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Abstract

:

The Neutron Radiography Reactor at Idaho National Laboratory (INL) has two beamlines extending radially outward from the east and north faces of the reactor core. The control rod withdrawal procedure has recently been altered, potentially changing power distribution of the reactor and thus the properties of the neutron beams, calling for characterization of the neutron beams. The characterization of the East Radiography Station involved experiments used to measure the following characteristics: Neutron flux, neutron beam uniformity, cadmium ratio, image quality, and the neutron energy spectrum. The ERS is a Category-I neutron radiography facility signifying it has the highest possible rank a radiography station can achieve. The thermal equivalent neutron flux was measured using gold foil activation and determined to be 9.61 × 106 ± 2.47 × 105 n/cm2-s with a relatively uniform profile across the image plane. The cadmium ratio measurement was performed using bare and cadmium-covered gold foils and measured to be 2.05 ± 2.9%, indicating large epithermal and fast neutron content in the beam. The neutron energy spectrum was measured using foil activation coupled with unfolding algorithms provided by the software package Unfolding with MAXED and GRAVEL (UMG). The Monte-Carlo N-Particle (MCNP6) transport code was used to assist with the unfolding process. UMG, MCNP6, and measured foil activities were used to determine a neutron energy spectrum which was implemented into the MCNP6 model of the east neutron beam to contribute to future studies.
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1. Introduction


The Neutron Radiography Reactor (NRAD) facility is a TRIGA-Mark II reactor that produces power up to 250 kWth. It sits below the Hot Fuel Examination Facility (HFEF), the world’s largest inert atmosphere hot cell, providing easy access to radioactive materials that may need to be analyzed using neutron radiography. The reactor is water- and graphite-moderated and contains a total of 64 cylindrical fuel elements [1]. NRAD has two beam ports facing east and north of the reactor core. The East Radiography Station (ERS) neutron beam extends 4.57 m through air and a helium filled aluminum tube starting at the outer east edge of the reactor core. The apertures for the beam are placed about halfway in between the outer edge of the reactor core and the outer wall of the reactor vessel. The apertures are made of boron nitride with three circular holes with diameters of 8.89 cm, 3.53 cm, and 1.50 cm. The length of the beam, from the aperture to the image plane (L) and the diameter of the aperture (D) can be used to describe a specific characteristic of particle beams called the L/D ratio, which is a measure of the collimation of a neutron beam. L/D ratios for the ERS are 50, 125, and 300, corresponding to the three aperture diameters. The ERS also has an elevator shaft, filled with argon gas, directly connected to the hot cells above which allows easy access to used fuel or other highly radioactive materials in the hot cell. The elevator shaft lowers material directly in front of the beam line to enable neutron radiography using an indirect method (e.g., transfer method) to produce neutron radiographs [2,3,4], though some direct digital methods are possible as well [5,6].



Two complete neutron beam characterizations have been performed at NRAD in the past 30 years, once in 1992 [7] and again in 2013 [8]. Additional fuel elements were added to the NRAD reactor core in 2013, after which the ERS neutron beam was characterized to understand the impact of the new fuel on the beam performance [9]. Each characterization was performed after properties in the reactor core were altered resulting in changes to the neutron beam characteristics.




2. Neutron Beam Characteristics


The following sections discuss multiple characteristics that were measured and calculated for characterizing the ERS at INL’s NRAD facility. The sections will describe each characteristic and its significance to the facility, as well as how the characteristic was measured.



2.1. Neutron Beam Flux


The neutron flux incident at the image plane has a significant impact on the radiographic image and is the single most important parameter. Higher neutron flux can reduce exposure times or improve signal-to-noise ratio for longer exposures. Neutron activation analysis with gold foils was determined to be the most appropriate neutron flux measurement technique [10,11]. An array of 21 gold foils was attached to an aluminum plate that could fit into the cassette device. The cassette places the foils up against the image plane directly in the path of the neutron beam. The foils are exposed to the neutron beam for 5 h with the reactor power level at 250 kWth. A drawing that displays the dimensions and layout of the 21-gold foil array can be seen in Figure 1 along with a picture of the actual setup. The foils were wrapped in aluminum foil and aluminum tape was used as the adhesive to ensure the gold foils stayed on the plate. The gold foils were 12.7 mm diameter and 50.8 µm thick, and the mass of each foil was measured for activation calculations.



