactors which are 

safer, more reliable and economical, research in advanced materials plays an important 

role. The effects of high radiation, pressure, temperature and corrosive environments 

greatly impact the longevity of materials which make up reactor pressure vessels, 

cladding materials, sensors and control electronics. Of these environments, the effects of 

intense neutron fields are mostly unique to nuclear reactors and therefore easiest to 

simulate in controlled irradiation experiments in a research reactor. 

 Neutron damage effects depend sensitively on the intensities and kinetic energies 

of neutrons which a specimen is exposed to. In other words, the neutron energy spectrum 

is the most important characteristic in materials testing where neutron displacement 

effects are expected to play a significant role. Therefore, accurately characterizing the 

neutron spectrum is vital in reconstructing the damage dose to an irradiated material.  

 The work presented in this thesis describes techniques which were tested to 

characterize the neutron flux spectrum in the University of Texas at Austin TRIGA 

research nuclear reactor. Techniques were developed in the attempt to extract the most 

accurate information about neutron environments and minimize uncertainty accumulated 

during damage dose calculations. Specifically, they are techniques which are used to 

measure the neutron flux spectra within an in-core irradiation facility of the University of 

Texas TRIGA reactor. The techniques differ in the amount of spectral information they 

provide and the amount of data processing they require. The necessity for greater spectral 



2 

 

fidelity came about when the experimenters starting having difficulties in reconstructing 

the standard damage dose. This initiated a literature search on ways to obtain high 

resolution neutron spectra. Ultimately it was decided that a modified technique involving 

neutron activation of various pure metals would be best path to obtaining a detailed flux 

spectrum given the size constraints of the irradiation facility. 

  The results of this thesis will be used for future research radiation damage and in 

other projects where detailed spectral detail is desirable. This thesis may also be a 

reference for future researchers who would like to use the techniques described within to 

characterize the flux of other in-core and ex-core reactor facilities at the University of 

Texas. 
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Chapter 2: Background 

Section I: Radiation Damage Effects 

Radiation damage effects are the collection of microscopic and macroscopic 

changes in the physical properties of a material subject to ionizing radiation. For 

historical reasons the term damage was adopted because the effects introduced by 

ionizing radiation were assumed to only affect material properties in an undesirable way. 

As knowledge grew, researchers began to realize that controlled irradiation environments 

could also be used to modify materials in a useful or interesting way. Neutron irradiation 

has been found to enhance the hardness, ductility, and electronic structure of certain 

materials. Thus the terms radiation effects, radiation materials science, and nuclear 

materials science are coming into common parlance (1).  

Although radiation effects is concerned with the interaction of radiation with all 

phases of matter, interactions in fluid environments more often fall in the territory of 

radiochemistry and radiation biology while radiation damage to biological tissues and 

systems is firmly in the realm of health physics. Therefore, radiation effects are usually 

only concerned with interactions in solid matter with applications in structural materials 

and electronics.  

It is convenient to categorize radiation effects into two types; displacement effects 

and ionization effects. In crystalline solids, displacement effects result from the 

displacement of an atom native to the material from its crystallographic lattice site and 

subsequent implantation elsewhere in the crystal. In amorphous solids there are no lattice 
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sites to speak of. However, changes in the relative arrangements of atoms are also treated 

as a type of displacement effect although there are different physical interpretations of 

displacements depending on the crystallinity of the material. In any case, the initially 

displaced atom, which is given kinetic energy from a particle of incident radiation, is 

termed the primary knock-on atom (PKA). When the PKA travels through the material it 

may excite secondary radiations and dislocate more atoms, called secondary knock-on 

atoms (SKAs). Thus a damage event typically manifests as cluster of displacement events 

within a small region of the solid (2).  

A physical limitation to this process is the energy required for displacement to 

occur. For an atom to become a PKA it must receive energy greater than the displacement 

energy; the energy required to remove an atom from its lattice site and separate it by 

several atomic distances. Displacement energies are typically on the order of tens to 

hundreds of keV and vary with the bonding strength present in the material. For example, 

most pure metals have displacement energies between 30-50eV, while complex oxides 

can have displacement energies greater than 100eV (3).  

There are two main ways in which a displacement can arise; kinematic damage 

and activation damage. In kinematic damage the important interaction is scattering. An 

incident particle of radiation with energy at least as high as displacement energy imparts 

some of the energy to a stationary atom. If the transferred energy is larger than the 

displacement energy, the struck atom will become a PKA; otherwise, only phonon 

scattering or ionization will occur. Activation damage occurs when a neutron or, less 
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commonly, a high energy gamma ray is absorbed by the target nucleus and activated to a 

high energy state nucleus (stable or otherwise). For neutron irradiation this can occur by 

radiative capture, inelastic scattering, or a number of particle producing interactions. The 

resulting excited and possibly unstable nuclide receives recoil energy during emission of 

a prompt or delayed gamma or during various decay modes to a more stable nuclide (4). 

Again, if the recoil energy is larger than the displacement energy, the struck atom will 

become a PKA.  

Figure 2.1 illustrates the energy dependence of total neutron damage including 

PKAs and SKAs for Si. The damage Kerma is a measure of the kinetic energy of PKAs 

and SKAs and is closely related to the number of atomic displacements formed a few 

femtoseconds after the damage event. The cusp at 100eV indicates the displacement 

energy for Si. Below the energy the damage is solely due to activation. In this regime the 

damage Kerma drops one half-decade per decade of neutron energy, reflecting the 1/v 

dependence in absorption cross section. Above the displacement energy, displacements  

are dominated by kinematic damage. In this regime the Kerma increases proportionally 

with energy because the total energy transferred scales with the energy of the incident 

particle. Therefore more energy goes to the formation of SKAs. At energies greater than 

~100MeV SKA production is limited by electronic stopping of PKAs. High energy PKAs 

lose kinetic energy before interacting in additional knock on collisions.  
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Displacement damage is largely permanent. Recombination and healing occur on 

picosecond to nanosecond time scales but many defects can interact to form stable 

structures such as dislocation loops, voids, and interstitial clusters (5). These stable 

defects play an important role in the mechanical and electrical properties of materials. For 

example, accumulation of voids and dislocation loops in high ductility reactor steel is 

responsible for material swelling, cracking and embrittlement. 

Ionization effects are due to electronic stopping of ionizing radiation in matter. 

The ionizing radiation can be incident radiation coming from an external source or 

Figure 2.1: Neutron damage Kerma for Si normalized by the Kerma at 1 MeV. From (22) 
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secondary radiation produced during a displacement cascade in a prior ionization 

interaction (3). An ionizing event is any interaction which, produces, excites, or 

dissociates electrons and charged particles such as ions or electron holes (e.g. the 

photoelectric effect, Compton scattering, Bremsstrahlung, Møller scattering, etc). The 

production of positrons is also usually included in the list of charge carriers even though 

they are not considered products of conventional ionization. The qualitative and 

quantitative effects of ionizing are highly material dependent. In metals for example, 

electron hole pairs are formed easily but the overlap in the conduction and valence bands 

allows pairs to rapidly recombine. The excess energy is dissipated as heat. The excess 

heat can only have a significant permanent effect on the microstructure of the material 

when the temperature is comparable to the melting point. This requires uncommonly 

large Kerma values for the ionization interactions. Thus ionization effects in metals are 

virtually non-existent (5).  

In insulator materials, however, ionization damage is much more effectual. 

Separated charge carriers can become trapped at crystallographic defects or in high 

energy band structures. This can lead to changes in the oxidation states of the various 

atoms leading to a chemical phase of the damage event where bonds and atomic positions 

may rearrange to attain a more stable configuration. This can result in permanent changes 

in the physical and electronic microstructure. Redistributed charge is especially important 

in electro-physically structured materials such as the ferroelectric ceramic, PZT, because 
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special electronic properties like ferroelectricity strongly depend on both the arrangement 

of atoms and bonds in the crystal.  

 

Section II: Accuracy Requirements in Neutron Energy Spectrum  

 As figure 2.1 indicates, damage response is both a dramatically varying function 

of energy and one which exhibits resonances and other fine structure. The figure 

illustrates the importance of both thermal neutrons and fast neutrons. In the range of 

100keV to 10MeV the effects of fine structure give the Kerma high sensitivity to 

neutrons in that energy range. In the radiation environment of a thermal nuclear reactor 

which predominantly consists of thermal neutrons, the effects of fast neutrons might 

seem ignorable. The flux and Kerma scale in such a way, however, that their product is 

approximately constant. Thus neutrons from all energies contribute significantly to the 

total dose.  

 For the purposes of reconstructing the damage dose, these damage Kerma 

functions are typically used to weigh the flux. Thus accurate determination of the dose 

requires greatest spectral detail where the contributions are most significant. As was 

mentioned above, the fast and thermal regions are the most significant. Therefore the 

merit of a neutron spectroscopy technique which is used for characterizing irradiation 

facilities in a neutron damage study should represent high fidelity in the thermal and fast 

flux. 
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 Various techniques for acquiring neutron spectra exist. They vary in the energy 

ranges that they can probe, their energy resolution, and the practical limitations of which 

irradiation facilities they can measure. The next section introduces the most common of 

these techniques. 

 

Section III: Neutron Spectroscopy 

 

As mentioned before, the effects of neutron displacement damage depend highly 

on the energy of the incident neutrons. Thermal neutrons typically have insufficient 

energy to transfer knock on kinetic energy to lattice sites through scattering collisions. 

However, through activation and subsequent recoil, the atoms may never the less be 

displaced. Additionally, at energies in the 1 MeV range, particle production reactions 

may become significant modes for activation and energy transfer. Thus at every incident 

neutron energy, different energy transfer modes exist. Because each mode has a special 

contribution to the total energy transfer, it is important to have a good understanding of 

the relative probability for such events to occur. 

 In mentioning the importance of neutron energy it is also worth mentioning the 

importance of neutron current. Material changes are in fact sensitive to anisotropic 

neutron fields. This is especially true in interactions where the majority of displacement 

energy is transferred by means of elastic scattering collisions. This work is only 

concerned with characterizing radiation environments where the neutron flux is 

approximately isotropic. However, in general, neutron current must also be characterized. 
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 There are a variety of techniques for measuring and approximating the spectrum 

of a neutron environment. Some of the main techniques used are: proportional counters, 

organic scintillators, proton recoil, crystal spectrometers, time-of-flight (TOF), Cadmium 

filtering, and threshold detectors (6) (7). A brief description of each technique is given 

below. 

  

Proportional Counters 

A proportional counter is a type of ionization chamber that uses a strong electric 

field generated by a high voltage wire electrode to initiate a cascade of ionizations. This 

cascade is created by the initial ionizations from the detected particle. The total number 

of ion pairs created in the cascade is a function of initial number of secondary charged 

particles and therefore the energy of the incident particle. Proportional counters used for 

neutron counting are typically filled with either hydrogen or methane gas. Hydrogen is 

used for detecting neutrons with energy < 100 keV. Above this range the stopping power 

of hydrogen is insufficient to generate enough ion pairs in the vicinity of the electrode to 

initiate a measurable cascade. For energies > 100 keV methane is used. Methane has a 

higher stopping power but suffers from spectrum distortion from carbon recoils at low 

energies.  

