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High purity niobium metal is used in the construction of superconducting radio frequency 

(SRF) cavities in superconducting particle accelerators, such as the Large Hadron 

Collider (LHC) at CERN or the Spallation Neutron Source (SNS) at Oak Ridge National 

Laboratory. The usual method for characterizing the impurities in this niobium, the 

residual resistivity ratio (RRR) technique, can provide information relating to the 

superconducting quality of the material, and thus, a measure of the impurity content that 

is not specific to chemical elements. To improve the material quality further, another 

method must be used to specifically identify the elemental impurities at parts per million 

(ppm) levels. This study investigates the use of one potential method, Prompt Gamma 

Neutron Activation Analysis (PGNAA), for the application of high purity niobium metal, 

through the use of the PGNAA facility at the Oregon State University TRIGA ® Reactor 



 
 

(OSTR). Two “standard” samples were used to determine the response rate of the facility 

(in cps/g) for elements known as the light interstitials (H, C, N, and O), and five 

“unknown” samples were analyzed to determine the ability of the PGNAA technique to 

identify these impurities in a niobium matrix. The PGNAA technique shows promise for 

characterization of light interstitials in the material matrix of high purity niobium, as all 

PGNAA results reported are on the same order of magnitude as current chemical analysis 

results. For this analysis, the response rate of the PGNAA system that is associated with 

the “standard” sample that most closely conformed to the composition of the unknown 

samples was used. Additionally, the PGNAA results are well matched to the trends in the 

impurity values for carbon and nitrogen. With the use of a greater number of “standard” 

reference samples in future work, a far greater accuracy in the determination of detection 

limits and concentration values could be achieved. 
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1 INTRODUCTION 
 

1.1 Motivation 
 

High purity niobium metal is required for the construction of superconducting radio 

frequency (SRF) cavities for superconducting particle accelerators. Modern particle 

accelerators used in high energy physics research, such as the Large Hadron Collider 

(LHC) at CERN [1], the Spallation Neutron Source (SNS) at Oak Ridge National 

Laboratory [2], and the proposed International Linear Accelerator [3], rely on niobium SRF 

cavities to achieve high power conversion efficiency and a higher yield beam [4]. For the 

best performance of these SRF cavities, the cavity wall must have a high thermal 

conductivity so that the radio frequency (RF) power can be dissipated into the liquid helium 

coolant [5,6]. High thermal conductivity of the cavity wall can be achieved through the 

minimization of impurities in the niobium.  

The standard method used for characterizing the impurity content of high purity niobium 

is the residual resistivity ratio (RRR) technique. In widely used versions of this method, 

the temperature dependency of the resistivity of a sample of niobium metal is determined 

at temperatures near that of liquid helium and around 300 K [5]. The RRR method is able 

to gauge a general level of impurity in the niobium metal, but is unable to specify the 

elements of which the impurity is composed. The elements of particular interest to 

producers of niobium for use in SRF are tantalum and light interstitials, which include 

hydrogen, carbon, nitrogen, and oxygen [2]. It is especially important to be able to identify 

and then limit the presence of the light interstitial elements in niobium, as they have a much 
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greater degree of influence on the superconducting properties of the niobium than do other 

common impurities, including hafnium, tungsten, and zirconium [2]. Table 1-1 shows the 

degree to which some common impurities affect the RRR value of high purity niobium 

metal.  

Table 1-1: A comparison of the relative effect on the RRR value of some common 
impurities in high purity niobium metal [2]. 

 

Since the RRR technique cannot specify what elements are contributing to the impurity of 

the niobium metal, another method is required. This method is Prompt Gamma Neutron 

Activation Analysis (PGNAA), a non-destructive, highly sensitive analytical technique 

that can be utilized to determine the concentration of elemental components in a wide 

variety of materials with high precision and reproducibility. In PGNAA, neutrons bombard 

a sample material, causing the emission of gamma rays from the sample. Each element 

emits a unique spectrum of gamma radiation, which allows for identification of the 

elements present in the sample. The sensitivity of the PGNAA technique is on the order of 

parts per billion (ppb) for the most highly sensitive elements [7]. It is important to identify 
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the particular elements that constitute the impurity in the niobium metal in order to either 

adjust or otherwise enhance the production process. Through the use of PGNAA, it is 

possible to determine what modifications are necessary for the high purity niobium 

production process so that particular impurities are reduced in concentration. By reducing 

the presence of these problematic impurities, the manufacturing process is improved. In 

this research, the light interstitial content in high purity niobium metal was characterized 

through the use of PGNAA,  and the response rate in cps/g of the PGNAA detection system 

was determined [8,9]. 

1.2 Purpose/Problem Statement 
 

The goal of this research is to expand the use of the PGNAA to the characterization of the 

light interstitial impurity content in high purity niobium metal to allow industry to target 

specific impurities for better control over product properties. In particular, this research 

presents the use of the PGNAA facility at the Oregon State University (OSU) TRIGA ® 

Reactor to characterize niobium metal samples provided by industry. Two niobium metal 

sample “standards” were provided by industry with chemical analysis data provided to 

allow for determination of the response rate of the PGNAA system. Five RRR-niobium 

metal samples of impurity content unknown to the researchers were also provided to 

demonstrate the capability of the PGNAA facility for characterization of impurities in high 

purity niobium. The manufacturer of the RRR-niobium indicated that the five samples of 

unknown impurity content were in a spectrum of chemical impurity from low to high levels 

of impurity content. This range of impurity was chosen to gauge at what level of impurity 

content the PGNAA technique was workable for this material. For all niobium samples 
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examined in this research, a beam time of approximately 40 hours was used to gather 

sufficient data to see gamma ray peaks for elements with low intensity peaks.  

To better understand the variance in sensitivity of this technique, Monte Carlo N-Particle 

Transport Code (MCNP) was used to understand the self-shielding effects of the niobium 

matrix. In MCNP models, representative samples of the RRR-niobium were designed and 

simulations of the neutron transport were run. The chemical composition of the samples 

was varied to gauge the effect of the particular levels of specific impurities in the niobium 

matrix. 
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1.3 Objectives 
 

The objectives of this thesis are to (1) determine the response rate of the PGNAA facility 

at the Oregon State University TRIGA ® Reactor for a niobium matrix, (2) examine merits 

of the use of the PGNAA technique in characterizing the light interstitial impurity content 

of high purity niobium metal, and (3) understand the effects of self-shielding in the use of 

PGNAA with a niobium matrix. To achieve these objectives, the following steps were 

taken. 

• Energy calibration of the PGNAA system up to 2.2 MeV. 

• Preparation of RRR-niobium samples to avoid contamination. 

• Measurement of RRR-niobium sample mass to µg level prior to PGNAA. 

• Characterization of two “standard” RRR-niobium samples with PGNAA to 

determine response rate of the OSTR PGNAA system. 

• Collection of data for five “unknown” RRR-niobium samples with PGNAA. 

• Comparison of use of high vs. low impurity content RRR-niobium samples. 

• Use of MCNP simulation to show self-shielding effect in the RRR-niobium matrix. 
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2 LITERATURE REVIEW 
 

2.1 Applications of High Purity Niobium 
 

The main application for high purity niobium metal is in the construction of 

superconducting cavities, which are necessary for satisfactory operation of particle 

accelerators at high energy physics laboratories and other facilities around the world. 

Numerous types of particle accelerators, including those used in particle and nuclear 

physics applications, as well as those used in industrial, medical, and national security 

fields require this high purity niobium for reliable operation with a large quality factor [10]. 

The quality factor, Q, is the ratio of energy stored in the cavity to the power that is 

dissipated per RF cycle. A high Q value is dependent on various factors, including a 

temperature-independent residual resistance effect that is caused by, among other 

influences, the presence of normal conducting precipitates. These normal conducting 

precipitates are what are considered to be impurities in high purity niobium. This is why it 

is the focus of the industry to identify and reduce the presence of impurities in the niobium 

material. 

2.1.1 Large Hadron Collider (LHC) 
 

In 1999, plans for the Large Hadron Collider (LHC) superconducting RF system at CERN 

included multiple uses of niobium in the construction of the accelerator system [11]. 

Higher-Order-Mode couplers, a part of the LHC that allow for proper damping of the 

fundamental mode of the system, were designed to be constructed from solid niobium. 

Additionally, in the LHC system, a type of RF cavity is used where a coating of niobium 
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is sputtered onto copper. These cavities include the use of niobium to reduce the amount 

of RF power required for the operation of the LHC system. In the reduction of the RF 

power requirement for operation, a higher reliability of the power system is achieved. 

Additionally, the use of superconducting RF cavities reduces the overall number of 

cavities, which results in a decrease of the overall impedance of the accelerator system 

[11]. CERN continues to construct particle accelerator systems that have niobium based 

RF cavity technology. In 2015, the HIE ISOLDE (High Intensity and Energy Isotope 

Separator On Line DEvice) project at CERN constructed a new linear accelerator, which 

relies on niobium sputtered bulk copper substrate cavities [1]. 

2.1.2 Fermilab 
 

In 2012, the Fermi National Accelerator Laboratory was in the process of constructing an 

SRF accelerator facility for the purpose of testing SRF cryomodules for use in the 

International Linear Collider (ILC) and in Project-X [3]. The SRF accelerator test facility 

was designed to be able to determine the operating properties of parts and equipment that 

are to be used in the ILC. The RF units that were designed for the ILC are made with three 

cryomodules, which each have eight niobium SRF cavities. 

2.1.3 Thomas Jefferson National Accelerator Facility (JLab) 
 

At Jefferson Lab in Virginia, the Continuous Electron Beam Accelerator Facility (CEBAF) 

utilizes 338 niobium superconducting cavities to accelerate the beam [12]. Through the use 

of these SRF cavities, a beam energy of 3.2 GeV has been created for use in nuclear physics 

research. The JLab scientists and the companies that manufactured the niobium SRF 
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cavities for CEBAF took care to ensure that the niobium used for these SRF cavities was 

of extremely high quality to ensure the optimal performance of the accelerator system. Due 

to this attention to quality assurance procedures, the accelerator exceeded the performance 

of the design in tests of the accelerating system, and can produce beam accelerating 

energies significantly above the design specification of 𝐸"## = 5[𝑀𝑉/𝑚] [12]. 

In another project at Jefferson Lab, single cell SRF cavities were constructed from large 

grain high purity niobium. The large grain material was of particular interest to SRF cavity 

manufacturers as well as materials scientists and surface scientists because the material 

was anticipated to be cheaper to produce with the same level of performance as the prior 

high purity niobium. These cavities were built, then tested in 2004 by JLab [13]. In this 

research, cavities constructed with the large grain high purity niobium were able to be 

constructed at a reduced cost in comparison to conventional fine grain cavities due to the 

elimination of sheet processing and a reduction of waste. Additionally, the large grain 

cavities were found to function at the same, if not improved, performance levels. 