The foils were removed from the aluminum plate after neutron exposure and the resulting activity was measured. The activity emitted from the foils is caused by the reaction, 197Au (n,γ)198Au, which has a thermal neutron cross-section (σ) of 98.7 b. The radionuclide produced from the neutron interaction (198Au) has a half-life of 2.695 days and emits a gamma-ray with energy of 411.8 keV [12]. This gamma energy is unique to the decay process of 198Au and can be used to determine the activity of the activated gold foil. The HPGe detector used was manufactured by Ortec and had a relative efficiency of 50%. Canberra Apex software was used to determine the number of decays (i.e., gamma-rays) per second emitted from the gold foil. The detector was calibrated with a 152Eu source which was also used as a control during the counting process [13]. The activity of each foil was then correlated to the average thermal neutron flux incident on the image plane.



The number of radioactive nuclides produced is directly related to the activity of the foil after exposure in the neutron beam per Equation (1) [14], where A represents the activity of the foil after the exposure time texp, N is the number of atoms of the nuclide being irradiated (198Au atoms in the gold foil in this case), σ is the microscopic cross-section of the desired reaction, λ is the decay constant, ϕo is the neutron intensity (e.g., neutron flux) incident on the foil and   ϕ ¯   is the uncorrected average neutron flux measured from the foils.


   ϕ ¯  =  A  N σ  (  1 −  e  − λ  t  e x p      )     



(1)







A self-shielding correction factor, fs, is incorporated into the flux term to correct for the decrease in the neutron flux due to the high thermal neutron attenuation cross-section of the gold foils, as shown in Equation (2).


   f s  ≡   ϕ ¯    ϕ 0    .  



(2)







Neutrons scattering inside the gold foil should also be accounted for. The correction factors can be found using Equations (3) and (4) [15], where x is the thickness of the foil, Σt is the total macroscopic cross-section, and Σs is the macroscopic scattering cross-section, and f0 is the self-shielding factor calculated assuming Σs = 0. The flux value calculated from Equation (1) can be divided by the final correction term, fs, to find the neutron flux incident on the foils [9].


   f 0  =   1 −  e  −  Σ t  x      Σ t  x    



(3)






   f s  =    f 0     (  1 −    Σ s     Σ t     (  1 −  f 0   )   )    .  



(4)







Two sets of gold foils were irradiated resulting in a total of 42 foils used to measure the neutron flux at the image plane. This also allows two sets of data to be compared with a better statistical value for the final result. The uncertainty for the measured flux incident on each foil is a combination of the physical parameters of the foil, measurable aspects of the experiment setup, and the error associated with the measurement of radioactive decay in the foils.



Radioactive decay can be modeled as a random process using the Poisson distribution. The Poisson distribution is characterized by a single independent parameter, the mean. The mean is represented by the number of counts over a specified time. The standard deviation for a Poisson distribution is the square root of the mean. Equations (5) and (6) can be used to derive the standard deviation (σ) of a measurement (i.e., uncertainty) by relating it to the variance and the expected sample variance (s2) to the predicted variance (σ2) [16]. The number of counts is the measured radioactive decay emitted from the foil.


   s 2  =  σ 2  =  (  #   o f   c o u n t s  )   



(5)






  σ =   #   o f   c o u n t s   .  



(6)







The uncertainties are reported at a 2σ value, representing a confidence interval of 95%. The physical feature of the foils that had measured uncertainties was the weight (w). The measured uncertainties in the experimental setup included time (t) of irradiation and the physical placement (P) of the foils on the image plane. Equation (7) was used to calculate the total uncertainty in each foil flux measurement based on the parameters described.