 Limitations of proportional counters are their size and shape; generally 

constructed as cylindrical tubes with lengths on the order of tens of cm. Additionally 
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since the counting must be done in-situ, external electronics including a power supply 

and multi-channel analyzer must be connected during measurement. 

  

Organic scintillators 

Organic scintillators are based on certain organic compounds which experience 

luminescence under the influence of ionizing radiation. The energy deposited in the 

material by a neutron is remitted in the form of light which can be collected by a 

photomultiplier tube. The resulting pulse measured on the tube can be used to determine 

the energy of the incident particle as well as discriminate gamma rays from neutrons. 

Organic scintillators in a crystal form have an anisotropic response which may be 

exploited to measure neutron direction; however, for most detector configurations this is 

undesirable. Therefore liquid organic scintillators are far more common. 

 Organic scintillators are sensitive to neutrons in an energy range of about 10 keV 

to 200 MeV and in this range they generally have excellent energy resolution. Apart from 

the fact that these devices cannot measure slow neutrons, limitations are mainly due to 

size constraints. The scintillator material itself is typically only a few cm in dimension 

but the light collection must be done in-situ so the system is tethered to photomultiplier 

tubes and external electronics. 

 

Crystal Spectrometer  
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A crystal spectrometer uses the principle of Bragg diffraction to diffract a narrow 

beam of polyenergetic neutrons through a crystal into bands of monoenergetic neutrons 

traveling in different directions. The intensity of the neutrons can be measured at 

different angles away from the incident beam using any conventional neutron detector. 

Each angle corresponds to a different neutron energy, hence an intensity-angle 

relationship can easily be translated into a neutron spectrum. 

 This technique is able to achieve energy resolutions less than 0.1 eV. The Bragg 

condition, however, limits the observable energy range to < 1 keV. This technique is only 

applicable to beam geometries and the setup is considerably sophisticated. Crystal 

spectrometers are rarely used for neutron spectroscopy but rather to produce a source 

slow, collimated, monoenergtic neutrons of a desired energy. 

 

Time-of-Flight 

The time-of-flight (TOF) method is the highest resolution method for determining 

neutron spectra in beam geometries. It works by selecting neutrons of a specific velocity 

and stopping all others. To do this a TOF system employs a velocity selector which 

consists of a rotating shutter, often called a chopper, which separates the constant stream 

of neutrons in a beam into short bursts. These bursts are collected by a neutron detector 

and the time differences between the bursts and the signal in the detector correspond to 

different energies. 
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 Limitations with the TOF technique are similar to the crystal spectrometer 

technique. TOF requires a beam geometry and highly specialized apparatus. Furthermore 

TOF has only been able to measure energies lower than 10 keV. 

 

Cadmium Filtering 

 A technique which might be included in the list of spectrometric methods is that 

of Cadmium filtering. The absorption cross section of Cd is special in that it is large for 

energies less than 0.2 eV and small for energies greater. It can therefore be used to 

selectively filter out thermal energy neutrons. Comparison between activation foils or 

wires shielded with Cd to those without is used to separate contributions to the neutron 

spectrum from thermal and epithermal neutrons. If the ideal behavior of thermal and 

epithermal neutrons in energy are known and can be expressed analytically, as is the case 

in a thermal nuclear reactor, the thermal and epithermal contributions can be used to 

approximate the true spectrum with an idealized spectrum. 

 The Cd filtering technique has the major advantages of compact apparatus and 

insensitivity to gamma rays. The activation foils or wires and Cd shield can be less than a 

cm in dimension. Additionally, the counting can be performed ex-situ meaning activation 

rates can be determined after the activation detectors have been removed from the 

radiation environment. This technique, however, is highly insensitive to fast neutrons so 

the approximate neutron spectrum can only be considered valid for energies < 1 MeV.  
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Threshold Reactions 

The technique of threshold reactions uses detectors (usually in the form of foils or 

wires) which contain nuclides that have high cross sections for threshold reactions such 

as (n,p), (n,α), (n,2n) reactions. These reactions are only sensitive to the population of 

neutrons above their energy threshold which is typically several MeV. Thus the activity 

of fast neutrons can be measured by measuring and extrapolating the activity of such 

detectors. 

 The threshold reaction technique is similar to the Cd filtering technique in that it 

only requires small detectors and the counting may be done ex-situ. This resolution of 

this technique is contingent on the number of different neutron interactions included, and 

therefore by the variety of detectors irradiated. 

 Table 2.1 summarizes the energy range and limitations of each technique 

described above. Clearly the choice of the technique greatly depends on the energy range 

and desired resolution as well as the geometry and spacial constraints of the irradiation 

facility. 

Table 2.1: Summary of neutron spectroscopy techniques 

Technique Energy Range Limitations 

Proportional counters 1 keV - 1 MeV Must be counted in-situ 

Organic scintillators > 1 keV Must be counted in-situ 

Proton recoil 1 keV - 1 MeV Must be counted in-situ 

Crystal spectrometer < 1 keV Requires beam geometry 

Time-of-flight < 10 keV Requires beam geometry 

Cadmium filtering < 1 MeV Small. Counted ex-situ 

Threshold foils > 1 MeV Small. Counted ex-situ 
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Section IV: Irradiation Facilities at the University of Texas at Austin 

 The Nuclear Engineering Teaching Laboratory (NETL) at the University of Texas 

at Austin operates a 1MW TRIGA Mark II research nuclear reactor. The acronym 

TRIGA stands for Training, Research, Isotopes and General Atomics. Within the reactor 

core, several facilities exist for performing a variety of irradiation experiments. These 

facilities are described below. 

 

The Central Thimble 

The central thimble (CT) consists of an Al cylinder which is located at the center of the 

reactor fuel assembly. The interior of the cylinder is 3.38cm in diameter and can be filled 

with water for normal reactor operations or evacuated with gas for irradiations using the 

CT. The main advantage of the CT is that, being in the center of the fuel assembly, it is 

subject to the highest neutron flux of all facilities. Spatial variations in the flux, however, 

may limit the number of specimens which can be simultaneously irradiated in the CT.  

 

The Pneumatic Transfer System  

 The pneumatic transfer system (PTS) consists of a tube which pneumatically 

transfers samples in polyethylene vials into a position on the outer edge of the fuel 

assembly. At this terminus position, a Cd liner may be inserted inside the transfer tube. 
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The purpose of the Cd liner is to filter out thermal neutrons. Thus with the Cd liner in 

place, the sample is primarily exposed to epithermal and fast neutrons. With the Cd liner 

removed, the sample is primarily exposed to thermal neutrons. An advantage to the PTS 

is that it allows for rapid and automated sample irradiation and extraction. This is 

especially useful in Neutron Activation Analysis (NAA) of short-lived nuclides. From the 

stand point of materials testing, disadvantages of the lower flux and shorter irradiation 

times means that high fluence levels require cyclic irradiations. 

 

The Three Element Facility 

 The Three Element (3L) facility is a canister that occupies three empty fuel rod 

positions within the fuel assembly. The canister may either be Pb or Cd lined to filter out 

photons or thermal neutrons. Advantages of the 3L facility are its large size and 

epithermal flux. Due to a flux gradient at the 3L, however, the canister must be manually 

rotated several times during irradiation to compensate for anisotropies in the time 

averaged flux. 

 

Rotary Specimen Rack 

 The Rotary Specimen Rack (RSR) facility consists of an annular rack sitting atop 

a graphite reflector containing forty sample locations. At each location a polyethylene 

sample vial, or rabbit, is placed. During irradiation the entire rack rotates at a rate of 

2rpm. This ensures all forty samples locations receive equal flux at constant power. The 
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flux at the RSR is lower than the flux at the various other in-core facilities mentioned 

above. However, the ability to simultaneously irradiate up to forty samples for hours at a 

time at full power is useful in radiation effects studies. 
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Chapter 3: Cd Shielding Experiment 

Section I: Introduction 

 A commonly used technique for characterizing in-core reactor flux is the 

technique of neutron activation with Cd shields. Various in-core apparatus may be used 

to ascertain the total neutron density at various points in the reactor (6), however, the Cd 

shielding technique is a basic technique which can separate contributions from thermal 

and epithermal flux and thereby provide much more spectral information for little added 

cost and effort. The advantages of the technique are that the experimental procedure is 

exceptionally simple, the materials are inexpensive, the foils are small enough to fit in 

most sample irradiation facilities, and the counting can be done post-irradiation outside 

the reactor facility. 

 The basic assumption that enables the Cd shielding technique to be used as a 

neutron spectroscopy technique is that a thermal reactor spectrum has certain 

characteristics which can be analytically modeled. However, it is not a true spectroscopic 

technique in the sense that information about neutrons in a certain differential energy 

interval cannot be directly measured. The spectrum can only be inferred from 

measurements of the thermal and epithermal contributions and the assumptions about the 

shape of the neutron spectrum. Never the less, it is a valuable technique for determining a 

first order approximation to a neutron spectrum. 
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Section II: Theory 

  The principle behind the Au foil activation technique is based on spectral 

filtering. In a typical thermal reactor, neutrons below 1eV quickly come into 

thermodynamic equilibrium with atoms making up the various materials within the 

reactor (8). Thus at these energies, neutrons behave like an ideal non-interacting gas. An 

ideal flux spectrum for a thermal reactor has a Maxwell-Boltzmann distribution at 

energies less than a thermal cutoff, ETC ≈ 0.2eV. Although a small number of neutrons 

up-scatter to energies greater than the thermal cutoff, by and large, neutrons with energy 

greater than ETC originate from down-scattering interactions that occur in the epithermal 

energy regime. Above ETC the neutron flux goes approximately as 1/E which reflects the 

probability of elastically down-scattering from energy E (9). Thus the approximate flux 

spectrum for an ideal thermal reactor is given by 

 
 ( )  {

  

 

(  ) 
  

 
                     

         

 

 
                              

} 

 

3.1 

 

where ϕt is the total contribution to the thermal flux and ϕe is proportional to the 

contribution from the epithermal flux. 
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  It is important to mention however, that epithermal neutrons can have energies 

below the thermal cutoff. The lower energy bound for epithermal neutrons is usually 

taken as 4kT or 5kT (10) (11). For room temperature neutrons (T=293K) 5kT is equal to 

0.13eV. Thus between this energy cutoff and the thermal cutoff both Maxwell-Boltzmann 

and 1/E distributions contribute to the neutron flux. Some authors have noted [from 

ASTM 262 refs 4-10] however that an epithermal flux spectrum given by 1/E
1+α

 where α 

Figure 3.1: (a) The radiative capture cross section for natural Cd with (b) ideal Maxwell-

Boltzmann and (c) 1/E distributions overlaid. The thermal cutoff energy (d) and Cadmium 

cutoff energy (e) are indicated. 



21 

 

is an empirical parameter better agrees with measured activation rates (12) (13) (14) (15) 

(16) (17). 

  Natural Cd has a high absorption cross section at thermal energies but quickly 

drops off around 0.55 eV. Figure 3.1 illustrates the behavior. This energy is referred to as 

the cadmium cutoff energy, ECC. The proximity of ECC and ETC allows one to construct a 

Cd shield that acts as a high pass energy filter which absorbs a majority of thermal 

neutrons while passing through epithermal and fast neutrons. 