2.2 Chemical Analysis Methods & ASTM Standard Methods 
 

In the day-to-day maintenance of material composition for high purity niobium metal, 

metals manufacturers rely on a variety of chemical tests that can be implemented in a short 

time and for a low cost. These methods are not as sensitive as the residual resistivity ratio 

method (RRR), neutron activation analysis (NAA), or prompt gamma neutron activation 

analysis (PGNAA). The characterization of the impurities contained in high purity niobium 
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by the manufacturer is achieved through the application of standard testing techniques that 

are outlined in ASTM standards.  

ASTM standard E1941-10, Standard Test Method for Determination of Carbon in 

Refractory and Reactive Metals and Their Alloys by Combustion Analysis, is the standard 

used by niobium producers for determining the level of impurity that is represented by 

carbon [14]. In this test method, mass fractions ranging from 0.004 wt % to 0.100 wt % for 

a 0.5 g sample can be determined. In this test, the metal specimen is placed in a ceramic 

crucible, then the metal sample is combusted in an oxygen atmosphere in an induction 

furnace. During combustion, the carbon that was in the sample becomes an oxide, and is 

carried to the apparatus being used to analyze the combustion products. Through this 

analysis, the carbon content can be determined. The precision of E1941-10 is found in 

Table 2-1. The reported minimum standard deviation in ppm value is 3 ppm for a carbon 

content of 19 ppm in niobium, and 4 ppm for a value of 327 ppm. 
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Table 2-1: The data pertaining to the precision of ASTM E1941 for analysis of carbon 
impurities. This data was produced through the efforts of nine laboratories with 15 

samples that represented 7 material matrices [14]. 

 

ASTM standard E2626-08, Standard Guide for Spectrometric Analysis of Reactive and 

Refractory Metals, is another standard referenced for characterizing high purity niobium 

products. This standard procedure is also used in industry to analyze titanium, zirconium, 

hafnium, tantalum, molybdenum, tungsten, and vanadium [15]. In this standard, four main 

types of spectrometry are proscribed for use: Atomic Absorption Spectrometry (AAS), 

Atomic Emission Spectrometry (AES), Glow Discharge Spectrometry (GDS), and X-ray 

Emission Spectrometry (XRF). In particular to niobium, the standard techniques have been 

Arc/Spark Spectrometry (AS-AES) and Direct Current Plasma Atomic Emission 

Spectrometry (DCP-AES). 

For the AES techniques, metal samples usually must be dissolved through the use of 

hydrofluoric acid, which adds risk to the technique. In AS-AES, an electric arc or spark is 

used to excite a vaporized elemental sample, and the radiation that is emitted in this 

excitation is analyzed by a spectrometer. Presently, AS-AES is not a frequently used 

technique as it is older, and the instruments required are often difficult to maintain due to 
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a shortage of replacement parts. In addition, AS-AES has issues with calibration, as the 

solid reference materials used are not readily available [15]. DCP-AES is performed 

through the use of direct current (DC) to form a plasma that excites a vaporized elemental 

sample. As in other AES methods, the radiation that is emitted in the excitation of the 

sample is analyzed through the use of a spectrometer. The sensitivity and accuracy of DCP-

AES is highly dependent on the apparatus used, and the composition of the material being 

tested [16]. Due to the hazard of working with hydrofluoric acid required for the AES 

techniques with refractory metals like niobium, and the variability of the results of these 

techniques, another characterization technique should be explored. 

2.3 Residual Resistivity Ratio (RRR) Techniques 
 

The RRR technique is the standard method for determining the level of impurities in 

niobium, especially the minute quantities of the light interstitial elements (H, C, N, and O) 

that cause the majority of detrimental effects to superconductivity in high purity niobium 

metal. This technique utilizes the property of interest in the use of the high purity niobium, 

electrical conductivity, to demonstrate the level of contamination of the material [17]. 

Based on the general understanding of the electrical resistivity of metals at low 

temperature, which is known as Mathiessen’s rule (Equation 1), it is seen that the factors 

that contribute to resistivity are [5]  

 𝜌 = 𝜌-./ + 𝜌12 𝑇 + 𝜌4 1 
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where 𝜌-./ is the residual resistivity at T~0K,  𝜌12(𝑇) is the contribution to the resistivity 

by electron-phonon scattering at temperature T, and 𝜌4 is the resistivity of the material 

that exists due to a magnetic field [5]. Equation 2 provides a further explanation of the 

resistivity terms. 

 𝜌-./ = 𝜌741 + 𝜌8.9 2 

 

The residual resistivity is mostly due to electron-impurity, 𝜌741, and lattice defect related 

electron scattering, 𝜌8.9. Since the 𝜌-./ concerns the defects that are the subject of the RRR 

technique, an effort is made to reduce the influence of the magnetic field and the electron-

phonon scattering on the test results.  RRR tests are therefore run at temperatures near 

absolute zero to minimize the effect of electron-phonon scattering [5]. To lessen the effect 

of magnetic fields on the RRR measurement, the superconducting properties of niobium 

that come to exist at temperatures near absolute zero are suppressed by the imposition of 

extremely strong magnetic fields.  Once these additional effects have been controlled, the 

RRR tests can be implemented to obtain values for the resistivity of the niobium at a 

selection of temperatures. The RRR value is defined by Equation 3, where 𝜌(300𝐾) is the 

value of the resistivity measurement at room temperature, and 𝜌(4.2𝐾) is the value 

obtained at the temperature of liquid helium.  

 
𝑅𝑅𝑅 =

𝜌(300𝐾)
𝜌(4.2𝐾)  

3 

 

If the RRR value is high (above 300), this is seen to be an indication of a high purity for 

recrystallized niobium material [5,6,17]. It is important to note that the level of contribution 
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to the resistivity value measured in the niobium is dependent on the contaminating 

elements. In Table 2-2 and Figure 2.1, the relative influence of impurities and defects on 

the measured RRR value of high purity niobium is presented [5,17].  

Table 2-2: The relative influence of elements of interest to the measured RRR value of 
niobium used in SRF cavities [5]. These are also called residual resistance coefficients. 

Impurity atoms O H N C Ta Zr 
Δ𝜌7Δ𝐶7, 10EFG 

ohm-cm/at.-ppm 
4.5 0.8 5.2 4.3 0.25 0.6-1.4 

 

 

Figure 2.1: A chart relating the relative influence of impurities and defects on the RRR 
value of Nb [17]. 

 

As is easily observed in Table 2-2 and Figure 2.1, among the light interstitial elements, 

nitrogen has the greatest influence on RRR value, followed by oxygen, carbon, and then 

hydrogen. Even though tantalum is a significant impurity to consider in the production and 

purification of niobium due to its detrimental effect on the superconducting properties of 
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niobium, it has far less influence on the measured RRR value than the light interstitials [2]. 

To specify further the influences of the individual elements of interest on the measured 

resistance, Equation 4 incorporates the data found in Table 2-2. In Equation 4, 𝜌 is the 

resistance of the material, 𝜌12 𝑇  is the temperature dependent electron-phonon scattering 

element of resistivity, and the term in the summation HIJ
HKJ

  is the residual resistance 

coefficient of a particular element. These element-specific coefficients are found in 

Table 2-2. 

 𝜌 = 𝜌12 𝑇 +
Δ𝜌7
Δ𝐶7

𝐶7 
4 

 

In this way, the RRR technique can ascertain the overall level of the most important 

impurities when one is concerned with producing high purity niobium for the production 

of SRF cavities, but it is unable to specifically identify the element or elements that 

compose the impurity in the metal. It is to be noted that a high RRR value, which is 

typically seen to be an indication of a low impurity material, does not assure that there are 

low values for metallic impurities [17]. 

2.3.1 Direct Current (DC) RRR Methods 
 

There are two main categories of RRR methods: direct current (DC) and alternating current 

(AC) based methods. The DC methods use a standard 4-point measurement to determine 

the resistivity value [5]. The sample size used in the DC RRR methods is 1-15 mm2 in cross 

section, and 30 to 100 mm in length. To achieve the temperatures required for the resistivity 

measurements, the samples are submerged in liquid helium, which remains at 4.2 K. For 
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accurate measurement of the temperature at cryogenic temperatures, Cernox ® type 

temperature sensors are utilized. In the 4-point method, the four electrodes are attached to 

the niobium sample as shown in Figure 2.2, with a DC current of 1 to 3 [A] passing through 

the sample on the outer electrodes, and a voltmeter is attached to the inner electrodes to 

determine the voltage across the middle region of the sample [5]. In this measurement, and 

in the application of the DC current method in general, care is taken to avoid the 

introduction of an electropotential difference between the sample metal and the electrodes 

so voltages are not generated by the use of dissimilar metals. In addition, voltage that is 

generated due to a temperature gradient in the sample must be reduced and accounted for 

through temperature measurements in order that the RRR measurements are not adversely 

affected.  

 

Figure 2.2: The electrical setup of the 4-point method, with the sample represented as a 
chain of resistors [5]. 

The three main DC RRR methods are: RRR determination at the critical temperature 

(Tc=9.3 K for niobium), RRR determination by extrapolation of 𝜌(𝑇) curve, and RRR 

determination by extrapolation of 𝜌(𝐵) curve. In the critical temperature method, the 

resistivity of a sample is measured above Tc and also at temperatures near Tc. This method 

is simple, and involves finding the superconducting transition temperature through the use 

of a graphical analysis. The accuracy of this method is highly dependent on the line 
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intersection that is found during the graphical analysis of the data. Due to this accuracy 

difference, the RRR value that is determined through the use of this method is 8-10% 

smaller than the RRR value found using the method that uses a 4.2K temperature. The RRR 

value can also be determined by extrapolation from the 𝜌(𝑇) curve, comparing values of 

the resistivity through the use of Equations 5 and 6 [5]. In these equations, 𝜌78."M(𝑇) is the 

temperature dependent “ideal resistivity” of a single crystalline high purity niobium sample, T is 

the temperature, 𝑇4."/ is the measured temperature, Θ is the Debye temperature [18],  a is a 

constant, b is a constant, and c is a constant. 