     (     σ ϕ   ϕ   )   2  =    (     σ w   w   )   2  +    (     σ A   A   )   2  +    (     σ t   t   )   2  +    (     σ P   P   )   2   



(7)








2.2. Neutron Beam Uniformity


The beam flux uniformity is a measure of the homogeneity of the neutron flux at the image plane. An equally-distributed neutron flux across the image plane does not normally occur due to asymmetries caused by the neutron beam interacting with surrounding material. Some examples are back scattering of neutrons off the beam stop, irregular scattering off the walls of the collimator, or geometric variation of the radial distance from the aperture to each point at the image plane [17]. Asymmetries in the neutron beam can cause a peak in the middle and the flux is not as intense towards the edges of the image plane [8]. Images can become blurry if irregularities in the beam uniformity are present [17].



Neutron activation analysis can be used in the exact same way as described in the neutron flux measurements to measure the beam flux profile over the image plane. An array of gold foils was equally distributed at the image plane and exposed to the neutron beam. The foils were counted, and the average flux of each foil was compared to the position that foil was placed on the image plane. The correlation between the neutron flux and the position gives a flux profile of the beam incident on the image plane [9]. As depicted in Figure 1, the foils were spaced equal distances apart and cover the entire image plane. The results of each foil’s measured activities were compared to their position to determine if there is a relatively uniform beam over the entire 767 cm2 image plane.




2.3. Cadmium Ratio


The cadmium ratio is the ratio of the reaction rates induced by the full neutron beam energy spectrum to those of the cadmium-filtered neutron beam. A larger cadmium ratio represents a larger thermal neutron content in the neutron beam. A cadmium covered gold foil is primarily activated by epithermal neutrons and neutrons with higher energies that are incident on the gold foil after being filtered by the cadmium foil [18]. Figure 2 shows the microscopic absorption cross-sections for gold and cadmium [19], which shows that the cadmium has a threshold energy of about 0.55 eV [18], and thus cadmium will absorb a majority of the thermal neutrons before they can make it to a gold foil.



The cadmium ratio is important for a neutron beam used for neutron imaging because it affects the spatial resolution and contrast that the neutron beam can provide. Thermal neutrons are less likely to make it through an object designed to absorb thermal neutrons (i.e., nuclear fuel rods) [2] or other highly attenuating samples. For such highly attenuating samples, it may be advantageous to have a high epithermal and/or fast neutron beam content that can penetrate through the object to the imaging system. Thus, the cadmium ratio gives the NRAD facility a quantitative idea of how many epithermal and fast neutron content at the image plane.



A method for determining the cadmium ratio in a neutron flux is described in ASTM E261-10 [18]. Bare and cadmium-covered foils are exposed to the neutron flux in identical conditions (i.e., same position, same foil weight, same exposure time, reactor power). The reaction rates of the foils are then measured using a gamma spectrometer and then compared using Equation (8). The reaction rate of the bare foil is RB and the reaction rate for the cadmium covered foil is RCd [18].


  R =    R B     R  C d     =    A B     A  C d     .  



(8)







The same techniques used to measure the flux and flux profile of the beam were used for this measurement, but with a few key differences. The 21-gold foil array was arranged the same way as shown in Figure 1, but this time each gold foil was inserted into a 1-mm thick cadmium cover that would shield the gold from low-energy neutrons. Two sets of 21 cadmium covered gold foils were each irradiated for the same reactor power, 250 kWth, and amount of time, 5 h, as the bare gold foils. The cadmium ratio was then calculated using Equation (8) with the average activity determined at each position.




2.4. Image Quality per ASTM Standards


The image quality is an important metric to characterize for a neutron beam that is used for a neutron imaging facility. According to ASTM E545-19, Section 5.2: The only truly valid sensitivity indicator is a reference standard part. A reference standard part is a material or component that is the same as the object being neutron radiographed except with a known standard discontinuity, inclusion, omission, or flaw. The sensitivity indicators were designed to substitute for the reference standard and provide qualitative information on hole and gap sensitivity. [20]



The beam’s image quality is found by measuring four different characteristics using image quality indicators (IQIs) [20]. There are two types of image quality indicators used, the beam purity indicator (BPI) and the sensitivity indicator (SI). The SI is used to measure the sensitivity to detail the beam can produce. It is a step-wedge device that contains small gaps and holes. The SI device can be used to visually analyze the sensitivity of the radiograph (i.e., the smaller the gaps and holes one can distinguish, the more sensitive the radiograph). The BPI is a polytetrafluoroethylene block with different materials of known dimensions that can be radiographed and analyzed to obtain pertinent neutron beam facility information. The two devices are depicted in Figure 3.