Assuming a flux spectrum with the analytic form discussed above and setting α to 

zero we obtain the following expression for, Rb, the activation rate of a bare foil with 

known radiative capture cross section σ(E). 
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M(E,T) in the first term represents a Maxwellian function as a function of energy, E, and 

temperature, T. The following definitions can then be made. 
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σt is the thermal averaged capture cross section and g is called the Westcott g factor. The 

Westcott g factor accounts for non-1/v behavior in the cross section σ(E) at all energies. 

We also have 

 ∫    ( )
 

 
 

   

   

           3.5 

 

where f1 accounts for 1/v contribution to absorption in the range 5kT to ECC and w’ 

accounts for departure from 1/v absorption in that range. Finally we define 

 ∫    ( )
 

 

 

   

    3.6 

 

which is called the resonance integral. It is the spectral averaged cross section in the 

resonance region of the detector cross section. With these relations in equation 3.3, the 

activation rate of the foil is 

               [   
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If we were to irradiate an identical foil in an identical flux except shield it in a Cd box we 

can assume the contribution from neutrons below the Cd cutoff energy would be 

negligible. In this case the reaction rate for the Cd shielded foil, RCd, would be 

     ∫    ( )
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Granted the values for the spectral shape factors          
 and I0 are known for the foil 

material and reaction rates for the bare and Cd shielded foils have been measured, 

equations 3.7 and 3.8 constitute a system of two equations in two unknowns,   and   . 

The influence of self-shielding can significantly change the effective cross section in the 

resonance region of the detector cross section. This can even be true for thin foils. 

Therefore a final adjustment to the resonance integral must be made. The final 

expressions for the unknown thermal and epithermal flux parameters are given by 
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where the term Gres is a correction factor for resonance neutron self shielding which 

depends on the dimensions of the detector foil. For materials other than Au, a thermal 

self-shielding fact is sometimes included, but for typical Au foils, the correction factor is 

so close to 1 that it hardly needs any consideration (18).  

 

Section III: Experimental 

Selection of the Foils 

 The activation foils selected for this experiment consisted of a high purity Au-Al 

alloy with 0.134 mass percent Au. The foils were manufactured by Shieldwerx and their 

physical dimensions are presented in table 3.1 
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Table 3.1: Physical dimensions and target number of Au-Al foils 

 Diameter Thickness Mass Atoms of 
197

Au 

Foil A 12.7mm 0.127mm 0.04679g (1.3867±0.0003)×10
18

 

Foil B 12.7mm 0.127mm 0.04697g (1.3921±0.0003)×10
18

 

 

Metals typically used for the Cd shielding technique are In, Au, Dy, and Co. Of these the 

ASTM E 262 standard recommends Au for this technique when dealing with fluences in 

the range 10
7
-10

14 
n cm

-2
 which is an appropriate range for irradiation times of several 

minutes (18). Beyond the high cost of high purity Au, the primary role of the Al in the 

alloy is as a diluting medium. Diluting the Au helps reduce the effects of self shielding. 

Figure 3.2 shows the low energy radiative capture cross section of Au and the total cross 

section of Al. The Al cross section is approximately two orders of magnitude smaller 

than that of the Au which enables a thicker foil to be stamped. For comparison, the 

thickness of pure Au required to have a similar resonance self-shielding correction fact 

would be approximately 0.2 micron; obviously much too thin to be handled. 
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Irradiation of the Foils 

 Foil B was placed in a Cd box consisting of two Cd shells of thickness 0.508mm 

and diameter 14mm. Figure 3.3 is a side view diagram of the Cd box with foil placed 

inside. Foil A and the Cd shielded foil B were heat sealed in plastic bags and placed in 

the sample vials for the UT TRIGA reactor rotary specimen rack (RSR) facility. The 

Figure 3.3: Cross section diagram of Cd covers (grey) with Au-Al foil 

(yellow) inside 

Figure 3.2: The total cross section for Al and radiative capture cross section for Au for 

energy less than 10eV. 
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sample vials (or rabbits as they also known) are cylindrical polyethylene tubes of 

diameter 3.2cm and height 27.4cm. To mitigate error due to the effects of height 

dependent flux, considerable care was made to ensure that the foils were lying flat on the 

bottom of the RSR rabbits. Care was also taken to ensure that the two foils were spaced 

on the RSR racks so as to eliminate the possibility of self shielding due to the proximity 

of the two samples. 

 The foils were irradiated at a power of 10kW for 5min after which they were 

removed from the reactor and left to decay for several days before counting. 

 

Counting 

The desired quantity to be extracted from the decay radiation of the foils is the 

activation rate extrapolated to the time of irradiation, R. Solving the rate-decay equation 

       (    ) 3.11 
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  3.12 

 

where A is the activity of the foil (assuming zero initial activity), λ is the decay constant 

of the activated nuclide, N is the number of target nuclei, D is the number of decays that 

occur during counting, ti is the irradiation time, td is the decay time and tc is the counting 

time. 
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 Because of the counting geometry, shielding and inherent physical limitations of 

the detector material, there is an associated detector efficiency ε which is defined as the 

fraction of particles emitted from the source which are detected. Combined with the yield 

per decay, γ, for the particle being counted, the number of counts, C, registered in the 

detector is 

 DC   3.13 

 

Using this expression, the reaction rate can be written as 

 




N

C
R   3.14 

 

where θ is a dimensionless factor relating the initial activity to the integrated activity at 

the time of counting. 

 )1)()(1( cdi ttt
eee

 
  3.15 

 

 and thus the activation rates can be determined. 
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To determine the activation rate during irradiation, the gamma spectra from the 

foils were collected using a high purity Germanium detector (HPGe). The particular 

detector was set up in a vertical arrangement as shown in figure 3.4. Samples are placed 

on an acrylic dish above the detector with specified dish geometry. In this case, the D 

geometry was used. The detector is raised into an annular NaI detector which is encased 

in lead bricks to reduce background noise. The NaI detector is used to discriminate 

Compton scattered gamma rays. For this experiment the HPGe was only used in normal 

Figure 3.4: High purity Germanium 

(HPGe) detection system. Germanium 

crystal housing and dewar are lowered 

from lead cave. 
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counting mode. The detector electronics interface with a computer running the multi 

channel analyzer software Maestro by Ortec.  

 Au has one natural isotope, 
197

Au, which undergoes radiative capture to become 

198
Au. 

198
Au decays by beta minus emission and gives off a strong gamma peak at 

411.8keV. The area under this peak was determined using Maestro’s built in peak 

information functionality which automatically subtracts the contribution of background 

noise. To determine the efficiency of the detector at 411.8 keV a 
152

Eu check source of 

known activity was used to determine the ratios of count rate to activity at each of the 

characteristic gamma ray energies and interpolate the efficiency at 411.8 keV. Details of 

this procedure are given in appendix A. 

 Table 3.2 lists various physical parameters associated with the capture cross 

section of 
197

Au and decay of 
198

Au. Table 3.3 lists the 411.8keV counts and the 

irradiation, decay and count times. These values are used with equations 3.9, 3.10, 3.14 

and 3.15 to determine values for the thermal and epithermal flux parameters obtained 

from (19) (20) 

. 
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Table 3.2: Physical parameters of 
197

Au capture and 
198

Au decay 

 

 

 

 

 

 

 

 

 

Table 3.3: Irradiation times and accumulated counts for irradiated foils 

 

 

 

 

 

 

 

 

 

 

Physical Parameter 
Accepted 

Value 

T1/2 2.69517 d 

σt 98.69±0.14 b 

γ 0.9558 

g 1.0051 

I0 1560±3 b 

w’ 0.0500 

f1 0.468 

Gres 0.9644 

ε(411.8keV) 5.27×10
-3

 

 Foil A Foil B 

ti (m) 5 5 

td (h) 116.033 94.667 

tc (h) 3 3 

θ 8.14e-6 1.02e-5 

C 12834±139 7096±101 
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Error Propagation 

From equation 3.14 the uncertainty on the reaction rate is given by 
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The errors on C and ε are on the order of 1 part in 100 whereas the errors on the 

remaining quantities are on the order of 1 part in 10000. Thus equation 3.16 can be well 

approximated by 
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Then rewriting equation 3.9 as 
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Again, the uncertainties on g and H are small compared to the uncertainties on the 

reaction rates and   . Therefore, to a good approximation 
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From equation 3.10 the uncertainty in the epithermal flux parameter is simply given by 
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 3.21 

 

In equation 3.21 the negligible contribution from the uncertainty in the resonance integral 

is excluded. 

Section IV: Results 

 With the above expressions the thermal and epithermal flux parameters can be 

determined. Table 3.4 displays these values along with the flux parameters extrapolated 

at 950kW power. A linear regression was used to extrapolate the flux value at this power 

using the determined values at 10kW and an assumption of zero flux at zero power. The 

flux spectrum with these values is shown in figure 3.5. 

 

Table 3.4: Flux parameters determined at 10kW and extrapolated to 950kW 

 

 

 

A measurement of the RSR thermal flux taken in 1998 using Au foils resulted in a 

value of (2.39±0.02)×10
11

 at 100kW; a 12% difference from the values in table 3.4. The 

differences may be due to self-shielding in pure Au or changes in the neutronics of the 

reactor during its lifetime. Never the less, this level of agreement suggests that the values 

in table 3.4 are appropriate.  

Power ϕt (n cm
-2

 s
-1

) ϕe (n cm
-2

 s
-1

) 

10 kW (2.68±0.14)×10
10

 (1.37±0.04)×10
9
 

950 kW (full power) (2.55±0.13)×10
12

 (1.30±0.03)×10
11
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Section V: Discussion 

 

Validity of Analytical Models 

 In the graph of differential flux in figure 3.5 it was implicitly assumed that the 

Maxwell-Boltzmann distribution corresponded to a nominal thermal temperature of 

293°K (neutron temperature = 0.0253eV). In fact, the core of the reactor is hotter than 

room temperature so there is a slight change in the distribution. Assuming the thermal 

flux on the foils is only due to neutrons in thermal equilibrium with materials in and 

around the RSR system (a few thermal mean free paths), the extent of the change depends 

Figure 3.5: Plot of differential neutron flux at 950kW power corresponding to fit parameters 

determined from Cd 
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on the local temperature at the RSR. Since heat generated in the fuel rods is continuously 

carried away by a cooling system and the reactor was operated at a power of 10kW 

during irradiation, it is safe to assume temperature near the RSR rabbits only climbs a 

few tens of degrees Celsius at the most. Furthermore, the five minute irradiation time and 

large thermal mass of the reactor pool would have prevented significant heat 

accumulation from seriously altering the temperature. 

 A ten degree change amounts to a small distortion of the original Maxwell-

Boltzmann distribution. However, a determination of the temperature power relationship 

in the RSR rabbits could be performed to experimentally verify this assumption. If such 

changes significantly affect the neutron spectrum at the sample locations, it would have 

an effect on the consistency of radiation damage doses. 

 

Validity of Linear Power-Flux Relationship 

As mentioned previously, a linear relationship between flux and power was 

assumed. In actuality, the relationship between flux and power is not exactly linear but 

also depends on temperature. This effect is more pronounced in the fuel which is 

significantly hotter than the moderator and surrounding sample racks. The effect of 

temperature on the Maxwell-Boltzmann distribution discussed in the previous section has 

negligible effect on the total thermal flux because the total area of the distribution is 

unchanged and the fission cross section of 
235

U goes as 1/v at thermal energies. However, 

there is an effect of Doppler broadening in absorption resonances which can alter the 
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probability of epithermal neutrons escaping to thermal energies. Again, this effect is more 

dominant in the fuel than in surrounding materials. By virtue of the large thermal mass of 

the reactor pool, the low power level, effectiveness of heat removal systems and 

relatively short irradiation time, the flux-temperature effects are assumed to be ignorable 

and therefore the assumption of linearity valid. Other authors have shown that linearity in 

flux and power is a good approximation (21). 