 𝜌78."M(𝑇)
𝜌78."M(300𝐾)

= 𝑎𝑇P + 𝑏𝑇R
𝑥R

(𝑒U − 1)(1 − 𝑒EU)
𝑑𝑥 + 𝑐𝑇

𝑥Y

(𝑒U − 1)(1 − 𝑒U)
𝑑𝑥

Z/[

G

Z/[

G
 

5 

 

 𝑅𝑅𝑅 =
𝜌(300𝐾)

𝜌 𝑇4."/ − 𝜌78."M 𝑇4."/ + 𝜌78."M(4.2𝐾)
 6 

 

In the third DC RRR method, the 𝜌(𝐵) curve is extrapolated from a graphical analysis of 

data obtained at T=4.2 K. These measurements are possible through taking resistivity 

measurements during the application of a magnetic field that can be varied in strength. To 

properly apply this version of the DC RRR method, the applied magnetic field must be 

oriented parallel to the sample axis and to the direction of the electrical current. Due to its 

higher temperature stability, this method is highly accurate and reproducible in comparison 

to the other DC RRR methods. This higher stability in the temperature of the samples is 

achieved through the complete submersion of the samples in liquid helium throughout the 

entire procedure. In accordance with usage of this technique at the Deutsches Elektronen-

Synchrotron (German Electron Synchrotron), the systematic error encountered in this 

technique from instruments can be as low as 1-2%.  
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2.3.2 AC RRR Methods 
 

There are three main AC RRR techniques. The first is non-destructive RRR eddy current 

(AC) measurement. The second is an AC inductive method that was developed by the 

French Alternative Energies and Atomic Energy Commission (CEA) in Saclay. The third 

is a method developed at JLab that is reliant on a measurement of the quality factor Q0 of 

the TM010 mode of a niobium SRF cavity at 10 K and 300 K. The TM010 mode is the most 

useful mode of operation for SRF cavities, since it is the best mode for particle acceleration 

[19,20]. In the non-destructive RRR eddy current measurement, a coil of wire is used to 

generate an AC magnetic field in the presence of a sample of niobium. When an eddy 

current is generated in the niobium, another coil of wire, the pick-up coil generates an 

electrical signal in response to the eddy current. In this system, a backing coil is used to 

compensate for the signal that was induced by the primary coil in the pickup coil. From the 

eddy current detected, it is possible to estimate an RRR value for the niobium being 

examined by measuring the temperature dependence of the pick-up voltage. This method 

is less accurate for high RRR-values, as the calibration technique becomes less accurate at 

higher RRR values of 500-600 [5]. For RRR values close to 300, it is possible to have 

greater accuracy.  Considering all factors, for RRR measurements near RRR=300 there 

could be an error of 10%, and for measurements around RRR=600, the error could grow 

to the order of 15% [5]. 

The second AC RRR method is one that was developed by CEA-Saclay, and utilizes the 

electronic circuit that is displayed in Figure 2.3. In this circuit, an AC current with known 

properties is applied to the primary coil L1. The secondary coil is used to measure the AC 
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voltage that is induced in the second coil in by the eddy currents in the niobium. This 

method is similar to the previously mentioned eddy current method in that coils of wire are 

used to generate and detect magnetic fields. It is also similar to a method presented by 

Boloré et al. in 1995 [21]. This method differs from the previously mentioned method in 

that the geometry of the system differs, and that the frequency of the electricity is varied. 

The samples that are observed in this technique have data collected twice, once at 10 K, 

and once at a temperature below that of the superconducting state (VS). For the 

determination of the RRR value, the ratio V10K/Vs is plotted with respect to frequency. The 

inflection point in the graph is determined, and from this, the RRR value can be found. 

 

Figure 2.3: The electronic schematic for the AC inductive method [5]. 

The third AC based RRR technique differs greatly from the previous two in that it uses 

operating SRF niobium cavities in its tests. In these tests, the loaded quality factor, QI, of 

the cavity is measured for the TM010 mode at 10K and 300K. From this measurement, the 

quality factor, Q0, can be calculated. From the data collected, a computer code is used to 

determine the RRR value. Experimental error with this technique is estimated to be around 

10%, and is mostly from uncertainty in the measurement of the loaded quality factor QI 

[5,22]. 
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2.4 Neutron Activation Analysis (NAA) 
 

Neutron Activation Analysis (NAA) is an extremely sensitive elemental characterization 

technique that has been used in numerous applications, including the identification of 

gaseous impurities in steel [23], chemical analysis of thin metal films [24], environmental 

mineral analysis in terrestrial and submarine mining and surveying applications [25], 

chemical analysis for archaeometry [26–29], and identification of  impurities in high purity 

niobium metal. The NAA technique can be performed in a variety of ways, but the most 

common method is a nondestructive technique called Instrumental Neutron Activation 

Analysis (INAA). In INAA, the samples of interest are bombarded with neutrons from 

some neutron source, typically a nuclear reactor, and the nuclei of the atoms in the sample 

can enter an energetically excited state due to interactions with the neutrons [30,31]. 

Depending on the elements contained in the sample, and the type of interactions that 

occurred between the atoms of the sample and the bombarding neutrons, gamma rays are 

produced immediately in the form of prompt gamma rays (with half-lives on the order of 

10-3 to 10-13 s), typically followed by further production of delayed or decay gamma rays 

(with half-lives ranging from seconds to years). In order to measure these decay gammas, 

the sample of interest is first exposed to neutrons for a period of time; it is then removed 

from the neutron flux, and gamma spectroscopy is performed using gamma spectrometers. 

Typically, a High Purity Germanium (HPGe) detector is used in this application due to its 

superb energy resolution and efficiency. Once the gamma ray spectrum has been collected 

through the use of the spectrometer, the spectrum is analyzed for gamma ray peaks. The 
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gamma ray peaks that are produced are indicative of specific isotopes, and thus can be used 

for identification of the elemental components of the sample.  

The less common method of NAA is Radiochemical NAA (RNAA), in which the sample 

is dissolved after irradiation, chemically separated for a higher degree of sensitivity, and 

then analyzed using a gamma spectrometer. This method is not as commonly practiced due 

to the requirement of the destruction of the sample and the additional steps involved [30]. 

NAA can have a sensitivity of detection on the order of parts per million (ppm) to ppb, 

depending on the elements under analysis, the matrix of the sample, and other experimental 

conditions. In Table 2-3 some example sensitivities are given for INAA [30]. 

Table 2-3: Example of the detection limits for INAA for decay gamma rays. The neutron 
flux  for these values was 1x1013cm-2s-1 [30]. 

  

2.4.1 NAA for Impurities in Niobium 
 

In analyses of niobium metal for impurities using decay gammas, both INAA and RNAA 

have been used. In 1965, impurities of Na, Mn, Ta, and W in niobium were analyzed 
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through nondestructive INAA at the Japan Research Reactor, JRR-1 and JRR-2, at the 

Japan Atomic Energy Research Institute (JAERI) [32]. The intent of this study was 

demonstrate the use of INAA for the characterization of impurities in high purity niobium. 

The neutron flux was 3E11 cm-2 s-1 for JRR-1 and 2E12 cm-2 s-1 for JRR-2. In this study, 

the niobium samples were wrapped in polyethylene, encapsulated, and then placed in the 

reactor for irradiation. It was found that it was possible to detect sub-microgram quantities 

of the impurities with this technique.   

In a 1981 study to analyze the levels of Mg, Al, Ti, V, Co, Cu, Se, Rb, and Mo metal 

impurities in niobium, RNAA was the technique of choice because it was necessary to 

separate out the niobium radionuclides from those of tantalum and tungsten to achieve 

better limits of detection [33]. In that study, a mixture of nitric and hydrofluoric acid is 

used for the separation of the radionuclides. This study observed detection of all the metal 

impurities at levels of tens of ppb, and some at levels less than one ppb. Another study 

completed by some of the same researchers in the same year also utilized an RNAA 

technique to analyze niobium for impurities of a wide range of metallic elements [34].  This 

study also utilized HF/HNO3 to provide for separation of the radionuclides in an anion 

exchange column. In 1993, RNAA was again used in the identification of metallic 

impurities in niobium [35]. The primary concern in this study was the separation of 

tantalum and other impurities from the niobium. The tantalum impurity in niobium poses 

a particular challenge in NAA due to the production of gamma rays from Ta-182. Ta-182 

has a gamma spectrum that interferes with the analysis of the other impurities unless the 

tantalum has been separated. The samples were irradiated for 9 hours in the rotary specimen 
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rack of a TRIGA ® Mark III reactor. In this facility in the reactor, the neutron flux was 

5E12 cm-2s-1.  To separate the chemical constituents of the niobium samples, an anion 

exchange resin was used with hydrofluoric acid, hydrochloric acid, and their ammonium 

salts on the niobium. Following separation, the gamma ray spectra were recorded through 

the use of an HPGe detector. The analytical results from this research are found in 

Table 2-4. In this table, BN-625249 is a 3N grade Nb metal that is produced by Johnson 

and Matthey Co. (JM) in England, and HCS-31827 is a 3N grade Nb metal that was 

manufactured by Herman C. Starck in Germany. They found in this study that it was 

possible to determine the impurity levels of the elements listed in Table 2-4 to the level of 

ppm or less. 

Table 2-4: The analytical results found in a 1993 RNAA study of metallic impurities in 
Nb [35]. 
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A 1964 investigation into the practicality of using INAA for the identification and 

quantization of oxygen impurities in metal found that results for this technique were similar 

to that of the standard vacuum fusion chemical analysis technique of the time [36]. In 

research conducted in 1980 to determine the feasibility of some techniques to perform the 

separation of Ta from Nb, INAA was utilized to determine the degree of separation of Ta 

from Nb [37]. The INAA technique was chosen over chemical methods and X-ray 

fluorescence because the INAA technique does not suffer as much from matrix effects and 

inconsistencies in the sample preparation technique. The lower limit of detection of Ta in 

Nb found through the use of this technique was 330 ppm. 
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2.5 Prompt Gamma Neutron Activation Analysis (PGNAA) 
 

Prompt Gamma Neutron Activation analysis (PGNAA) differs from the previously 

mentioned RNAA and INAA techniques in that the gamma spectroscopy data is collected 

during the irradiation of the samples by neutrons. Another difference is in the typical 

neutron flux used. In INAA and RNAA techniques, samples are typically placed in a 

reactor environment for neutron irradiation, and thus experience thermal neutron fluxes of 

around 1E13 cm-2 s-1 [30]. In the PGNAA technique, the samples are usually irradiated by 

neutrons sourced from a beam port of a reactor. At this distance removed from the reactor 

core, the neutron flux is significantly lower for PGNAA than that of INAA and RNAA 

methods. Even though the typical neutron flux used in PGNAA is far less than that of the 

methods utilizing decay gamma spectroscopy, several factors combine to make PGNAA 

highly effective at elemental characterization. The factor that works in favor of PGNAA is 

the fact that counting occurs during irradiation. The counting during irradiation provides 

an even greater ability for PGNAA to characterize impurities that consist of elements that 

have short half-lives or only produce stable isotopes not analyzable with delayed activation 

analysis [8,9,30]. Thus, the target elements for PGNAA are nonmetals and some trace 

elements like boron, cadmium, and gadolinium that have extremely large thermal neutron 

capture cross sections [8]. The sensitivity for the detection of an element in particular with 

the use of PGNAA is given by Equation 7. In this equation, S is the sensitivity in units of 

𝑐𝑜𝑢𝑛𝑡𝑠 ∙ 𝑠EF ∙ 𝑔EF , 𝑁d is Avogadro’s number, I is the fractional abundance of the neutron 

capturing isotope, 𝜎 is the neutron capture cross section in cm2, 𝜙 is the fluence rate of 

neutrons in cm-2 s-1, Γ is the gamma ray yield in photons per capture event, 𝜖 𝐸  is the 
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gamma ray detection efficiency at the energy E in terms of counts per photon, and M is the 

atomic weight of the element in grams [8]. 