The BPI is used to measure the thermal neutron content (NC), the scattered neutron content (S), the effective gamma content (γ), and the pair production content (P). The last two terms mentioned are applicable to direct conversion techniques only. The NRAD facility operates as an indirect conversion facility [2]. Indirect facilities do not expose the radiographic film directly to the neutron beam but instead expose conversion foils to the beam. The film is then exposed to the activated conversion foils away from the beamline, and the decay radiation from the activated conversion foils expose the film to produce an image. Because of the indirect method’s inherent separation of the conversion foil from the film during exposure, the amount of photons incident on the conversion foils has no effect on the resulting neutron radiograph. Thus, the gamma content and the pair production content will be ignored for all image quality measurements.



The equations used to find the values to these terms are listed below in Equations (9) and (10). Table 1 gives a brief description of the terms in the equations along with the type of material that is inserted into the various openings in the device.


  N C =    D H  −  (  h i g h e r  D B  + Δ  D L   )     D H    × 100  



(9)






  S =  (    Δ  D B     D H     )  × 100 .  



(10)







Table 2 shows the values that the number of visible holes and steps represent of the SI device. The SI device is used to measure the two other characteristics shown in Table 3, the largest consecutive numbered hole that is visible (H) and the smallest gap seen at all absorber thicknesses (G) [20].



The combination of these two devices offers a qualitative understanding of the capabilities of the neutron radiography facility. A ranking system has been developed by ASTM using the parameters calculated from the indicators described. The quality level of a facility on a scale from Category I to Category V can be determined using Table 3.



The image quality of the beam was determined by taking neutron radiographs of the two IQIs using L/D of 125 and an exposure time of 22 min. The BPI surface was positioned parallel against the film cassette and the cadmium wires in it were oriented so their longitudinal axis is perpendicular to the nearest film edge. The SI device was positioned in the image plane so its thickest step is not adjacent to the BPI and it was ensured that the SI no less than 25 mm away from the edge of the exposed area. The images of the IQIs were then analyzed both visually and using a densitometer to determine the values described in Table 1 and Table 2.




2.5. Neutron Energy Spectrum


The neutron energy spectrum is one of the most important characteristics of a neutron beam. The main purpose for determining the neutron energy spectrum at the ERS image plane is to have an accurate energy spectrum based on experimentally measured data that can support future modeling and simulation efforts.



Determining neutron energy spectra is commonly performed using foil activation methods and subsequent unfolding of the energy spectrum. An energy spectrum can be determined based on measured reactions of several different foils exposed to a neutron flux [10,21,22,23]. The neutron energy spectrum can be calculated by using three sets of data: Measured foil responses, foil response as a function of energy, and an initial guess spectrum. The foils are exposed to a neutron energy spectrum and the response of each one is calculated using the measured activity and known physical features of the foils. Computer software such as Monte Carlo N-Particle (MCNP) can be used to determine the initial energy spectrum [24,25], and Unfolding with MAXED and GRAVEL (UMG) can calculate the unfolded energy spectrum.



One bare set of 23 different foils and a separate set of 11 different cadmium covered foils were irradiated in the ERS and used to measure the foil responses. Each foil was chosen so that the entire set could interact with a wide range of neutron energies. The two sets of foils were irradiated for 10 h each, at a reactor power of 250 kWth. The activities of these foils were measured using a calibrated HPGe detector and the resulting foil responses were calculated. An MCNP6 model of the ERS was built and used to calculate the response functions of the foils and the initial guess spectrum for input into the UMG software [26].





3. Results


3.1. Neutron Beam Flux and Uniformity


Table 4 lists the measured uncertainties for each parameter described in Section 2.1. These uncertainties were used in Equation (7) to produce an average flux uncertainty of 2.6%. The uncertainty for the weight of each foil was provided by the manufacturing company. The placement error was measured using the smallest possible measurement that could be taken on the ruler used to place the foils on the aluminum sheet, and the time uncertainty was provided by the NRAD operators using the smallest possible time measurement on the timer. The measured results for the neutron flux at the image plane are shown in the Table 5.