 

Usefulness of Cd Shielding Method in Reconstructing 1 MeV equivalent Dose 

 

 As mentioned before, the overarching purpose of this thesis is to determine the 

neutron flux in the RSR with the intent of reconstructing the 1 MeV equivalent dose for 

use in future radiation damage studies. Using the ASTM E 722 standard (22) the 1MeV 

fluence is calculating by weighing the neutron flux by the damage Kerma function for Si, 

shown in figure 2.1. The expression for the 1MeV equivalent flux is 

       
∫    ( ) ( )

 

 

 (    )
 3.22 

 

where K is the energy dependent damage Kerma function. K(1MeV) for Si is 95MeV-mb. 

Above ~200eV the damage Kerma function increases approximately 

proportionally to energy. Since both the epithermal and fast flux are assumed to go as 1/E 

the differential contribution to the Kerma from epithermal and fast neutrons is the same 

regardless of energy. This is problematic because the fast portion of the spectrum, which 

was initially disregarded since the fast flux is small in comparison to the thermal and 

epithermal flux, has a large influence on the damage Kerma. In a true thermal reactor flux 
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spectrum the magnitude of the fast flux tails off rapidly for energies greater than ~3MeV 

(8). This reflects the underlying fission spectrum. 

 Figure 3.6 shows the 1 MeV equivalent flux determined by replacing infinity in 

equation 3.22 by a cutoff. Clearly, neglecting the flux drop off in the fast spectrum will 

influence the value for the equivalent fluence. It is difficult to find a cutoff which 

represents the physical energy tail of the neutron spectrum. Virtually no neutrons are born 

from fission with energy greater than 20MeV. However, 20MeV is too high because the 

Figure 3.6: Plot of 1MeV equivalent flux as a function of maximum energy cutoff assuming 

1/E epithermal spectrum. 
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fast tail falls off faster than 1/E for neutrons with energy ~3MeV and greater. To select a 

valid cutoff within that range would require additional knowledge of the fast spectrum.  

 Thus, for the purposes of determining the 1MeV equivalent flux, the Cd shielding 

technique is inadequate. A means by which to extract information about the fast neutron 

spectrum is required to accurately evaluate the integral. The next chapter deals with such 

a technique that does exactly this.  
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Chapter 4: Multiple Foil Spectrum Unfolding 

Section I: Introduction 

 A foil activation technique, which utilizes multiple foils, attempts to solve the 

inverse problem of determining the flux from the Fredholm equation   

 EdEER ii 



0

)()(   4.1 

 

where Ri is a reaction rate for a given reaction for a given nuclide, i. Although the exact 

flux is impossible to extract, the flux may be approximated to arbitrary accuracy by 

determining the reaction rates for a number of detectors with linearly independent 

reaction cross sections. The cross sections and reaction rates can be used with a spectral 

unfolding method to infer ϕ. Any type of reaction will work for this purpose so long as 1) 

the product of the reaction results has a reasonable amount of activity to collect a gamma 

spectrum  2) the energy dependent cross section for the reaction is available. As it so 

happens, information about the thermal and epithermal portion of the neutron spectrum is 

primarily contained within radiative capture reactions while threshold reactions such as 

(n,p), (n,2n), (n,α) reactions are only sensitive to the fast flux.  

 Various spectral unfolding methods have been developed to obtain neutron flux 

spectra which agree with measured reaction rates to high accuracy (23) (24) (25) (26). 

For this experiment, a hybrid of two techniques was developed in the hopes of 

simultaneously determining the thermal, epithermal and fast fluxes with good accuracy. 
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The first method is a least squares approach for expressing the flux as a series expansion. 

The second of these techniques uses a similar iterative algorithm to that on which the 

spectral unfolding program SAND-II is based (23) (27) (28).  

 

Section II: Theory 

Least squares flux decomposition 

Starting from equation 4.1 we define the flux for energy below a maximum value 

Γ.  
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Then the flux may be expanded as a linear combination of orthogonal functions, 

ψj which are also defined on the domain. Assuming the expansion is well approximated 

by a truncation of N terms of the linear combination, the Fredholm equation can be 

expressed as 
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If one obtains reaction rates for M > N foils and knows the cross sections for the 

measured interactions, it is possible to use the method of least squares to determine the 

coefficients aj and hence the approximate flux 
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Various options have been selected for the choice of the orthogonal functions such as 

Chebyshev and Laguerre polynomials (25) (29)as well as orthogonal combinations of the 

monitor cross sections (30). 

All of these representations, along with Taylor and Fourier representations were 

tested. In all cases however, issues were encountered with unphysically high solutions to 

the fast flux as well as negative solutions at certain energies. This is attributed in part to 

truncation effects but mainly to the unequal scaling of flux and basis function at various 

energies. In other words, the flux varies significantly over logarithmic scales while all 

useful basis functions only vary significantly on linear scales, thus the weight attached to 

fast and epithermal neutrons was highly exaggerated.  

To remedy this problem, basis functions were chosen which would capture the 

basic shape and scaling of the flux. These were the Maxwell-Boltzmann distribution and 

the 1/E distribution discussed in Chapter 3.  

The technique used in this characterization first uses least squares to make a two 

parameter fit to the ideal flux spectrum (as in equation 3.1) to the measured reaction rates 
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for a set of activation foils. Then the part of the reaction rates due to the ideal flux is 

subtracted from the measured reaction rates and a remnant flux is fit to minimize the 

remnant reaction rates. Using conventional matrix notation the N measured reaction rates 

are 
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where M(E,T) is the normalized Maxwellian. The vector arrows above the cross sections 

indicate row vectors and contraction of matrix X is equivalent to integrating the cross 

sections with the Maxwellian and 1/E vectors as weight functions. Then using the method 

of least squares   

   RXXX TTt
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The difference between the ideal flux and the true flux can then be defined by 

   idealtrue
 4.9 

 

where the remnant flux,  , can be approximated by expressing it in N energy groups, 

g  and solving   
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If the remnant flux is small, a perturbative approach is appropriate for solving equation 

4.10. 

 

SAND-II Algorithm 

 The SAND-II algorithm works by taking and initial guess for the energy 

dependent flux, calculating reaction rates based on that guess, using the calculated rates 

and measured rates to obtain a correction factor, and using that correction factor to update 

the guess. 

If we partition the energy of the neutron spectrum into M energy groups then 

equation 4.2 can be approximated by 

    ∑     (       )
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Where E1=0 and EM = Γ, the maximum energy and  
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As the energy partition gets finer, expression 4.11 becomes exact. We define the initial 

guess for the flux   
 and the k

th
 iteration of the flux   

 . Using the k
th

 flux, the estimated 

contribution to the reaction rate in the i
th

 detector from neutrons in the j
th

 energy group is 
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Therefore the total contribution to the i
th

 detector from neutrons of all energies, and hence 

the k
th

 estimate of the reaction rates is given by 
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A weight factor is defined as 
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which measures the normalized contribution of the     
  group reaction rate. Then the 

correction constant   
  for the j

th
 energy group is 
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Conceptually,   
  is a measure of the fractional error between the measured and estimated 

reaction rates weighed by the contribution of the j
th

 group reaction rate. Finally the k+1
th

 

iteration is determined by 
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 ) 4.17 
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An advantage of this algorithm is that the number of energy groups can be much larger 

than the number of measured reaction rates. In such a scenario, the system of equations is 

underdetermined and therefore has an infinite number of solutions. While this may seem 

undesirable, the density of solutions is very high in the neighborhood of the true flux so a 

reasonably close guess will converge to an appropriate solution. 

 

Section III: Experimental 

Sample Irradiation  

To determine the neutron spectrum via the flux decomposition technique a 

number of activation foils were irradiated in the UT TRIGA reactor. 

Twelve foils were selected for measuring activation rates. They were Fe, Mo, Zr, 

CuMn, Cu, Sc, W, Al, Mg, Ti, and V foils and a NaCl disk, manufactured by Shieldwerx. 

The masses and number of target atoms are given in table 4.1 

 

Table 4.1: Masses and number of target atoms for activation foils 

Foil Mass (g) MW(g mol
-1

) N 

Fe 0.11968 55.845 1.291×10
21

 

Zr 0.11159 91.224 7.367×10
20

 

Mo 0.09194 95.960 5.770×10
20

 

MnCu 0.04947 56.548 5.268×10
20

 

Cu 0.28882 63.546 2.737×10
21

 

NaCl 0.47420 58.443 4.886×10
21

 

Sc 0.04935 44.956 6.611×10
20

 

W 0.32156 183.84 1.053×10
21

 

Al 0.25265 26.982 5.639×10
21

 

Mg 0.03178 24.305 7.874×10
20

 

Ti 0.14976 47.867 1.884×10
21
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V 0.04206 50.942 4.972×10
20

 

 

 The foils were irradiated in three groups based on the amount of total fluence 

required to sufficiently activate the foils. The activity calculations were made with a 

target activity of a few kBq during counting. This activity would result in a combination 

of low counting dead times (less than 5%), short counting times (less than an hour), and 

reasonably far counting geometry (to approximate a point source). The first group 

consisted of the Zr, Fe, and Mo. These were irradiated for 2hr at 950kW. The second 

group consisted of NaCl, MnCu, Cu, Sc, and W which have larger thermal capture cross 

sections. These were irradiated for 10min at 100kW and the reaction rates extrapolated to 

950kW. The remaining Al, Mg, Ti and V foils were also irradiated at 950kW for 2hr but 

this set was left to decay in the RSR overnight. These foils were highly activated in order 

to ensure a significant number of threshold reactions would occur. Their capture products 

have short half-lives (on the order of seconds to minutes). The intent of irradiating these 

foils was to obtain threshold reaction rates so the capture product half-lives had to 

necessarily be on the order of seconds to minutes. After a 12 hr period only gamma 

spectra containing threshold reaction information remained. 

 Preparation of the samples included heat sealing each foil in a set of plastic 

pouches. The pouches were loaded into the RSR rabbits in such a way that the foils laid 

flat on the bottom side of the cylindrical rabbits. Care was taken to ensure the rabbits 

were spaced in the RSR rack to minimize the flux suppression interference between foils. 
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Counting 

After irradiation, the samples were transferred to clean plastic bags to minimize 

interference from contamination from the RSR rabbits. Gamma spectra were acquired 

using a high purity Germanium detector operating in normal mode. The MCA interfaced 

with a computer equipped with Maestro software. The detector used had no fixed sample 

dishes so the counting geometry was somewhat difficult to systemize. In order to mitigate 

this uncertainty in geometric efficiency, a separate efficiency curve was acquired during 

each counting session. A 
152

Eu check source was used to determine the efficiency curves. 

The details of the procedure are given in appendix A.  