 
𝑆 =

𝑁d𝐼𝜎𝜙Γ𝜖 𝐸
𝑀  

7 

 

For an ideal measurement with PGNAA, most samples should weigh between 0.1 and 10 

g so that the gamma ray intensity is of the right amount as to produce a strong signal, but 

not so much as to overwhelm the measurement [8]. Additionally, the sample must be of a 

size that does not provide unacceptable levels of neutron scattering and absorption in the 

sample itself. For the purposes of determining the level of contamination by light interstitial 

elements in the high purity niobium metal matrix, PGNAA is ideal, as activation of the 

light interstitial elements produces radioisotopes that have extremely short half-lives. 

In a 2006 study at JLab, PGNAA for the analysis of hydrogen impurities in a variety of 

materials was implemented with the use of cold neutrons that originated in a liquid 

hydrogen cold neutron source [38]. In this source, neutrons from the reactor at the NIST 

Center for Neutron Research are allowed to pass through a volume of liquid H2 at 20 K, 

then into a 58Ni tube on the way to the PGNAA facility [38,39]. The neutrons that reach 

the PGNAA station are virtually free of fast neutrons and gamma rays from the reactor. 

This control over the energy of the neutrons allows for higher sensitivities in detection due 

to an enhanced neutron capture rate, and decreased interference due to background. The 
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neutron fluence at the sample position is 9E8 cm-2 s-1. The geometry of the spectrometer 

used in this study is shown in Figure 2.4. 

 

 

Figure 2.4: The PGAA spectrometer that was used with cold neutrons at the NIST CNR 
[38]. 

The materials tested were several titanium alloys, a variety of semiconductor materials, and 

two kinds of materials that are related to the production of hydrogen fuel cells. The results 

of the PGNAA performed on these samples were mostly reported in terms of mass fraction, 

and are displayed in Table 2-5. 
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Table 2-5: The results reported for the hydrogen content of a variety of materials, using a 
cold neutron PGNAA technique [38]. 

 

2.5.1 PGNAA for Impurities in Niobium 
 

In a study conducted at JLab in 2003 [39], high purity niobium was analyzed through the 

use of PGNAA for determination of its hydrogen content. The intent of this research was 

to determine whether an acid treatment of the surface of high purity niobium would cause 

a significant contamination of the surface with hydrogen, and if a vacuum heating 

technique could be used to remove the hydrogen. Excess hydrogen in high purity niobium 

causes problems for the use of the material in SRF, since the hydrogen reduces the 

superconducting ability of the material. In the PGNAA technique for this work, cold 
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neutrons from a liquid hydrogen cold source were used to bombard samples of interest, and 

an HPGe detector was used to collect the prompt gamma rays that resulted from the 

excitation of the sample atoms. The liquid hydrogen cold source is beneficial for PGNAA 

due to the enhancement to detection sensitivity and reduction of background that it affords. 

The apparatus for this series of experiments included a vacuum system that allowed for a 

reduction of the background hydrogen signal that originates primarily in the humidity of 

the air [39].  In this experiment, the samples weighed approximately 10 g each. The 

standards used were disks made of niobium foil that were filled with urea. The gamma ray 

peaks analyzed were at 2223 keV for hydrogen and at 5104 keV for niobium. It was found 

through this research that the absolute hydrogen content for vacuum heated and acid treated 

high purity niobium metal was virtually impossible to be determined without a niobium 

standard that was entirely free of hydrogen. This is because a 2223 keV hydrogen peak was 

seen in the spectra of both the vacuum heated and acid treated samples, and there is a 

possibility that niobium does create an interfering gamma ray peak at the energy of 2223 

keV. Because an absolute measurement of the hydrogen content was not possible with 

these conditions, results were reported as relative to prior measurement, which the 

experimenters used as a blank [39]. Beyond this specific study on the use of cold neutron 

PGNAA at JLab for hydrogen impurities in high purity niobium, the literature did not 

provide examples of research into the characterization of light interstitial impurities in 

niobium through PGNAA. 
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3 METHODS AND MATERIALS 
 

3.1 The Oregon State University TRIGA ® Reactor 
 

The nuclear reactor at Oregon State University is a water-cooled pool-type TRIGA ® 

reactor. TRIGA ® reactors are nuclear reactors designed for Training and Research along 

with Isotope generation that are produced by General Atomics ®. There have been 66 

TRIGA ® reactors built worldwide, located at educational, governmental, industrial, and 

medical facilities [40]. The USNRC has licensed the Oregon State TRIGA ® Reactor 

(OSTR) to run at a maximum steady state power of 1.1 MW, but the reactor can also be 

run in a pulse mode, where the peak reactor power can reach 2000 MW. As of the summer 

of 2008, the fuel is a low-enrichment uranium/zirconium hydride that is arranged in a 

circular grid array that is encircled with a graphite reflector [9,41,42].  The OSTR is 

primarily used for a variety of irradiation services in one of the many irradiation facilities 

that have been built at the reactor.  

Irradiation facilities have been built at two of the four beam ports that pierce the reactor 

bioshield, facing the core of the reactor as displayed in Figure 3.1. Currently, beam ports 

#1 and #2, which are set in a radial configuration [42], are not being utilized. At beam port 

#3, a neutron radiography facility was built because the beam line here is tangential to the 

exterior surface of the reactor core. The PGNAA facility was constructed at beam port #4, 

which is a radially oriented beam line that pierces the graphite reflector and reaches the 

reactor core [42]. 
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Figure 3.1: A horizontally oriented diagram of the OSU TRIGA ® reactor, with the four 
beam ports and irradiation facilities shown [42]. 

3.1.1 Beam Port 4 
 

Beam port 4 at the OSU TRIGA ® reactor was chosen as the site of the construction of the 

PGNAA facility due to it having the highest neutron flux among the available beam ports 

due to its orientation and the short distance between its terminus and the core of the reactor 

[42]. Due to these factors, the radiation provided at beam port #4 has an intense fast-neutron 

and gamma component, which must be filtered (i.e., minimized) while keeping the high 

thermal flux.  



31 
 

3.1.2 High Purity Germanium Detectors (HPGe) 
 

In the course of performing PGNAA, it is necessary to use a gamma ray spectrometer that 

is capable of detecting a wide spectrum of gamma rays. The range of the energy spectrum 

typically used in PGNAA to characterize the elemental composition of a sample is from 50 

keV to 10 MeV. It is also important for PGNAA that the detector has excellent energy 

resolution to be able to distinguish between gamma peaks that are in close proximity to 

each other [43]. For these reasons, an HPGe detector was chosen for use in the PGNAA 

facility at the OSU TRIGA ® reactor. The HPGe detector chosen for the facility was an 

ORTEC PopTop Model No. GEM-25185-P, with a measured resolution of 1.73 

keV/channel and a measured relative efficiency of 36.50 % at 1.33 MeV [42]. 

Specifications for this detector can be found in Table 3-1. This detector is mechanically 

cooled to cryogenic temperatures by an ORTEC X-Cooler III HPGe Detector Mechanical 

Cooler. With the current setup of the PGNAA facility detector shielding box, the 

background signal is low [42]. In the construction of the PGNAA facility, care was taken 

to design and construct shielding for the HPGe detector so that it could operate with 

minimal interference from background radiation.  The shielding for the detector consists 

of lead, which cuts the gamma background, and borated polyethylene, which functions to 

decrease the neutron background. The arrangement of the components of the detector 

shielding box is shown in Figure 3.2.  
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Table 3-1: Specifications for High Purity Germanium Detector [42]. 

 

 

Figure 3.2: Cutaway image of the HPGe detector shielding configuration for the PGNAA 
facility [42]. 
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3.1.3 PGNAA Facility at OSU TRIGA ® 
 

As part of the PGNAA system, a collimator and beam filter system were built and placed 

in beam port 4. This collimator consists of lead and Boral rings that collimated the neutron 

beam to be in the form of a 2 cm circle, as is shown in Figure 3.3.  Two beam filters, one 

made of bismuth metal and the other made from sapphire, condition the neutron beam to 

have less of a fast neutron and gamma character and to retain the thermal neutron flux. 

Both the collimator and filter system are encased in a welded aluminum beam pipe casing 

that was sealed on both ends with minimized thickness aluminum sheeting. The collimator 

was designed so that the empty space inside could be filled with gases or a vacuum to allow 

for greater control over the neutron beam. 

 

Figure 3.3: Cutaway image of the PGNAA facility collimator, indicating the parts of the 
collimator and the neutron beam filter [9]. 
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Immediately following the collimator is the beam shutter, which is pneumatically actuated, 

and automatically closes upon power loss or revocation of permissive status for the 

PGNAA facility by the reactor operator. A cutaway diagram of this system is shown in 

Figure 3.4. This shutter is contained within a biological shield, which reduces radiation 

levels near the shutter.  

 

Figure 3.4: Diagram of the OSU PGNAA facility at beam port 4 of the OSU TRIGA 
reactor [9]. 

After the beam shutter, the next part of the PGNAA facility is the sample chamber, which 

is constructed from aluminum. The chamber is sealed during operation, and is evacuated 

to approximately 1 · 10EY torr through the use of a vacuum system that incorporates a 

roughing pump in combination with a turbopump. The neutron beam from the reactor 

passes unimpeded through the center of the sample chamber, except by the sample to be 

examined through PGNAA. A port on the sample chamber HPGe detector is set at a 90° 

angle from the neutron beam. A sample holder is positioned in the center of the chamber, 

and holds the front surface of the sample at a 45° angle from the neutron beam and the 
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HPGe detector port. The sample itself is held in place by an aluminum ring that is strung 

with two segments of twisted polytetrafluorethylene (Teflon ®) fiber with a thickness of 

0.889 mm as seen in Figure 3.5.  

 

Figure 3.5: Image of the sample holder setup, showing the "goalpost" and the sample 
holder ring. 