The measured activities at the end of irradiation can be seen in the second and fifth columns of Table 5. The neutron flux was calculated using Equation (1). It should be noted that these flux values were calculated using the average thermal microscopic cross-section of gold, which is 98.7 barns. This cross-section will only account for the neutrons at the thermal and epithermal energy levels of roughly 1 eV or less [12].



The total thermal averaged flux of NRAD’s ERS neutron beam is 9.61 × 106 ± 2.47 × 105 n/cm2/s. The neutron energy spectrum results include the calculated neutron flux over the entire energy range (0.001 eV to 10 MeV).



Figure 4 shows the neutron flux profile results at the image plane, with tabulated values listed in Table 5. The beam is relatively flat across the surface of the image plane. This is a good indicator that any object being radiographed will be exposed to roughly the same number of neutrons regardless of where it is at on the image plane. The peak-to-average ratio of the flux measurements is 1.031, indicating very small deviation across the image plane.




3.2. Cadmium Ratio


Table 6 shows the activities of the covered foils and their resulting cadmium ratio calculated using the average activity at each position. The cadmium ratio of the neutron beam at the image plane was found after irradiating 42 gold foils (two sets of 21 foils) covered with cadmium and then comparing the activities between the cadmium-covered activities (in Table 6) and bare foil activities (in Table 5). The cadmium ratio of the gold foils is 2.05 ± 2.9%, which demonstrates that the ERS neutron beam has a high epithermal neutron content, which is quantified later in Section 3.4.




3.3. Image Quality


The film densities of the BPI can be found in Table 7, and the values obtained from visual analysis of the SI can be found in Table 8. Two neutron radiographs can be seen in Figure 5, one acquired using a cadmium filtered beam with an indium converter foil and the other using the unfiltered beam with a dysprosium converter foil [2]. The film densities were found using a calibrated Xrite model 301 densitometer that correlates the amount of light transmitted through the film to the optical density of the film [27]. It can be seen from the measured parameters in Table 8 that the ERS facility scores in the Category I range for neutron content, scattering content, and the number of visible gaps and holes. The pair production and gamma content do not apply to the ERS because the facility uses an indirect method for developing radiographs, which is completely insensitive to gamma-rays.




3.4. Neutron Energy Spectrum


The measured foil responses were coupled with the response functions of each foil and the initial guess spectrum calculated using the MCNP model to determine the neutron energy spectrum. The three sets of data were input into UMG and the GRAVEL package produced the closest match to the measured responses based on the chi-squared (χ2) results produced from both the MAXED and GRAVEL spectra. The GRAVEL spectrum displayed anomalies that were corrected by creating a hybrid spectrum that included the intermediate region calculated by MCNP and the thermal and fast regions produced by the GRAVEL unfolding software. The hybrid spectrum was shown to best mimic measured results when comparing measured activities from the foils and calculated activities from the MCNP and GRAVEL spectra [26]. The neutron energy spectrum determined at the image plane in the ERS can be seen in Figure 6 as well as tabulated values for specific energy bins which are displayed in Table 9 [26].



The thermal equivalent neutron flux measured using the average thermal cross-section of gold is 9.61 × 106 n/cm2/s. However, this neutron beam is not solely a thermal beam, and detailed analysis of the energy spectrum shows that only 3.53 × 106 n/cm2/s is for energies below 0.5 eV. This apparent discrepancy is only possible for neutron beams with most of the neutron flux with energies >0.5 eV and very low cadmium ratios, which is indeed the case with NRAD’s ERS neutron beam. The epithermal neutron flux (0.5 eV to 100 keV) is more than double the thermal flux, and the fast neutron flux (>100 keV) is an order of magnitude greater than the thermal flux. The total neutron flux of NRAD’s ERS neutron beam is 7.06 × 107 n/cm2/s.