The counting geometry was optimized by selecting the closest sample-to-detector 

distance which registered a dead time less that 5% for the most active sample. The 

justification for this is that 5% was deemed an insignificant dead time and a shorter count 

time would reduce the total contribution of background noise to the spectra. Reducing 

background was relatively unimportant in determining the capture reactions since there 

were usually several strong peaks; therefore Compton scattering was the more dominant 

source of noise for the capture reactions. However, for the threshold reactions where the 

foil activities were lower and the gamma peaks fewer, minimizing the background 

contribution was more important. 

 

Determination of the reaction rates 
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Peak areas and shape parameters were collected from the spectra. These values 

are presented in appendix B along with decay times, count times, efficiencies and other 

relevant values. Using equation 3.14 the reaction rates for each peak were obtained. 

Values for the decay parameters were obtained from (31). Table 4.2 shows the 

measurable capture reactions observed in eight of the twelve foils and their extracted 

reaction rates. Table 4.3 shows the measurable fast reactions and reaction rates 

 

 

Table 4.2: Reaction rates for radiative capture reactions 

Parent 

Nuclide 
Daughter Nuclide 

Reaction 

Type 
Reaction Rate (s

-1
) 

Cu-63 Cu-64 (n,γ) (1.14±0.04)×10
-11

 

Fe-58 Fe-59 (n,γ) (3.2±0.2)×10
-12

 

Mn-55 Mn-56 (n,γ) (3.32±0.17)×10
-11

 

Mo-98 Mo-99 (n,γ) (1.15±0.06)×10
-12

 

Na-23 Na-24 (n,γ) (1.19±0.02)×10
-12

 

Sc-45 Sc-46 (n,γ) (6.86±0.11)×10
-11

 

W-186 W-187 (n,γ) (1.19±0.05)×10
-10

 

Zr-94 Zr-95 (n,γ) (1.64±0.04)×10
-13

 

Zr-96 Zr-97 (n,γ) (6.39±1.1)×10
-13

 

 

 

Table 4.3: Reaction rates for threshold reactions 

Parent 

Nuclide 
Daughter Nuclide 

Reaction 

Type 
Reaction Rate (s

-1
) 

Fe-54 Mn-54 (n,p) (5.7±0.8)×10
-14

 

Mg-24 Na-24 (n,p) (1.07±0.03)×10
-15
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Preparation of Group Cross Section Libraries 

 In order to perform both spectral unfolding techniques, libraries of cross sections 

for the (n,γ), (n,p), (n,α) and (n,2n) reactions had to be prepared in the form of group 

averaged cross sections. To do this, the program NJOY99 was involved. NJOY is a 

nuclear data processing system which is a modular program that prepares cross section 

data libraries in the Evaluated Nuclear Data File (ENDF) format into calculation ready 

output (32). NJOY comprises an extensive collection of modules which can process data 

to account for a variety of nuclear physics. For example, the effects of thermal Doppler 

broadening, chemical bonding and self-shielding can be included in the output cross 

sections.  

 ENDF/B-VI neutron data files were acquired from (33) and NJOY99 input decks 

were written for each material file. The core modules used to process the data were as 

follows: 

Ti-46 Sc-46 (n,p) (7.7±0.7)×10
-15

 

Ti-47 Sc-47 (n,p) (1.34±0.02)×10
-14

 

Ti-48 Sc-48 (n,p) (2.30±0.13)×10
-16

 

Al-27 Na-24 (n,α) (5.41±0.14)×10
-16

 

V-51 Sc-48 (n,α) (2.1±0.4)×10
-17

 

Zr-90 Zr-89 (n,2n) (8.7±1.7)×10
-17
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 RECONR: This module reconstructs point-wise cross sections using the 

raw ENDF cross sections, resonance parameters and interpolation 

schemes. The input decks for RECONR assumed a tolerance factor of 

0.005 and a reconstruction temperature of 0°K.   

 BROADR: This module Doppler broadens the resonances to account for 

ambient conditions. The input decks calculate broadened cross sections at 

300°K. 

 UNRESR: This module computes self-shielded cross sections in the 

unresolved resonance region. A background cross section of 10
10

 b 

(infinitely dilute) was assumed for all nuclides. 

 GROUPR: This module calculates group cross sections and prepares them 

in tables. A 620 group energy structure was selected for the input decks. 

This is the same group structure used by SAND-II. The 620 groups are 

approximately logarithmically spaced in energy from 1×10
-4

-1.8×10
7
eV. 

The weight function used in averaging the group cross sections was a 

thermal reactor spectrum, i.e. a low-energy Maxwellian tail, a 1/E slowing 

down spectrum and a Watt fast fission spectrum. The weight function is of 

minor importance since the energy structure is so fine. 

The effect of GROUPR can be seen in the 5.9keV capture resonance of Al shown in 

figure 4.1. The smooth ENDF data is discredited into a computationally more economical 

form and one that represents the effects of self-shielding and Doppler broadening.   
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The output of NJOY99 prepared cross section libraries is not in a format which is 

easy to manipulate in data analysis applications such as Excel or Matlab. In order to 

convert it into a format which is more portable, a Matlab code called GetGroupXS was 

written to parse the output files for the desired cross section tables, read it, convert it to a 

usable format then write it to a text file. 
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   These text files were then concatenated into three input files, one of which 

contained all reaction rates, one of which contained just capture reactions rates and one 

which contained just threshold reaction rates. This partition was useful in the developing 

the hybrid least squares-SAND-II algorithm code, LSqSII which will be discussed later. 

 

Developing the Least Squares Code, LSflux 

 

The least squares code, LSflux, was developed in Matlab to take NJOY prepared 

cross sections and a table of measured capture reaction rates and use the least squares 

Figure 4.1: Radiative capture resonance for 
27

Al at 5.9keV plotted from raw ENDF data and 

as NJOY prepared energy group cross sections. 
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method outlined in section 2 to fit a thermal Maxwellian and 1/E slowing down spectrum 

to the thermal reaction rates. The initial results of this simple approach were accompanied 

by large errors. Table 4.4 lists the percent errors in the measured and estimated reaction 

rates for the capture reactions. 

 

Table 4.4: Percent errors in reaction capture reaction rates 

Reaction (Rmeasured-Restimated)/Rmeasured 
63

Cu(n,γ)
 64

Cu 2.37% 
58

Fe(n,γ) 
59

Fe 9.92% 
55

Mn(n,γ) 
56

Mn 0.09% 
98

Mo(n,γ)
 99

Mo 11.42% 
23

Na(n,γ)
 24

Na 8.31% 
45

Sc(n,γ) 
46

Sc 3.98% 
186

W(n,γ)
 187

W -20.04% 
94

Zr(n,γ) 
95

Zr 8.80% 
96

Zr(n,γ) 
97

Zr -0.24% 

 

 

 Errors of 20% are not catastrophic but it was suspected that lower errors were achievable 

by refining the basis functions. As mentioned in chapter 2 section 2, the epithermal flux 

can vary as 1/E
(1+α)

 where α is an empirical fit parameter. A simple modification to the 

basis function was to alter α. Various values of α were tested and the mean squared errors 

compared. Figure 4.2 shows the dependence of mean squared error on α, and clear 

minimum at α=-0.15. 
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Figure 4.2: Mean squared error on measured and calculated reaction rates as a function of the 

epithermal shape parameter, α. 

 

The errors on the reactions rate for α=-0.15 are given in table 4.5. Table 4.6 lists the flux 

parameters determined by the least squares fitting along with values for the epithermal 

flux assuming an energy range of 1eV-10keV. 
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Table 4.5: Percent errors in capture reaction rates with modified epithermal shape parameter 

Reaction (Rmeasured-Restimated)/Rmeasured 
63

Cu(n,γ)
 64

Cu 1.96% 
58

Fe(n,γ) 
59

Fe 9.87% 
55

Mn(n,γ) 
56

Mn 0.31% 
98

Mo(n,γ)
 99

Mo 8.23% 
23

Na(n,γ)
 24

Na -8.26% 
45

Sc(n,γ) 
46

Sc 4.21% 
186

W(n,γ)
 187

W -4.84% 
94

Zr(n,γ) 
95

Zr -5.76% 
96

Zr(n,γ) 
97

Zr -2.55% 

 

Table 4.6: Flux parameters and integrated epithermal flux for modified and unmodified 

epithermal spectral shapes 

α ϕt (n cm
-2

 s
-1

) ϕe (n cm
-2

 s
-1

) ϕe ∫
  

 (   )

     

   
 (n cm

-2
 s

-1
) 

0 (2.63±0.06)×10
12

 (1.10±0.15)×10
11

 (1.01±0.14)×10
12

 

-0.15 (2.68±0.06)×10
12

 (4.4±0.6)×10
10

 (2.2±0.3)×10
11

 

 

 It is very unlikely that the epithermal flux is equal to that given by the value 

assuming α=0. The value 2.2×10
11

, while perhaps higher than expected is a much more 

reasonable estimate. This result along with the improved reaction rate errors were 

justifications setting for α=-0.15 for all subsequent flux determinations. 

 

Developing the Spectral Unfolding Code, Sand2 

 To initially design and test the code Sand2, which makes use of the SAND-II 

algorithm, only the threshold reactions were considered. This is because SAND-II was 
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originally developed to handle fast spectrum unfolding. The sensitivity of the initial guess 

in the thermal and epithermal portion of the spectrum was unknown. 

 To test the sensitivity of the converged solution, a set of five trail functions were 

used as the initial guess. The five functions were 

1. An exponentially increasing function of energy 

2. A linearly increasing function of energy 

3. A linear decreasing function of energy 

4. A 1/E dependence 

5. A constant 

The trial functions are graphed in figure 4.3. The trial functions were intentionally chosen 

to have dramatically different behaviors. Thus if the converged solutions exhibited 

significant discrepancies, it would indicate that the solution is sensitive to the initial guess 

and therefore the code would not be reliable. The fourth trial function is of special 

significance because in the hybrid code, LSqSII, the initial guess is the best fit flux 

determined from LSflux, which, as mentioned previously, assumes ~1/E dependence in 

the epithermal region. Fortunately, the converged solutions are insensitive to the initial 

guess as figure 4.4 shows. 

 Between 3 and 18 MeV the solutions converge to almost the exact same value. 

Below 3 MeV there are some discrepancies in the solution. This is attributed to the lack 

of threshold detector response in that region. Figure 4.5 shows the cross sections for the 

threshold reaction. Only 
54

Fe and 
47

Ti have non-zero cross sections at these values. 
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Therefore the converged solution below 3MeV is based on only two reaction rates and 

therefore suffers from large truncation effects. Above 18MeV there are also significant 

deviations in the converged solution. This is due to the energy group structure used in the 

NJOY input decks. The maximum energy group had an upper bound of 18MeV so 

numerical values of the cross sections above that point are non-existent. Thus the 

solutions in that range are rescaled variants of the initial guesses. 

It is important to recognize that the solutions determined by the SAND-II 

algorithms amount to representations of the true flux in basis functions where the basis 

functions are the detector responses. Thus the resolution in figure 4.4 does not represent 

the resolution of the flux. Rather, it represents the resolution set by the energy group 

Figure 4.3: Initial guesses for the 0
th
 iteration flux estimate used by Sand2. 
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structure in the cross section libraries. The solution amounts to a truncation of the true 

flux. If an infinite amount of detectors were used, the converged flux would theoretically 

be exact. Since only eight detector responses could be used, there are artifacts remaining  

from the cross sections shown in figure 4.4. The most visually obvious of these is due to 

the 
90

Zr(n,2n)
91

Zr reaction. It has an energy threshold at approximately 12MeV. In the 

converged spectra there is a cusp at 12MeV corresponding to a large contribution from 

this cross section in the series approximation above 12MeV.  