The port for the HPGe detector is surrounded by radiation shielding to protect the detector 

from radiation not originating from the sample. In the design for this detector shield system, 

care was taken to make sure that the geometric efficiency of the system was maximized 

and that the background radiation level in the vicinity of the detector was minimized. The 

final design chosen for this part of the PGNAA facility placed the detector at a distance of 

about 60 cm from the location of the sample in the sample chamber. 
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To prevent the neutron beam from continuing beyond the confines of the system after 

passing through the sample chamber during the operation of the system, a beam stop was 

constructed immediately following the sample chamber. This beam stop is constructed with 

borated plastics, lead bricks, and concrete blocks.  

3.2 Materials 
 

In total, seven high purity niobium samples were provided by ATI Specialty Alloys and 

Components for testing purposes. All seven niobium samples were machined into the shape 

of a disk with a handle, as is displayed in Figure 3.6. Two of the samples were provided as 

“standard” samples, and a full chemical analysis of both samples that the manufacturer 

undertook was included. NbStd-1, one of the two “standard” samples was of the 

composition of high purity niobium. The composition of the other “standard” sample, 

NbStd-2 was a 50/50 mixture of high purity niobium and a standard grade niobium. Five 

other samples of high purity niobium were provided as “unknowns”, and the chemical 

analysis of the samples was not provided initially so as to not bias the data analyses of the 

PGNAA data.  
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Figure 3.6: Diagram of the design of the high purity niobium test samples. 

 

 

3.3 Sample Preparation 
 

To prepare the samples for PGNAA, the five “unknown” niobium samples were lightly 

sanded with 240 grit sandpaper on a rotary polishing wheel, rinsed with water, then sanded 

with 600 grit sandpaper on the same rotary polishing wheel and rinsed again with water. 

The two “standard” samples were not sanded. To eliminate contaminants and other non-

constitutive elements from the high purity niobium samples, all seven samples were 

immersed in a beaker of HPLC grade acetone that was suspended in a sonication bath. 

After the sonication bath was initiated, the samples were left to clean for approximately 30 

seconds, then removed from the acetone and dried using a pressurized dry air source. 

Following the cleaning steps, all the niobium samples were weighed individually on a 

Sartorius ME36S microbalance to determine the sample mass prior to PGNAA. This 

microbalance is accurate to 0.001 mg, or 1 μg, with a minimum sample weight of 5 mg. 
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The sample weights are found in Table 3-2. After weighing the niobium samples, each one 

was sealed, as seen in Figure 3.7, in a Teflon ® bag using a heat sealing method. 

Table 3-2: The recorded masses of the niobium samples. 

 

 

Figure 3.7: A representative high purity niobium sample, sealed in a Teflon ® bag. 

3.4 Sample Chemistries 
 

Along with the two “standard” high purity niobium samples, ATI Specialty Alloys and 

Components provided chemical analysis results for each of the samples. These chemical 

analyses were performed in accordance with ASTM E1941-10 [14], ASTM E2626-08 [15], 

and ASTM E1097-12 [16]. The results of these chemical analyses are contained in 

Table 3-3. Niobium standard 1 (NbStd-1), as provided by the manufacturer has generally 

Sample Mass [g]
NbStd-1 2.421037
NbStd-2 2.381609

RRRNb-1 2.331323
RRRNb-2 2.361026
RRRNb-3 2.388081
RRRNb-4 2.378055
RRRNb-5 2.371906
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lower ppm values for impurities than does niobium standard 2 (NbStd-2). In particular, 

niobium standard 1 has a significantly lower oxygen, nitrogen, and tantalum content than 

niobium standard 2, and does not contain several other impurities (B, Co, Hf, Mo) that 

were detected in niobium standard 2.  

Table 3-3: The chemical analysis results for the high purity niobium "standard" samples 
as provided by the manufacturer. 

 

3.5 Calibration Methods 
 

Before beginning the PGNAA work with the high purity niobium samples, energy 

calibration of the HPGe detector was completed. Data for the energy calibration was 

collected using the HPGe detector and the ORTEC GammaVision spectroscopy software 

package. To properly calibrate the HPGe detector for the full energy spectrum of interest, 

NbStd-1 [ppm] NbStd-2 [ppm]
Al 11 17
B 0 0
C 20 16

Co 0 0.1
Cr 1 6
Fe 6 26
H 1 1
Hf 0 4
Mo 0 7
N 24 87
Ni 1 8
O 40 1840
Si 2 9
Ta 64 480
Ti 3 6
W 3 17
Zr 2 11
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which is from around 80 keV to 2.2 MeV, some calibration samples for both low and high 

energy spectral lines were prepared. For the low energy calibration, a standard selection of 

radioactive check sources was used for the lower energy calibration points. The chosen 

isotopes in these check sources were Na-22, Mn-54, Co-57, Co-60, Ba-133, and Cs-137. 

The calibration using these check sources was accomplished by binding the check sources 

together as is shown in Figure 3.8, and placing the bundle in the cavity in the lead shielding 

directly in front of the HPGe detector. The detector was set to count for 40000 seconds, 

and after counting had been completed, the energy channels of the peaks of interest from 

the check sources were recorded. The low energy calibration data gathered in this run is 

found in Table 3-4. 

Table 3-4: The data gathered for the low energy part of the calibration of the HPGe 
detector. 

 

Channel # E [keV] ID
274 80.9971 Ba-133

1201 356.017 Ba-133
1723 510.998 positron
2230 662 Cs-137
3955 1173 Co-60
4297 1274 Na-22
4493 1332 Co-60
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Figure 3.8: The check source bundle used for low energy calibration. 

For the high energy calibration, samples of polyethylene and table salt (NaCl) were 

prepared. The polyethylene calibration sample was a machined disk of polyethylene sheet 

5 mm in diameter and 2 mm in thickness. The salt calibration sample was made through 

the compression of table salt (NaCl) by a 10 ton pellet press into a disk of salt 

approximately 5mm in diameter and 2 mm in thickness. To perform the high energy 

calibration, the salt and polyethylene calibration samples were placed in Teflon ® bags, 

which were then heat sealed to allow for placement in the sample holder. One at a time, 

the salt and polyethylene samples were placed in the sample holder of the PGNAA facility. 

The air in the sample chamber was not evacuated since it is unnecessary to do so for the 

energy calibration which is only concerned with the energy of the peaks from known 

elements. The calibration data gathered in this experimental run is shown in Table 3-5. 
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Table 3-5: The data gathered for the high energy part of the calibration of the HPGe 
detector. The neutron beam was on. 

 

3.6 PGNAA Spectra Collection Methods 
 

To perform PGNAA on the high purity niobium samples, data for each niobium sample 

was collected with an irradiation time of about 40 hours, which was spread out over the 

course of a number of days. It was not possible to finish the 40 hour runs without pauses 

in neutron exposure and data collection due to the limited availability of reactor time each 

day. The typical daily exposure time was around 7 hours. Run times for some days was 

shorter, with runs lasting only a few hours. On infrequent occasions, data collection runs 

were able to be run for time up to 12 hours.  

Before data collection runs for the niobium were begun, the spectrum of the background 

radiation was collected with the beam on, and no sample in the sample holder. The 

collection of the background radiation spectrum is required to mitigate the influence of 

radiation sources that are a part of the PGNAA facility. 

In order to determine the response rate of the PGNAA facility at the OSTR for the material 

matrix of high purity niobium, spectrum data for the “standard” niobium samples were 

Channel # E [keV] ID
1593 472.202 Na-23
1744 517.073 Cl-35
2658 788.428 Cl-35
3159 936.92 Cl-35
3815 1131.25 Cl-35
3928 1164.87 Cl-35
5400 1601.07 Cl-35
6580 1951.14 Cl-35
7497 2223 H-1
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collected. Data for the five niobium samples with unknown impurity composition were 

also completed. The run times for the niobium samples is given in Table 3-6. 

Table 3-6: The run times of each of the high purity niobium samples. 

 

3.7 PGNAA Spectra Analysis Methods 
 

The gamma ray spectra that were obtained in the data collection runs were analyzed 

through the use of ORTEC GammaVision ® and Microsoft Excel. Microsoft Excel was 

used for a majority of the data analysis to provide a greater understanding of the process 

of peak identification and measurement, rather than relying on the analytical capabilities 

of the ORTEC GammaVision ® program. In this process, the data files from ORTEC 

GammaVision were saved in plain text format, then imported into Microsoft Excel for 

data analysis. The energy calibration that was obtained through the use of the check 

sources and the polyethylene and salt samples was used to interpret what energy each bin 

in the spectrum data corresponded to. After the completion of the energy calibration, the 

response rate of the PGNAA system was determined using standard PGNAA technique 

on the data from the two “standard” samples. Next, the data from the five samples with 

unknown impurity composition were analyzed for hydrogen, oxygen, carbon, and 

Sample ID Time [s] Time [hours]
NbStd1 157786 43.8
NbStd2 153346 42.6

RRRNb-1 157048 43.6
RRRNb-2 131722 36.6
RRRNb-3 158166 43.9
RRRNb-4 146367 40.7
RRRNb-5 164836 45.8
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nitrogen impurities. The peaks were identified, and the characteristics of the peaks were 

recorded and analyzed.  

3.7.1 Peak Area Calculation 
 

To determine the net area of a peak, a process which subtracts the net area of the 

corresponding background peak and also subtracts the area of the peak that is below the 

background radiation level is completed. For example, in Figure 3.9, the region of interest 

(ROI) for the peak is in blue, and the regions above and below the peak in orange are 

representative of the background radiation level. 

 

Figure 3.9: An example peak for the purpose of explaining the process of calculating the 
net area under the peak. The region of interest (ROI) of the peak is in blue, and the 
regions above and below the peak that are considered to be representative of the 

background radiation height are in orange. 

The first step is to find the average value of the background radiation above and below the 

peak. To do this, the values of the 10 energy bins above the peak are averaged, and the 
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values of the 10 bins below the peak are averaged. These values are then used in finding 

the area of the trapezoid that approximates the area below the peak. This region is seen in 

Figure 3.10 as the gray filled, red bordered trapezoid that is below the peak.  

 

Figure 3.10: A diagram of the second step of the process used to calculate the area under 
the ROI for the peak. The gray filled, red bordered region is the area that needs to be 
calculated, and the green lines are the average levels of the background above and below 
the peak region. 

The area of this trapezoid is found through the calculation in Equation 8, where ABR is the 

area below the average background radiation line, hu is the higher of the average 

background levels, hl is the lower of the average background levels, and wp is the width of 

the peak. 

 𝐴mn =
1
2 ℎp − ℎM ∗ 𝑤1 + 𝑤1 ∗ ℎM  8 

 

From this point, it is necessary to utilize Equation 9 to find the net area below the peak. In 

this equation, ANP is the net area below the peak, Agross is the gross area of the background 
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peak, Abkgrd is the net area of the background peak that corresponds to the peak of interest, 

and ABR is the area below the peak of interest that is also below the average radiation line. 

 𝐴st = 𝐴u-v// − 𝐴wxu-8 − 𝐴mn 9 

 

Subsequent to finding the net peak area of the peak of interest, it is possible to find the 

response rate of the PGNAA system or the elemental mass for the element represented by 

the peak of interest. To find the response rate, Equation 10 is used, where Nγ,x is the net 

peak area, tm is the live time of the spectrum measurement, mx is the mass of the element 

in the sample, and sx is the response rate of the PGNAA system being used [7]. 

 𝑁y,U/𝑡4
𝑚U

= 𝑠U 
10 

 

To find the elemental mass of the element of interest in the sample, one must first know 

the conversion factor of the PGNAA system being used for the measurements. If the sx 

value is known, then Equation 11 is used [7]. 

 
𝑚U / =

𝑁y,U/𝑡4
𝑠U

 
11 

 

3.8 Monte Carlo N-Particle Transport Code (MCNP) Simulation 
 

In the process of completing the data collection for the PGNAA component of this research, 

it became clear that a significant self-shielding effect was being observed in the differences 

in the measured response rate of the two “standard” samples that were provided by the 

manufacturer. To better understand how much of an effect this had on the results, a simple 
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neutron transport simulation was completed through the use of Monte Carlo N-Particle 

Transport Code (MCNP). In this simple simulation, a 5 mm radius disc of niobium was 

bombarded with thermal neutrons at 0.0253 eV, and tallies were taken in regions on the 

front and the back surfaces of the niobium disc to be able to ascertain changes to the neutron 

flux that depended on the composition of the material. In Figure 3.11 and Figure 3.12, two 

views of the geometry of the MCNP simulation are given. In total, sixty-two simulations 

were completed to be able to understand what elements contributed most to the self-

shielding. Each simulation was run for 10 computer minutes on MCNP 6.1 on the OSU 

Rogue engineering computer cluster on 16 cores to provide an accelerated run time of the 

simulation. The first simulations to be completed were NbIC1, in which the niobium 

composition was that of NbStd-1, and NbIC2 in which the niobium composition was that 

of NbStd-2. The next set of simulations to be run was the OC series, in which the oxygen 

content was varied. Ten simulations each were completed for changes to the NbStd-1 and 

NbStd-2 material compositions. In the OC series, the oxygen content was varied from 220 

to 1840 ppm in increments of 180 ppm. To allow for the increase in the oxygen content, 

the niobium content was decreased at the same size of increment. The next set of 

simulations to be run was the NC series. In this set of ten simulations for the two starting 

niobium compositions, the nitrogen content of the samples was incremented by 6.3 ppm, 

from 24 to 87 ppm. As with the OC series, to accommodate the increase in the impurity 

content of the sample material, the niobium content was decreased accordingly. The final 

set of simulations to be run was the TaC series, in which the tantalum content of the samples 

was incremented by 41.6 ppm, from 64 to 480 ppm. Ten runs were completed for the two 
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“standard” starting compositions. As with the OC and NC series, the same simulation 

procedure was followed.  

 

Figure 3.11: An XZ plane view of the geometry of the MCNP simulations done to 
determine the effect of self-shielding on PGNAA. Cell 1 is the high purity niobium 

sample, cells 2 and 3 are the two tally cells which are regions of air, and cell 4 is air as 
well. The region designated as 99 is a void which encompasses the simulation. The 

neutron source is located to the right of the niobium sample. 

 

Figure 3.12: A YZ plane view of the geometry of the MCNP simulations done to 
determine the effect of self-shielding on PGNAA. In this view, cell 1 is the niobium 

sample, cell 4 is air, and cell 99 is a void which surrounds the region where the 
simulation occurs. 
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4 Results and Discussion 
 

4.1 Energy Calibration Results 
 

The energy calibration was completed in order to properly associate the energy channels 

of the computerized multichannel analyzer that interprets the output of the HPGe detector 

with the energies of the gamma ray peaks. Upon collecting the spectrum from the check 

sources (Figure 4.1), the peaks were associated with the energies of the gamma rays 

provided from the check sources. The main peaks seen in this spectrum are the 81 and 356 

keV peaks of 133Ba, the 662 keV peak of 137Cs, the 1173 and 1332 keV peaks of 60Co, and 

the 1274 and 511 keV peaks from 22Na and its associated positron annihilation. 

 

Figure 4.1: A plot of the spectrum obtained through the use of check sources for the low 
energy calibration. 

The prompt gamma hydrogen peak at 2223 keV was added to this spectrum for a higher 

energy calibration point with the collection of the spectrum from the polyethylene disk 

with the neutron beam active (Figure 4.2). 
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Figure 4.2: A plot of the spectrum obtained through the use of check sources and the 
polyethylene disk with beam exposure. 

To complete the energy calibration data, the many peaks from chlorine and sodium were 

added with the use of the compressed salt disc with the neutron beam active (Figure 4.3). 

The chlorine peaks seen in this spectrum are at 517, 788, 936, 1131, 1164, 1601, and 1951 

keV. The sodium peak was observed at 472 keV. There is also a change in the background 

level starting around 192 keV due to that is due to Compton scattering. 

 

Figure 4.3: A plot of the spectrum obtained through the use of check sources, the 
polyethylene disk with beam exposure, and the compressed salt disc with beam exposure. 
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Once the channels of the gamma ray peaks that were desired for the calibration were 

recorded, the linear fit of the channel and energy data in Figure 4.4 was generated. Using 

the linear fit function, it was possible to identify the energies of the peaks seen during the 

use of the HPGe detector for PGNAA. 

 

Figure 4.4: A plot of data used to find the linear fit for the energy calibration for the 
PGNAA data. 

4.2 Background Spectrum and Nb “Standards” 
 

To be able to identify the constituent elements of the five “unknown” high purity niobium 

samples, the background gamma ray spectrum and the spectra from the data collection runs 

of the “standard” high purity niobium samples were required. The background spectrum 

was necessary to be able to understand if the peaks that are observed are artifacts of the 

facility itself. The spectra from the “standard” samples was required for the calculation of 

the response rate of the PGNAA facility for the individual gamma ray peaks under 

observation. 
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4.2.1 Background Spectrum 
 

The background spectrum with the neutron beam active was collected over a period of 

42,444 seconds, approximately 11.8 hours, (Figure 4.5). In this spectrum, only peaks 

relating to the metal and other materials in the PGNAA facility are visible. Some peaks 

from remnant air molecules are also observed. 

 

Figure 4.5: The background spectrum, collected with the beam on and no sample in the 
sample holder over a period of 42444 seconds. 

In particular, a focus was made on the regions in the spectrum that could contain the 

hydrogen, carbon, nitrogen, and oxygen peaks. According to the cross section and relative 

intensity, k0, of the peaks for the light interstitial elements, the peaks of interest were the 

hydrogen peak at 2223 keV, the carbon peak at 1261 keV, the nitrogen peak at 1884 keV, 

and the oxygen peak at 870 keV (Table 4-1). The cross section and k0 data were obtained 

from an IAEA data set that gives these values for the strongest prompt and decay gamma 

peaks for all natural elements [44]. 
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Table 4-1: The data showing the factors leading to the choice of the most intense peaks 
for characterization of the niobium [44]. 

 

Once these values were chosen, regions of interest (ROI) in the data were marked, and 

analysis of the peak structure in the ROIs began. The peaks not analyzed in Table 4-1 

were neglected due to having extremely low cross sections and relative intensities. In the 

analysis of the peaks, the peak region was designated, and a region comprised of the 10 

energy bins above and below the peak was set to represent the background radiation 

level. 

In the peak analysis for the background in Figure 4.6, it is clearly seen that there is no 

distinct peak visible for the nitrogen and carbon, likely due to a dearth of atoms of these 

elements in the parts of the PGNAA facility. The hydrogen and oxygen peaks are easily 

seen in the background, and represent the concentration of these gases in the air remaining 

Element/Isotope sigma(Eγ) [barns] k0 MaxInt?
Hydrogen (2223.24835(9)) 0.3326(7) 1.0000(21) Yes

Carbon (1261.765(9)) 0.00124(3) 0.000313(8) Yes
Carbon(3683.920(9)) 0.00122(3) 0.000308(8)

Nitrogen(1678.281(14)) 0.0063(3) 0.00136(7)
Nitrogen(1884.821(16)) 0.01470(18) 0.00318(4) Yes
Nitrogen (1999.690(16)) 0.00323(4) 0.000699(9)
Nitrogen (2520.457(17)) 0.00441(24) 0.00095(5)
Nitrogen (3531.981(15)) 0.0071(4) 0.00154(9)
Nitrogen (3677.732(13)) 0.0115(6) 0.00249(13)
Nitrogen (4508.731(12)) 0.0132(7) 0.00286(15)

Oxygen (870.68(6)) 1.77(11)×10-4 3.35(21)×10-5 Yes
Oxygen (1087.75(6)) 1.58(7)×10-4 2.99(13)×10-5
Oxygen (2184.42(7)) 1.64(7)×10-4 3.11(13)×10-5
Oxygen (3272.02(8)) 3.53(23)×10-5 6.7(4)×10-6
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in the vacuum chamber of the facility and the gases trapped in the metal and other materials 

that make up the apparatus.  

a 

 

b 

 
c 

 

d  

 
Figure 4.6: The peak data for the background, from top left: (a) hydrogen, (b) carbon, (c) 

nitrogen, and (d) oxygen. The hydrogen peak is visible as is the oxygen peak. 

 

4.2.2 NbStd-1 
 

In a fashion that is similar to that used with the background spectra, a gamma ray spectrum 

was collected over the course of 155,984 seconds, or about 43 hours, for the “standard” 

niobium sample NbStd-1. A very distinct difference is seen in comparing the spectrum 

from the background (Figure 4.5) and the spectrum from NbStd-1 (Figure 4.7) in that many 

more peaks are visible, with the niobium peaks featuring prominently at 99 and 113 keV. 
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Figure 4.7: The spectrum obtained through data collection for sample NbStd-1. Many 
peaks not seen in the background spectra are visible. 

The regions of interest for the light interstitial elements were kept to be the same for the 

NbStd-1 analysis as for the background analysis. To determine the response rate of the 

PGNAA facility for the chosen gamma ray energies, it was necessary to calculate the net 

peak area of the spectral lines of interest. This was accomplished through determining the 

area of the peak above the background radiation level alone, as described in the section 

entitled “PGNAA Spectra Analysis Methods”. In Figure 4.8, the peaks of the light 

interstitial elements are displayed.  
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a

 
 

b 

 
 

c 

 
 

d   

 

Figure 4.8: From top left, the peak data for NbStd-1 for (a) hydrogen, (b) carbon, (c) 
nitrogen, and (d) oxygen. 