Figure 4.4: Converged solutions to the flux from initial guesses made by Sand2 
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 Having approximately determined the fast flux in the RSR and demonstrated the 

robustness of the SAND-II algorithm to initial guesses the next step was to examine the 

solutions obtained when both threshold reaction rates and capture reactions were 

included. 

 The first task was to determine if the SAND-II algorithm would show similar 

insensitivities to the initial guess when radiative capture reactions were included. Two 

trial spectra were selected. 

 Guess 1: A constant value of 1 for all energy 

Figure 4.5: Cross sections of threshold reactions used by Sand2 in spectral unfolding 
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 Guess 2: An E
3
 dependence 

These guesses are highly unphysical and merely chosen to test the robustness of the 

Sand2 code to guesses which were significantly different from the true flux. Figure 4.6 

shows the results of these guesses. In both cases the converged spectra are extremely 

distorted. The convergence behavior seems to vary between energy regions. Below 1eV 

the converged flux is essentially unchanged from the guess apart from a rescaling. Thus 

this region is entirely sensitive to the initial guess. In the resonance region the influence 

of the initial guess is difficult to infer because much of the convergence is affected by 

resonances in the detection cross sections. The results, however, are equally unphysical. 

Above 1MeV the flux converges to an appropriate solution as it did before. Thus the fast 

flux remains insensitive to initial guesses despite distortions in the thermal and 

epithermal portions of the spectrum.  
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Figure 4.6: Converged solutions to the flux guesses from thermal to fast neutron energies 

generated by Sand2 

 

 Although guessing such analytical forms for the trial flux is not likely to happen, 

these results do reveal the weakness of the SAND-II algorithm at energies less than 

1MeV. They also explain the motivation for creating a hybrid code which combines the 

strengths of the least squares technique, which determines the thermal and epithermal 

flux, and the SAND-II technique which works well in the fast spectrum.  
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Development of LSqSII Code 

 The LSqSII code (LSqSII stands for Least Squares-SAND-II) uses the least 

square Matlab code LSflux to create an initial guess for the Matlab code Sand2 based on 

the SAND-II algorithm. Sand2 then refines the thermal and epithermal flux using capture 

reactions and adjusts the fast flux using the threshold reactions. Figure 4.7 is a flow chart 

explaining the basic design of LSqSII. 

 

 

Figure 4.7: Flow chart of the LSqSII Matlab code. 

 

 Threshold reaction rates were not used by LSflux for two reasons: 1) the 1/E 

approximation breaks down at fast energies. Including those reactions would add weight 

to high energies and skew the epithermal flux parameter 2) the fast portion of the flux 

will converge to the same solution when it is passed through Sand2 regardless of how 

LSflux determines the flux. 
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Section IV: Results 

 Figure 4.8 shows the output flux spectrum generated by LSqSII. It clearly has the 

expected shape and suffers much less distortion than the converged flux spectra in figure 

4.6. From the reaction rate results of LSflux and SandII, the reaction rates determined 

from this calculated flux were expected to agree with the measured rates within an 

average error of ~5%. Indeed table 4.7 lists the error in the reaction rates of all capture 

and threshold reactions between the measured rates and those determined by the output of 

LSqSII and shows improvement in the error.  

Figure 4.8: Converged solutions to the flux for thermal to fast neutron energies as determined by 

LSqSII. 
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Table 4.7: Percent error in capture and threshold reaction rates from flux determined by LSqSII 

Reaction (Rmeasured-Restimated)/Rmeasured 

63
Cu(n,γ)

 64
Cu -0.90% 

58
Fe(n,γ) 

59
Fe -8.21% 

55
Mn(n,γ) 

56
Mn 1.01% 

98
Mo(n,γ)

 99
Mo -0.45% 

23
Na(n,γ)

 24
Na 9.58% 

45
Sc(n,γ) 

46
Sc -2.88% 

186
W(n,γ)

 187
W 0.81% 

94
Zr(n,γ) 

95
Zr 2.10% 

96
Zr(n,γ) 

97
Zr -0.01% 

54
Fe(n,p)

54
Mn -9.43% 

24
Mg(n,p)

24
Na -4.42% 

46
Ti(n,p)

46
Sc 2.62% 

47
Ti(n,p)

47
Sc -5.52% 

48
Ti(n,p)

48
Sc -5.09% 

27
Al(n,α)

24
Na -0.61% 

51
V(n,α)

48
Sc 5.53% 

90
Zr(n,2n)

89
Zr 8.15% 

 

 

 

The average absolute error for all reaction rates was 3.9% and the reduction in error 

between the capture rates in table 4.5 and 4.7 was 2.2%. In light of the statistical error in 

the measured reaction rates themselves, which ranged from a few parts in one hundred to 

a few parts in ten, these errors are reasonable and suggest that a significant amount of the 

residual uncertainty is due to the measured rates. That said, the truncation error implicit 

in the SAND-II method is impossible to estimate and may well be significantly larger. It 

is also difficult to estimate the error due to the choice of basis functions. Departures from 

non-Maxwellian and non-1/E
1+α

 spectra are difficult to include a priori. Other basis 
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functions might be used instead which result in similarly accurate reaction rates but 

which are unphysical. The advantage to the Maxwellian and 1/E
1+α

 spectra is that they 

appear to predict accurate results and are based on reactor physics. 

 

Section V: Discussion 

Sensitivity of Capture Detectors 

Capture detectors were used for several reasons. Firstly the practical concerns of 

measuring gamma spectra associated with capture are far fewer than the issues involved 

in measuring spectra from threshold reactions when the irradiation environment has a 

large thermal neutron component to it. In such an environment, activation is virtually 

guaranteed to make up the overwhelming majority of reactions, even with the use of Cd 

shielding. Thus interference from non-capture products is usually not an issue. In 

comparison, when measuring threshold reaction rates, the signal can easily be swamped 

by decay from activation products. Thus detector materials for measuring threshold 

reactions are mainly limited to nuclides with activation products that have short half-

lives.  

A second reason capture reactions are used is because of their sensitivity to low 

energy neutrons. Neutron capture and thermal fission are the only means (in the context 

of foil activation techniques) by which integrated thermal flux can be measured. Because 

fission foils are undesirable for other reasons, capture reactions are the standard probe of 

the thermal flux.  
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The nature of capture cross sections makes spectral unfolding difficult. A 

radiative capture cross section,   , can be written 

   ( )  
 

√ 
  ( ) 4.18 

 

where the factor A scales the 1/v dependence of the cross section and,  f(E), describes the 

non-1/v portion of the cross section. In general, f(E) consists of many resolved and 

unresolved resonances and is not smooth compared to the flux spectrum. Considering 

equation 4.1 again 

      ∫
  

√ 

 

 

 ( )  ∫     ( ) ( )
 

 

 4.19 

 

Other than the known value of Ai the first term is shared by all capture reaction rates 

assuming the same differential flux. Thus given a set of N reaction rates, Ri, and its 

associated system of N equations, the first term can be eliminated reducing the system to 

N-1 equations which only depend on the unwieldy second terms. This shows that spectral 

unfolding techniques are not aided by the 1/v dependence in the capture cross sections. 

The remaining terms which depends on the rough nature of the capture resonances 

completely determines N-1 degrees of freedom in the spectral shape. This explains why 

the converged solutions in figure 4.6 vary wildly in the resonance region but remain 

unperturbed where the 1/v law holds. In contrast, the spectral unfolding works well in the 

fast spectrum because the cross sections (as shown in figure 4.5) are smooth on the scale 

of energies where the flux converges easily. 
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Agreement with Previous Measurements 

 In 2008 a measurement of the total flux of the RSR was made using Au, Co, and 

Ni foils and a three group unfolding technique (34). The total flux extrapolated to 950kW 

was determined to be (6.54±0.36)×10
12

 n cm
-2

 s
-1

; significantly different from the total 

flux determined from the spectrum in figure 4.8 which was (5.15±0.10)×10
12

 n cm
-2

 s
-1

. 

As mentioned in chapter 3 section IV, a 1998 measurement of the thermal flux in the 

RSR resulted in a 12% lower value than those presented here. The 2008 measurement of 

the total flux is 21% higher than the value determined here. In any case there are 

significant discrepancies in all three characterizations. This either indicates significant 

flux variations over reactor history, or, more likely, there is significant systematic 

uncertainty associated with each of the characterization techniques used. 

 

Differences between the Multi-foil and Cd Shielding Techniques 

 When the epithermal shape parameter α, was set to 0 the flux parameters from the 

Cd shielding technique and the results from LSflux agree within error (see table 4.8). 

This is a reasonable comparison because setting α=0 is equivalent to assuming a 1/E 

dependence in the epithermal region; the same assumption made in the determination of 

flux parameters using the Cd shielding technique. This demonstrates consistency between 

the spectra obtained by each technique given the same initial assumptions. 
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Table 4.8: Comparison of flux parameters determined from least squares and Cd shielding 

methods 

Method ϕt (n cm
-2

 s
-1

) ϕe (n cm
-2

 s
-1

) 

Least Squares (2.63±0.06)×10
12

 (1.10±0.15)×10
11

 

Cd Shielding (2.55±0.13)×10
12

 (1.30±0.03)×10
11

 

  

In the Cd technique, two reaction rates are used to determine two fit parameters. 

There are no additional degrees of freedom to determine α. However, in the least squares 

approach, as long as at least three reaction rates are measured, ϕt, ϕe and α are extractable. 

Consequently, if α is not zero the total epithermal flux may be vastly different that for 

α=0.  The discrepancy between the values for the integrated epithermal flux in table 4.6 

indicates an order of magnitude difference in the total epithermal flux. Three 

explanations for this discrepancy are posed: 

1. The limits of integration are poorly chosen 

2. The assertion that α=-0.15 is invalid 

3. The 1/E assumption in the Cd technique is invalid 

The first is a possibility because it is difficult to define exact lower and upper energy 

bounds for epithermal neutrons. However, the limits chosen, 1eV-10keV are firmly 

within the epithermal range. Furthermore the integral expressions in table 4.6 behave 

similarly. It is difficult to see how the difference between such similar expressions could 

affect an order of magnitude change.  
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The second possibility is that the value of α is wrong. The cause of such a 

scenario would likely involve the sensitivity of the spectrum to large cross sections in the 

capture resonances of the detector cross sections. The influence of the resonances, 

however, is expected to have the same effect regardless of flux shape (provided the flux 

is smooth in comparison to the resonance structure). Functions of the form 1/E
(1+ α)

 

satisfy this criteria. If α is not -0.15 the cause is much less apparent. 

The final possible source of the discrepancy mentioned here is that it is the 1/E 

assumption in the Cd technique that is invalid. Other authors have shown other values of 

α to be preferable for various other reactor facilities (refs 14-19). There is no reason why 

this would not also hold true in the UT TRIGA reactor. If it is the case that α is non-zero, 

the 
197

Au shape parameters listed in table 3.2 would need to be revaluated and the 

reaction rates recalculated using the corrected values.  