 

The presence of all four elements is indicated by the net peak area for all four peaks being 

positive. Based on the data obtained from NbStd-1 and the procedure outlined in 

section 3.7.1, the response rate for the PGNAA system at the OSTR was found for the 2223 

keV hydrogen peak, the 1261 keV carbon peak, the 1884 keV nitrogen peak, and the 870 

keV oxygen peak (Table 4-2). 

Table 4-2: The response rates obtained through the analysis of the NbStd-1 data. 

 

Element Peak Energy [keV] Sx [cps/g] Error [cps/g]
H 2223 0.02675 5.96E-03
C 1261 0.00349 3.78E-04
N 1884 0.00527 3.13E-04
O 870 0.00475 2.72E-04
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4.2.3 NbStd-2 
 

Using the same process that was used for the NbStd-1 data, a gamma ray spectrum was 

collected over the course of 151,599 seconds, or about 42 hours, for the “standard” niobium 

sample NbStd-2. The spectrum obtained (Figure 4.9) is very similar in appearance to that 

found for NbStd-1 in Figure 4.7. The differences between these spectra are not visible 

without specifically analyzing the elemental peaks of interest. 

 

Figure 4.9: The spectrum obtained through data collection for sample NbStd-2. Many 
peaks not seen in the background spectra are visible. 

As with the process completed for NbStd-1, ROIs for the light interstitial elements were 

not changed for the NbStd-2 analysis. The response rate of the PGNAA system based on 

NbStd-2 for the four peaks was found through the calculation of the net peak area, as 

before. In Figure 4.10, the peaks of the light interstitial elements are displayed for the 

NbStd-2 sample.  
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a 

 

b 

 
c 

 

d 

 

Figure 4.10: The peak data for NbStd-2. From top left, the (a) hydrogen, (b) carbon, (c) 
nitrogen, and (d) oxygen peaks. 

 

The presence of all four elements is indicated by the net peak area for all four peaks being 

positive. The response rate of the PGNAA system at the OSTR was found using standard 

sample NbStd-2 for the 2223 keV hydrogen peak, the 1261 keV carbon peak, the 1884 keV 

nitrogen peak, and the 870 keV oxygen peak (Table 4-3). There are significant differences 

in the response rate values between NbStd-1 and NbStd-2. These differences are likely due 

to effects of self-shielding in the NbStd-2 material which is due to NbStd-2 having a far 

greater impurity content than NbStd-1. The self-shielding effect will be discussed in 

section 4.4. 
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Table 4-3: The response rates obtained through the analysis of the NbStd-2 data. 

 

4.3 Nb “Unknowns” 
 

With the completion of the calculation of the response rates for both NbStd-1 and NbStd-

2, it is now possible to characterize the light interstitial impurity content in the “unknown” 

samples. The ROIs for the peaks of interest in the spectra of the “unknown” niobium 

samples are the same as those that were used for the calculation of the response rate. The 

key difference in the calculation of the level of impurity in ppm for each sample is that 

Equation 11 from section 3.7.1 is used. The response rate for NbStd-1 is used in this 

calculation because NbStd-1 is a high purity niobium material that has a greater similarity 

in composition to the “unknowns” than NbStd-2. 

4.3.1 Hydrogen 
 

The hydrogen peaks at 2223 keV for all the "unknown” samples were found, and are 

displayed in Figure 4.11 along with the peak from the background spectrum. A noticeable 

difference in the average counts per second is seen between the background peak and the 

peaks of the “unknowns”, which is expected, since a sample is present.  

 

 

Element Peak Energy [keV] Sx [cps/g] Error [cps/g]
H 2223 0.005701 6.33E-03
C 1261 0.005049 5.04E-04
N 1884 0.001608 9.27E-05
O 870 0.000137 6.29E-06
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d 

 
e 

 

f 

 
Figure 4.11: From top left:  the hydrogen peaks of the (a) background, (b) RRRNb-1, (c) 

RRRNb-2, (d) RRRNb-3, (e) RRRNb-4, and (f) RRRNb-5. 

The results for RRRNb-1 through RRRNb-5 in Figure 4.11 seem fairly similar, with the 

maximum value of the hydrogen peak around 0.012 counts per second at an energy between 

2222 and 2224 keV. Based on these peaks and the response rate value found through the 

use of NbStd-1, the hydrogen impurity content of the “unknowns” was calculated, and the 

results are found in Table 4-4 and Figure 4.12. The response rate value for NbStd-2 was 

not chosen for use because of the significant difference in the sensitivity values for NbStd-

1 and NbStd-2 that is likely due to self-shielding in the NbStd-2 sample. The data on the 
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error for the chemical analysis was said to be around 10% by the testing laboratory. The 

error for the PGNAA data is quite small, as the error associated with radiation counting 

experiments is on the order of the square root of the counts. The background interference 

around the 2223 keV photopeak is likely the cause of the PGNAA data not trending with 

the chemical analysis results. 

Table 4-4: A comparison of chemical analysis and PGNAA data for the 2223 keV 
hydrogen peak. Zeroes are mostly obtained for the PGNAA result, as the peak was not 

significantly greater than background radiation for all samples but RRRNb-2. The error 
for the chemical analysis is unknown. 

 

 

Figure 4.12: A plot comparing the results of the chemical analysis and PGNAA for the 
hydrogen impurity. It is likely that the PGNAA value does not follow the chemical 

analysis due to significant background interference for the 2223 keV hydrogen peak. 

Chemical Chem Error PGNAA PGNAA Error
RRRNb # H [ppm] [ppm] H [ppm] [ppm]  Difference [ppm]

1 0.69 0.069 0 0 -0.69
2 0.91 0.091 0.231 0.239 -0.68
3 2.01 0.201 0 0 -2.01
4 9.90 0.99 0 0 -9.90
5 3.88 0.388 0 0 -3.88
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4.3.2 Carbon 
 

As with the hydrogen peaks, the carbon peaks for the RRRNb-1 through RRRNb-5 were 

analyzed, and the impurity content was calculated. The carbon 1261 keV peaks are 

displayed in Figure 4.13. A clear difference is seen between the background and the 

samples, as a peak doesn’t exist for the background spectrum. 

a 

 
 

b 

 
 

c 

 
 

d

 

e 

 

f 

 
Figure 4.13: From top left, the carbon peaks of the (a) background, (b) RRRNb-1, (c) 

RRRNb-2, (d) RRRNb-3, (e) RRRNb-4, and (f) RRRNb-5. 
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The results for RRRNb-1 through RRRNb-5 in Figure 4.13 are almost the same, with the 

maximum value of the carbon around 0.024 counts per second at an energy between 1256 

and 1258 keV based on the energy calibration. With the data from these peaks and the 

response rate found through the use of NbStd-1, the carbon impurity content of the 

“unknowns” was calculated, and the results are found in Table 4-5 and Figure 4.14. The 

error for the chemical analysis was stated to be 10% by the analyzing laboratory. The error 

for the PGNAA itself is low, as the error for radiation counting experiments is on the order 

of the square root of the counts. The PGNAA data follows the trend of the chemical 

analysis data, as seen in Figure 4.14.  

Table 4-5: A comparison of chemical analysis and PGNAA data for the 1261 keV carbon 
peak. The error for the chemical analysis data is unknown. 

 

Chemical Chem Error PGNAA PGNAA Error
RRRNb # C [ppm] [ppm] C [ppm] [ppm]  Difference [ppm]

1 11.20 1.12 23.904 3.460 12.70
2 15.90 1.59 24.72 3.560 8.82
3 3.00 0.3 19.636 3.042 16.64
4 9.30 0.93 23.977 3.553 14.68
5 4.70 0.47 22.971 3.293 18.27
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Figure 4.14: A plot comparing the results of the chemical analysis and PGNAA for the 
carbon impurity. The trend in the PGNAA data follows that of the chemical analysis data. 
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4.3.3 Nitrogen 
 

The nitrogen peak at 1884 keV was analyzed using the standard procedure, and the nitrogen 

impurity content was found. The nitrogen peaks for the background and “unknown” 

samples are displayed in Figure 4.15. As with the carbon analysis, there is no peak in the 

background spectrum, and the nitrogen peaks of the niobium samples are extremely 

similar. 

a 

 

b 

 
 

c 

 
 

d 

 

e 

 

f

 
Figure 4.15: From top left, the nitrogen peaks of the (a) background, (b) RRRNb-1, (c) 

RRRNb-2, (d) RRRNb-3, (e) RRRNb-4, and (f) RRRNb-5. 
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The results for RRRNb-1 through RRRNb-5 in Figure 4.15 are nearly the same, with the 

maximum value of the nitrogen peak around 0.015 counts per second at an energy between 

1878 and 1880 keV, which is based on the energy calibration. Based on these peaks and 

the response rate found through the use of NbStd-1, the nitrogen impurity content of the 

“unknowns” was calculated, and the results are found in Table 4-6 and Figure 4.16. The 

error in the chemical analysis data is reported to be around 10%, as the laboratory that 

performed the chemical analysis considers the actual error to be proprietary information. 

The error for the PGNAA is quite low in comparison to the data, as the data originates from 

a radiation counting experiment. The PGNAA results follow the trend of the chemical 

analysis data, as seen in Figure 4.16. 

Table 4-6: A comparison of chemical analysis and PGNAA data for the 1884 nitrogen 
peak. The error for the chemical analysis was not provided by the laboratory that 

provided the analysis. 

 

Chemical Chem Error PGNAA PGNAA Error
RRRNb # N [ppm] [ppm] N [ppm] [ppm]  Difference [ppm]

1 12.00 1.20 25.686 2.146 13.69
2 8.20 0.82 24.538 2.126 16.34
3 7.10 0.71 23.555 2.004 16.46
4 9.40 0.94 27.926 2.306 18.53
5 4.90 0.49 23.526 1.993 18.63
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Figure 4.16: A plot comparing the results of the chemical analysis and PGNAA for the 
nitrogen impurity. The trend in the PGNAA data follows that of the chemical analysis 

data. 
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4.3.4 Oxygen 
 

The oxygen peak at 870 keV was analyzed for the “unknown” samples using the standard 

analysis procedure. In the comparison between the oxygen peak in the background and the 

oxygen peaks for the niobium samples the key difference is the much larger peak height, 

which is consistent for all “unknown” samples, at around 0.06 counts/second (Figure 4.17). 

a 

 

b 

 
c  

 

d 

 
e 

 

f 

 
Figure 4.17: From top left, the oxygen peaks of the (a) background, (b) RRRNb-1, (c) 

RRRNb-2, (d) RRRNb-3, (e) RRRNb-4, and (f) RRRNb-5. 
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The results for RRRNb-1 through RRRNb-5 in Figure 4.17 seem fairly similar, with the 

maximum value of the oxygen peak around 0.055 counts per second at an energy between 

866 and 868 keV. Based on these peaks and the response rate found through the use of 

NbStd-1, the oxygen impurity content of the “unknowns” was calculated, and the results 

are found in Table 4-7 and Figure 4.18. The error for the chemical data was provided by 

the chemical analysis laboratory for oxygen, and is due to systematic error and the error 

from multiple analyses being averaged. The error for these chemical analysis values is 

likely greater than what was estimated by the laboratory.The PGNAA data lies within a 

standard deviation of the chemical data for the RRRNb-2 results. The RRRNb-4 results are 

nearly within one standard deviation, with a difference of 9.16 ppm. Due to the error in the 

chemical analysis data, the PGNAA values for the oxygen content do not appear to follow 

the same trend as the chemical analysis data.  

Table 4-7: A comparison of chemical analysis and PGNAA data for the 870 keV oxygen 
peak. 

 

Chemical Chem Error PGNAA PGNAA Error
RRRNb # O [ppm] [ppm] O [ppm] [ppm]  Difference [ppm]

1 21.63 10 52.453 3.855 30.82
2 40.70 17 40.664 3.381 -0.04
3 24.83 8.6 38.391 3.174 13.56
4 32.77 8 41.927 3.496 9.16
5 18.30 5 56.81 3.964 38.51
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Figure 4.18: A plot comparing the results of the chemical analysis and PGNAA for the 
nitrogen impurity. The trend in the PGNAA data does not follow that of the chemical 

analysis data, but the values are within an order of magnitude of the reported chemical 
analysis values. 

4.3.5 Comparison of ATI Chemical Analysis and PGNAA 
 

The results of the chemical analysis that was completed by ATI on the samples provided 

with initially unknown composition is found in Table 4-8. The values in this table were 

found using the ASTM standard chemical analysis methods used by ATI Specialty Alloys 

and Components. The ASTM standard methods used by ATI for the niobium samples were 

E1941-10, Standard Test Method for Determination of Carbon in Refractory and Reactive 

Metals and Their Alloys by Combustion Analysis [14], and E2626-08, Standard Guide for 

Spectrometric Analysis of Reactive and Refractory Metals [15]. Only the error values for 

the oxygen results were reported, as the error for the oxygen values comes from multiple 

analyses, and this error is accounting for multiple tests of the oxygen value. The error for 
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the hydrogen, nitrogen, and carbon impurity is estimated by the laboratory to be around 

10%, since the actual value of the systematic error is proprietary information. 

Table 4-8: The chemical analysis data as provided by ATI Specialty Alloys and 
Components for the five “unknown” samples. Error values were not given for C, H, and 

N. 

 

The results of the PGNAA that was completed at the OSTR on samples RRRNb-1 through 

RRRNb-5 is found in Table 4-9. 

Table 4-9: The results of PGNAA for "unknown" samples RRRNb-1 through RRRNb-5. 
The error values for PGNAA are quite low in comparison to the data, as the origin of the 

data is a radiation counting experiment. 

 

In comparing the PGNAA results to the chemical analysis data, it is observed that all 

PGNAA data values are within an order of magnitude of the provided chemical analysis 

value. The PGNAA results for oxygen are the closest to the chemical analysis results of all 

of the results for the light interstitials for some data points, but the data does not follow the 

trend of the chemical analysis results. The PGNAA data for the carbon and nitrogen 

impurities does closely follow the trend of the chemical analysis data. This result is 

promising for further inquiry into the use of PGNAA for characterization of light 

Sample C [ppm] Error [ppm] H [ppm] Error [ppm] N [ppm] Error [ppm] O [ppm] Error [ppm]
RRRNb-1 11.2 1.12 0.69 0.069 12 1.2 21.63 10
RRRNb-2 15.9 1.59 0.91 0.091 8.2 0.82 40.7 17
RRRNb-3 3 0.3 2.01 0.201 7.1 0.71 24.83 8.6
RRRNb-4 9.3 0.93 9.9 0.99 9.4 0.94 32.77 8
RRRNb-5 4.7 0.47 3.88 0.388 4.9 0.49 18.3 5

Chemical Analysis Data from ATI

Sample C [ppm] Error [ppm] H [ ppm] Error [ppm] N [ppm] Error [ppm] O [ppm] Error [ppm]
RRRNb-1 23.904 3.460 0 0 25.686 2.146 52.453 3.855
RRRNb-2 24.72 3.560 0.231 0.239 24.538 2.126 40.664 3.381
RRRNb-3 19.636 3.042 0 0 23.555 2.004 38.391 3.174
RRRNb-4 23.977 3.553 0 0 27.926 2.306 41.927 3.496
RRRNb-5 22.971 3.293 0 0 23.526 1.993 56.81 3.964

PGNAA Results for Elemental Analysis
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interstitials. In regards to the hydrogen results for PGNAA, it is difficult to determine the 

hydrogen content of the niobium with this method, as there is significant background 

interference around the 2223 keV hydrogen peak in the PGNAA spectrum. It is likely that 

if a far greater number of “standard” samples were used in the calculation of the response 

rate of the PGNAA system for each peak that the discrepancy between the ppm values 

would be less for all the light interstitial elements.  

4.4 Self-Shielding Analysis in MCNP 
 

To be able to better understand why there is a discrepancy between the response rates for 

the “standard” samples NbStd-1 and NbStd-2, a basic simulation of the PGNAA 

experiment was written for the Monte Carlo N-Particle transport code (MCNP). From this 

basic model, modifications were made so that thirty-one simulations each were completed 

for the two basic elemental compositions of the “standard” samples, NbStd-1 and NbStd-

2. The oxygen impurity in simulations for both compositions was varied from 40 ppm to 

1840 ppm in increments of 180 ppm to provide 10 data points between the minimum at 40 

ppm for NbStd-1 and the maximum at 1840 ppm for NbStd-2. Likewise, the nitrogen 

content was varied from 24 to 87 ppm in increments of 6.3 ppm. Lastly, the tantalum was 

varied from 64 to 480 ppm in increments of 41.6 ppm. In the first series of simulations, for 

NbStd-1, the results seen in Figure 4.19, Figure 4.20, and Figure 4.21 were generated.  
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Figure 4.19: A plot of the difference in flux with respect to oxygen impurity in ppm. These 
results come from an MCNP simulation of niobium samples with a chemical composition 

of NbStd-1. 

 

 

Figure 4.20: A plot of the difference in flux with respect to nitrogen impurity in ppm. 
These results come from an MCNP simulation of niobium samples with a chemical 

composition of NbStd-1. 
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Figure 4.21: A plot of the difference in flux with respect to tantalum impurity in ppm. 
These results come from an MCNP simulation of niobium samples with a chemical 

composition of NbStd-1. 

From these results, it is clear that varying the oxygen content of NbStd-1 has a much greater 

effect on the difference in flux than that provided by altering the nitrogen or tantalum 

content within the material matrix of NbStd-1. This result conforms to results in literature, 

as seen in Table 1-1 [2]. However, it is only because greater variation was allowed in the 

oxygen impurity that the oxygen appeared to have a greater effect on the neutron flux than 

the nitrogen. The second series of simulations in MCNP, for a material matrix with a 

composition of NbStd-2, created the results found in Figure 4.22, Figure 4.23, and 

Figure 4.24. The only difference between this set of simulations and the first is the 

composition change. 
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Figure 4.22: A plot of the difference in flux with respect to oxygen impurity in ppm. These 
results come from an MCNP simulation of niobium samples with a chemical composition 

of NbStd-2. 

 

Figure 4.23: A plot of the difference in flux with respect to nitrogen impurity in ppm. 
These results come from an MCNP simulation of niobium samples with a chemical 

composition of NbStd-2. 
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Figure 4.24: A plot of transmitted flux with respect to tantalum impurity in ppm. These 
results come from an MCNP simulation using niobium samples with a chemical 

composition of NbStd-2. 

As with the results for “standard” sample NbStd-1, these results for variations in the 

composition of NbStd-2 also demonstrate that changes in the oxygen content of the 

material have a much greater effect than the variation seen in changing the nitrogen or 

tantalum content within the range of the ppm values for the “standard” samples. Since 

oxygen is observed to have the greatest effect on reducing the neutron flux for the matrix 

of the niobium “standard” samples, it is likely that the difference in the response rate of the 

PGNAA system for NbStd-2 is due to this difference in the composition. 
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5 CONCLUSION 
 

The PGNAA facility at the OSTR was calibrated up to 2.2 MeV in preparation for analysis 

of high purity niobium samples, and background spectra were recorded. The two 

“standard” and five “unknown” samples of high purity niobium were designed, 

manufactured, and prepared for PGNAA by surface cleaning. The niobium samples were 

weighed prior to analysis with a microbalance to µg sensitivity. Based on the PGNAA 

spectrum data and subsequent analysis, two values of the response rateof the OSTR 

PGNAA facility were determined for “standard” samples: one for a high purity sample 

(NbStd-1), and the other for a high impurity sample (NbStd-2). The PGNAA spectra for 

the five “unknown” samples of high purity niobium were collected, and then analyzed 

through the use of the response rate that had been previously determined. In comparison 

with the results that were obtained in an alternate chemical analysis method, the results 

from PGNAA were within one order of magnitude for hydrogen, carbon, and nitrogen, and 

the carbon and nitrogen data matched the trend for the chemical analysis results. For 

oxygen, the results were on the same order of magnitude, with some results within one 

standard deviation of the chemical analysis value. In MCNP simulations of the materials 

used in the PGNAA experiments with a simplified geometry, it was shown that oxygen 

was the largest contributor to the effect of self-shielding in the high purity niobium matrix 

of the “standard” samples, and was likely the primary cause of the significant differences 

in response rate between samples NbStd-1 and NbStd-2. Further work in this research 

should be pursued, as the sensitivity and accuracy of the results could be improved with 

achievable modifications. 
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6 FUTURE WORK  
 

In continuing work on the topic of characterization of light interstitial impurities in the 

matrix of high purity niobium metal, several improvements and modifications should be 

made to the experiment. The most important improvement that could be easily 

implemented for this research would be the use of many more “standard” samples. With 

the inclusion of a greater number of “standards”, it would be possible to gain a better 

understanding of the response rate of the OSTR PGNAA facility for the light interstitial 

elements, as well as other elemental impurities in niobium. Another factor that would 

provide improvement would be an increased exposure time for each sample, or increased 

reactor power. Either of these modifications would reduce the influence of background 

radiation, and increase the sensitivity of the method. 
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