It is also worth noting that the value of the integrated flux as calculated using the 

results of the Cd technique is comparable to the total thermal flux. This is physically 

unlikely for the RSR system which sits outside the reactor core fuel assembly. Even with 

a high density of epithermal neutrons in the assembly, the majority of neutrons which 

radiate out towards the RSR thermalize before they arrive. It is therefore unlikely that the 

epithermal flux will approach the magnitude of the thermal flux at the RSR. 
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Chapter 5: Conclusions 

 
Section I: Cd Shielding Technique 

 

 Both the usefulness and limitations of the Cd shielding technique were 

demonstrated in this set of experiments. Given two foils and a set of Cd filers it is 

possible to obtain a reasonable approximation of the flux spectrum making simple 

assumptions about the energetics within a thermal reactor. Upon comparison with the 

results obtained using the multi-foil technique, it was deemed that the value of the 

thermal flux as determined using the Cd method was likely accurate. This comparison, 

however, brought up concerns with the shape of the epithermal flux. It is suggested that 

the epithermal flux spectrum for the RSR facility be approximated by an analytical 

function of the form 1/E
1+α

 where α=-0.15. This determination, unfortunately, may not be 

made on the reaction rates obtained from the Cd technique alone. Therefore, when used 

as a neutron spectroscopy technique, it is prone to erroneous results when spectral shapes 

are not known a priori. 

Another issue with the Cd technique is its inability to produce a spectrum which 

can be used in 1MeV equivalent flux determinations. Greater accuracy, especially in the 

fast portion of the spectrum, is essential for constructing the 1MeV equivalent flux. 

Therefore, this technique, by itself, it not suggested for dosimetry measurements related 

to neutron damage effects. 
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Section II: Multi-Foil Technique 

 This technique was seen as a considerable improvement for determining both the 

neutron flux spectrum and the 1MeV equivalent flux. The most significant achievement 

of the spectral unfolding seemed to be the determination of the fast flux using the SAND-

II algorithm. Reasonable agreement with the Cd technique was achieved (with α=0) when 

the method of least squares was used with radiative capture reaction rates. Both methods 

have strengths and weaknesses. The least squares method is able to approximate the 

thermal and epithermal flux but it is inherently insensitive to fast neutrons. The SAND-II 

algorithm works well with threshold reactions (i.e. fast neutrons) but leads to poorly 

converged solutions in the epithermal and thermal portions of the spectrum. Combining 

the two spectral unfolding codes LSflux and Sand2 in the hybrid code, LSqSII, had the 

advantages of both methods with none of the drawbacks.  

 The 1MeV equivalent flux was tractable with the spectrum derived from LSqSII. 

This is mainly attributed to the more accurate determination of the fast flux and the 

absence of the highly suspect cutoff energy which was required for determination of the 

equivalent flux using the Cd method. Uncertainties about the accuracy of the 1MeV flux 

still remain due to unresolvable artifacts in the spectrum resulting from truncation error. 

Still, a much higher degree of confidence is attached to the result determined from the 

multi-foil spectrum due to its overall improved characteristics. 
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Section III: Future Work and Recommendations 

 The overall motivation of this thesis is to characterize a radiation facility for 

radiation effects studies. That said, additional work on neutron flux spectra 

characterization can be done. Computer simulated spectra of the RSR is a useful means 

for validating (or invalidating) these results. Monte Carlo models of the UT TRIGA 

reactor have been developed in the Monte Carlo for Neutral Particles (MCNP) code (35). 

Mutual agreement between the results presented in this thesis to those produced by 

MCNP would simultaneously help validate both results. 

 An important question that must be resolved is: how accurate is the assumption 

that the epithermal flux goes as 1/E? In this thesis, it was hypothesized that the 

epithermal flux is better approximated by 1/E
1+α

 where α=-0.15. To test this hypothesis, a 

relatively simple experiment involving the Cd shielding technique with different target 

foils could be performed. Au, Co, In and Dy foils are commonly used with Cd filtering 

(18) and could provide enough information about the epithermal fit parameter to validate 

this hypothesis. 

 A final line of future work pertaining to the multi-foil technique is development 

of the spectral unfolding codes. Highly developed unfolding codes exist and are 

commonly used with multiple foil activation. It would be worth the effort of comparing 

the results obtained using LSqSII to those well established codes. This comparison could 

either demonstrate advantages of the hybrid unfolding technique or reveal areas in which 
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it needs to be improved. The code LSqSII also needs to be made more robust and 

portable. Including automated routines for determining the reaction rates based on 

irradiation conditions and gamma spectra would eliminate the highly time intensive and 

involved process of determining these reaction rates manually. 
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Appendix A: Detector Efficiency Calibration 

To calibrate the efficiency of the High Purity Germanium (HPGe) detector used in 

counting gamma spectra, a 
152

Eu source of known activity was first counted. The 
152

Eu 

spectrum was acquired at each geometry that the foils were counted. This ensures that the 

correct geometric efficiency is determined. Table A.1 shows the strong peaks in the 
152

Eu 

spectrum, their absolute intensities, and branching ratios. 

 
Table A.1: Strong gamma peaks of 

152
Eu with corresponding absolute intensities and branching 

ratios. From (6) 

Energy (keV) Absolute Intensity Branching Ratio 

121.78 0.397611 0.7188 

244.67 0.105501 0.7188 

344.30 0.9519 0.2786 

411.09 0.080188 0.2786 

444.00 0.043794 0.7188 

778.90 0.464527 0.2786 

964.08 0.202809 0.7188 

1112.07 0.189812 0.7188 

1408.07 0.292222 0.7188 

 
From the activity of the source and the values in table A.1, the number of gamma 

rays at energy emitted per second can be determined. Let Di be the number of particles 

emitted per second contributing to gamma peak i. Then, if Ci is the number of counts per 

second from the i
th

 peak, the efficiency of the detector at that energy is 

    
  

  
 A.1 

 

 Thus efficiencies for the nine energies in table A.1 can be determined. Figure A.1 

shows the efficiencies of an HPGe at one of the counting geometries. For the purposes of 



74 

 

determining reaction rates for the activation foils, efficiencies at general energies were 

needed. To interpolate these values, a polynomial fit was made to the 
152

Eu data. The 

polynomials were typically 5
th

 or 6
th

 order. Figure A.1 shows the fit and its equation. 

 

The error on the efficiency, σε, was determined using 

   
  

 

 
∑[(

   

  
)
 

 ( (  )    )
 ]

 

   

 A.2 

 

Figure A.1: 
152

Eu efficiency curve with 6
th
 order polynomial fit. 
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where N is the number of measured efficiencies (nine in this case),    
is the error on the 

number of counts of the i
th

 peak, and f(Ei) is the polynomial best fit function evaluated at 

the i
th

 energy. This formula accounts for uncertainty in the count rate and interpolation 

error. Error due to D is neglected as it is much smaller than the other terms.  
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Appendix B: Determination of Reaction Rates 

The gamma ray peaks used to determine reaction rates are displayed in table B.1. 

The reaction rate for each nuclide was determined for each measurable peak. The rates 

were then averaged to determine the reaction rate for each interaction. Those values were 

used as input in the spectral unfolding. 

 
Table B.1: Gamma peaks with corresponding number of counts and reaction rates. 

Target Product Reaction 
Gamma 

Energy 
Counts ± Counts 

Reaction 

Rate 

±Reaction 

Rate 

fe58 fe59 (n,G) 142.652 271 35 2.91E-12 4.0E-13 

fe58 fe59 (n,G) 192.349 810 50 3.30E-12 2.4E-13 

fe58 fe59 (n,G) 1099.251 5143 86 3.45E-12 1.2E-13 

fe58 fe59 (n,G) 1291.596 3210 72 3.20E-12 1.2E-13 

fe54 mn54 (n,p) 834.848 555 76 5.71E-14 7.9E-15 

        

zr96 zr97 (n,G) 355.4 354 62 5.15E-13 9.4E-14 

zr96 zr97 (n,G) 507.64 851 63 6.52E-13 5.5E-14 

zr96 zr97 (n,G) 703.76 99 28 4.74E-13 1.4E-13 

zr96 zr97 (n,G) 743.36 13640 126 7.40E-13 1.5E-14 

zr96 zr97 (n,G) 1147.97 263 22 6.69E-13 6.3E-14 

zr96 zr97 (n,G) 1362.68 105 22 7.84E-13 1.8E-13 

zr94 zr95 (n,G) 724.199 4072 75 1.65E-13 4.3E-15 

zr94 zr95 (n,G) 756.729 4773 79 1.62E-13 4.0E-15 

zr90 zr89 (n,2n) 909.15 111 22 8.67E-17 1.7E-17 

        

mo98 mo99 (n,G) 140.511 36647 206 2.03E-11 1.2E-12 

mo98 mo99 (n,G) 181.068 2508 63 1.15E-12 5.0E-14 

mo98 mo99 (n,G) 366.421 200 22 6.68E-13 1.1E-13 

mo98 mo99 (n,G) 739.5 2261 56 1.20E-12 5.1E-14 

mo98 mo99 (n,G) 777.921 705 32 1.11E-12 6.4E-14 

        

mn55 mn56 (n,G) 846.754 4699 79 3.56E-11 1.2E-12 

mn55 mn56 (n,G) 1810.72 741 36 3.07E-11 2.0E-12 

        

cu63 cu64 (n,G) 1345.77 1594 43 1.14E-11 4.2E-13 

        

na23 na24 (n,G) 1368.633 116606 401 1.19E-12 1.8E-14 

        

sc45 sc46 (n,G) 889.277 98145 392 6.99E-11 1.1E-12 

sc45 sc46 (n,G) 1120.545 81963 323 6.74E-11 1.0E-12 
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w186 w187 (n,G) 134.247 55644 413 2.36E-11 8.4E-13 

w186 w187 (n,G) 479.55 312247 748 1.15E-10 4.1E-12 

w186 w187 (n,G) 551.52 66411 355 1.17E-10 4.3E-12 

w186 w187 (n,G) 588.95 1440 110 1.11E-10 9.7E-12 

w186 w187 (n,G) 618.26 78297 350 1.21E-10 4.5E-12 

w186 w187 (n,G) 625.519 13245 185 1.19E-10 4.8E-12 

w186 w187 (n,G) 685.73 325170 611 1.24E-10 4.6E-12 

w186 w187 (n,G) 745.216 3339 73 1.23E-10 5.3E-12 

w186 w187 (n,G) 772.89 44151 238 1.20E-10 4.3E-12 

w186 w187 (n,G) 864.55 3421 68 1.21E-10 5.3E-12 

w186 w187 (n,G) 879.45 1425 46 1.21E-10 6.4E-12 

        

al27 na24 (n,a) 1368.633 2795 58 5.41E-16 1.4E-17 

        

mg24 na24 (n,p) 1368.633 3013 66 1.07E-15 2.8E-17 

        

ti46 sc46 (n,p) 889.277 889 73 7.89E-15 6.6E-16 

ti46 sc46 (n,p) 1120.545 705 62 7.44E-15 6.6E-16 

ti47 sc47 (n,p) 159.381 37573 226 1.34E-14 2.3E-16 

ti48 sc48 (n,p) 175.361 826 76 2.57E-16 2.4E-17 

ti48 sc48 (n,p) 983.526 3077 106 2.15E-16 8.2E-18 

ti48 sc48 (n,p) 1037.522 2966 90 2.21E-16 7.6E-18 

ti48 sc48 (n,p) 1312.12 2553 63 2.25E-16 6.6E-18 

        

v51 sc48 (n,a) 983.526 397 62 2.19E-17 3.4E-18 

v51 sc48 (n,a) 1037.522 356 54 2.09E-17 3.2E-18 

v51 sc48 (n,a) 1312.12 303 65 2.10E-17 4.5E-18 
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Appendix C: Propagation of Uncertainty 

 LSflux determines the flux parameters ϕt and ϕe by solving the equation 

 [
  

  
]  (   )    [

 
 
 
]   (  ) C.1 

 

where M describes the normalized reaction rates due to the basis functions. M is 

implicitly some function, F, of the reaction rates, Ri, hence the error on the flux 

parameters is a complicated matrix expression which depends on the error of the 

measured reaction rates. It is difficult and hardly useful to propagate the error using the 

standard technique with equation C.1. Instead, it is assumed that the errors on the flux 

parameters are approximately linear with the error on the reaction rates near the solution. 

 [
     

     
]   (      

) C.2 

 

Therefore 

 [
  

  
]   (      

)   (  ) C.3 

 

Uncertainty in the cross sections is insignificant in comparison to the error in the reaction 

rates. It is therefore ignored. 

 For the Sand2 code, the error propagation is treated in a similar matter. Let the 

convergence of the initial flux guess,    to the converge 

d solution    be represented as 

       C.4 
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Assuming an approximately linear dependence between the error on the initial guess,   , 

and the error on the converged solution,    in the neighborhood of the converged 

solution, the convergence condition 

         
        C.5 

 

can be used to estimate the error on the converged solution 

      
     C.6 
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Appendix D: Computer Code 

Template for the NJOY99 Input Decks 
 *********************************************************** 

 moder 

 20 -21 

 reconr 

 -21 -22 

 'pendf tape'/ 

 MAT 3/ 

 .005 0/ 

 'from endf/b-vi'/ 

 'processed by the njoy nuclear data processing system'/ 

 'see original endf/b-vi tape for details of evaluation'/ 

 0/ 

 broadr 

 -21 -22 -23 

 MAT 1 0 1 0/ 

 .005/ 

 300/ 

 0/ 

 unresr 

 -21 -23 -24 

 MAT 1 1 1 

 300 

 1E10/ 

 0/ 

 groupr 

 20 -24 0 -25/ 

 MAT 12 0 4 1 1 1/ 

 'capture, (n,p), (n,alpha) and (n,2n)'/ 

 300/ 

 1E10/ 

 1 0.0253 1E5 1.4E6/ 

 3 102/ 

 3 103/ 

 3 107/ 

 3 16/ 

 0/ 

 0/ 

 moder 

 -25 28 

 stop 

*********************************************************** 
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In the above template, MAT is replaced with the ENDF material ID number listed below 

 

Nuclide ENDF Material ID 
Cu-63 2925 

Fe-58 2637 

Mn-55 2525 

Mo-98 4243 

Na-23 1125 

Sc-45 2125 

W-186 7443 

Zr-94 4037 

Zr-96 4043 

Fe-54 2625 

Mg-24 1225 

Ti-46 2225 

Ti-47 2228 

Ti-48 2231 

Al-27 1325 

V-51 2300 

Zr-90 4025 

 

Matlab Codes for LSflux, Sand2, and LSqSII 

 
*********************************************************************** 

function [phi,phi_plus,phi_minus] = LSflux() 

% 

 

xsname='V:\Users\Joseph\Desktop\NJOY99\unfolding\Cleaned\thermalreactio

ns.txt'; 

ratename='V:\Users\Joseph\Desktop\NJOY99\unfolding\Cleaned\thermalrates

.txt'; 

num_rates=9; 

 

fid = fopen(xsname); 

GXS = fscanf(fid,'%d %e %e %e %e %e %e %e %e %e %e 

%e',[num_rates+3,620]); 

fid = fopen(ratename); 

rateserr = fscanf(fid,'%e %e',[2, num_rates]); 

fclose(fid); 

 

GXS = GXS'; 

rateserr = rateserr'; 

Group = GXS(:,1); 

EnergyFloor = GXS(:,2); 

EnergyCeiling = GXS(:,3); 

E_av=(EnergyFloor+EnergyCeiling)/2; 

sigma = 1e-24*GXS(:,4:12)'; 

rates = rateserr(1:num_rates,1); 
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err = rateserr(1:num_rates,2); 

deltaE=EnergyCeiling-EnergyFloor; 

 

alpha=0; 

beta=1+alpha; 

 

dphi_1=E_av/0.0253^2.*exp(-E_av/0.0253); 

dphi_2=1./(E_av.^beta); 

for i=1:140 

dphi_2(i)=0; 

end 

 

f1=[dphi_1,dphi_2]; 

F1=[dphi_1.*deltaE,dphi_2.*deltaE]; 

M1=sigma*F1; 

N=[M1(:,1)./rates,M1(:,2)./rates]; 

N_plus=[M1(:,1)./(rates+err),M1(:,2)./(rates+err)]; 

N_minus=[M1(:,1)./(rates-err),M1(:,2)./(rates-err)]; 

 

a=N\ones(length(rates),1) 

a_plus=N_plus\ones(length(rates),1) 

a_minus=N_minus\ones(length(rates),1) 

res=(rates-M1*a); 

percent_error=res./rates 

squared_error=percent_error'*percent_error 

     

phi=f1*a; 

phi_plus=f1*a_plus; 

phi_minus=f1*a_minus; 

 

phi=phi’; 

phi_plus=phi_plus’; 

phi_minus=phi_minus’; 

 

end 

*********************************************************************** 

***********************************************************************

* 

function[E_av,phi_ave,phi_plus,phi_minus]= 

Sand2(phi_0,phi_plus,phi_minus) 

% 

 

xsname='V:\Users\Joseph\Desktop\NJOY99\unfolding\Cleaned\allreactions.t

xt'; 

ratename='V:\Users\Joseph\Desktop\NJOY99\unfolding\Cleaned\rates.txt'; 

num_rates=17; 

 

fid = fopen(xsname); 
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GXS = fscanf(fid,'%d %e %e %e %e %e %e %e %e %e %e %e %e %e %e %e %e %e 

%e %e',[num_rates+3,620]); 

fclose(fid); 

 

fid = fopen(ratename); 

rateserr = fscanf(fid,'%e %e',[2, num_rates]); 

fclose(fid); 

 

GXS = GXS'; 

rateserr = rateserr'; 

Group = GXS(:,1); 

EnergyFloor = GXS(:,2); 

EnergyCeiling = GXS(:,3); 

E_av=(EnergyFloor+EnergyCeiling)/2; 

sigma = 1e-24*GXS(:,4: num_rates+3)'; 

rates = rateserr(:,1); 

err = rateserr(:,2); 

 

deltaE=EnergyCeiling-EnergyFloor; 

tol=0.15; 

%phi_0=1.0e11*ones(1,620); 

phi=phi_0; 

a = ones(num_rates,620); 

w = a; 

k=1; 

 

while (k>tol) 

    for i=1:620 

        a(:,i)=sigma(:,i)*phi(i)*deltaE(i); 

    end 

    A=sum(a,2); 

    numsum=zeros(1,620); 

    densum=numsum; 

    for i=1:17 

        numsum=numsum+a(i,:)/A(i)*log(rates(i)/A(i)); 

        densum=densum+a(i,:)/A(i); 

    end 

 

    c=numsum./densum; 

    phi = phi.*exp(c); 

    k=max(abs(((A-rates)./rates))); 

end 

 

a = ones(num_rates,620); 

w = a; 

k=1; 

 

while (k>tol) 

    for i=1:620 

        a(:,i)=sigma(:,i)*phi_plus(i)*deltaE(i); 

    end 



84 

 

    A=sum(a,2); 

    numsum=zeros(1,620); 

    densum=numsum; 

    for i=1: num_rates 

        numsum=numsum+a(i,:)/A(i)*log(rates(i)/A(i)); 

        densum=densum+a(i,:)/A(i); 

    end 

 

    c=numsum./densum; 

    phi_plus = phi_plus.*exp(c); 

    k=max(abs(((A-rates)./rates))); 

end 

 

a = ones(num_rates,620); 

w = a; 

k=1; 

 

while (k>tol) 

    for i=1:620 

        a(:,i)=sigma(:,i)*phi_minus(i)*deltaE(i); 

    end 

    A=sum(a,2); 

    numsum=zeros(1,620); 

    densum=numsum; 

    for i=1: num_rates 

        numsum=numsum+a(i,:)/A(i)*log(rates(i)/A(i)); 

        densum=densum+a(i,:)/A(i); 

    end 

 

    c=numsum./densum; 

    phi_minus = phi_minus.*exp(c); 

    k=max(abs(((A-rates)./rates))); 

end 

 

(A-rates)./rates 

phi_ave=phi; 

 

 

fid=fopen('V:\Users\Joseph\Desktop\NJOY99\unfolding\Cleaned\phi.txt','w

'); 

fprintf(fid,'%e %e %e %e\n',[E_av,phi_ave',phi_plus',phi_minus']'); 

fclose(fid); 

 

end 

***********************************************************************

*********************************************************************** 

function []= LSqSII 

% 

 

%these paths define the location on a local machine of the njoy output 

%as well as the output of LSqSII 
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path = 'V:\Users\Joseph\Desktop\NJOY99\unfolding\'; 

path2 = 'V:\Users\Joseph\Desktop\NJOY99\unfolding\Cleaned\'; 

 

%this cell-array lists the NJOY ouput file names 

pendf = {'cu63out.txt';'fe58out.txt';'mn55out.txt';... 

    'mo98out.txt';'na23out.txt';'sc45out.txt';'w186out.txt';... 

    'zr94out.txt';'zr96out.txt';'fe54out.txt';'mg24out.txt';... 

    'ti46out.txt';'ti47out.txt';'ti48out.txt';'al27out.txt';... 

    'vnatout.txt';'zr90out.txt'}; 

 

%the user imputs an integer corresponding to the element in the above 

%array. GetGroupXS calls getnuclides which outputs a cross section 

matrix 

%see comments of getnuclides for format of matrix. 

%Note: The following set of commands was originally intended to 

%automatically call getnuclidesxs for each i in pendf. However, due to 

%the fact that some endf libraries were missing data for radiative 

capture 

%it was easier to remove this automation and simply modify the indices 

in  

%getnuclides but a proper fix to this problem would be necissary for 

future 

%use. 

 

for i=1:length(pendf) 

name = strcat(path,pendf{i}); 

XS = getnuclidexs(name); 

name2 = strcat(path2,pendf{i}); 

%an output file is created for each nuclide 

fid = fopen(name2,'w'); 

fprintf(fid,'%d %E %E %E %E %E %E \n',XS'); 

fclose(fid); 

end 

 

[phi,phi_plus,phi_minus]=LSflux(); 

[E_av,phi_ave,phi_plus,phi_minus]=Sand2(phi,phi_plus,phi_minus) 

 

loglog(E_av,phi_ave.*E_av'); 

hold; 

loglog(E_av,phi_plus.*E_av','--'); 

loglog(E_av,phi_minus.*E_av','--'); 

 

end 

***********************************************************************  
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