4. Summary and Conclusions


The neutron radiography capabilities at NRAD are unique and in high demand. Used nuclear fuel is a difficult sample for neutron imaging due to the density of the material and the high doses of gamma and neutron radiation being emitted. With the recent restart of the Transient Test Reactor (TREAT) at the Idaho National Laboratory [11,28], there will be an increased need for the abilities of the NRAD facility. It is essential that the neutron beams of the ERS and NRS are characterized to provide sufficient data to users of the facilities. The following characteristics were measured: Neutron flux, neutron beam uniformity, the cadmium ratio, image quality of the facility, and the neutron energy spectrum.



The thermal equivalent neutron flux at the in the ERS was measured using an array of 21 gold foils spread across the entire area of the image plane and the published value for gold’s thermal neutron cross-section. The thermal equivalent neutron flux was determined to be 9.61 × 106 ± 2.47 × 105 n/cm2/s, which is 58% higher than the previous characterization performed in 2015. The increase in flux is due to the banking rods allowing more neutrons to make it to the image plane and not be absorbed by the material in the control rods, thereby shifting the neutron flux of the reactor closer to the source of the neutron beam.



The beam uniformity was measured and demonstrated little variation across the image plane, with a peak-to-average ratio of 1.031. The cadmium ratio using the gold foils was 2.05 ± 2.9%. The cadmium ratio indicated that the ERS neutron beam has a large epithermal and fast neutron component which is highly desired for nuclear fuel imaging capabilities. The image quality of the ERS was also measured using beam purity and sensitivity indicators. The facility was determined to fall into Category I which is the highest rank a neutron imaging station can have according to ASTM standards.



The neutron energy spectrum was calculated from the measured foil responses, the foil response functions and the initial spectrum at the ERS image plane. These three sets of data were used in the UMG software to unfold an energy spectrum. The final energy spectrum was created using the output from UMG and the out from MCNP and is referred to as the hybrid spectrum based on the sections taken from two other models. The hybrid spectrum was implemented back into the MCNP model of the ERS and will assist in future simulation and modeling efforts at NRAD. Detailed analysis of the energy spectrum shows that the neutron beam is far from thermal, with high epithermal and fast neutron fluxes, giving a total neutron flux of 7.06 × 107 n/cm2/s.
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Figure 1. Schematic (left) and picture (right) of the array of 21 gold foils. 
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Figure 2. Microscopic absorption cross-section of 113Cd and 197Au 
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Figure 3. Schematic of the (left) beam purity indicator and (right) sensitivity indicator showing shims A–D, gaps T–Z and holes 1–12. 
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Figure 4. Neutron flux as a function of position on the image plane. 
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Figure 5. Neutron radiographs of IQIs using (left) an indium foil (epithermal) radiograph and (right) a dysprosium foil (thermal) radiograph. 
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Figure 6. Neutron energy spectrum at the image plane of the ERS facility (energy-normalized). 
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Table 1. Definitions of D parameters [20].






Table 1. Definitions of D parameters [20].





	DB
	Film densities measured through the images of the boron nitride disks



	DL
	Film densities measured through the images of the lead disks



	DH
	Film density measured at the center of the hole in the BPI



	DT
	Film density measured through the image of the polytetrafluorethylene



	ΔDL
	Difference between the DL values



	ΔDB
	Difference between the DB values
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Table 2. H and G values taken from the sensitivity indicator (SI) for shims and gaps shown in Figure 3 [20].
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	Value of H.
	Shim
	Value of G
	Gap





	1
	C
	1
	T



	2
	C
	2
	U



	3
	C
	3
	V



	4
	C
	4
	W



	5
	B
	5
	X



	6
	B
	6
	Y



	7
	B
	7
	Z



	8
	B
	
	



	9
	A
	
	



	10
	A
	
	



	11
	A
	
	



	12
	A
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Table 3. ASTM facility categories based on image quality parameters [20].
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	Category
	NC
	H
	G
	S
	γ
	P





	I
	65
	6
	6
	5
	3
	3



	II
	60
	6
	6
	6
	4
	4



	III
	55
	5
	5
	7
	5
	5



	IV
	50
	4
	5
	8
	6
	6



	V
	45
	3
	5
	9
	7
	7
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Table 4. Uncertainties in measured parameters used to calculate neutron flux.
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	Parameter
	(±)
	(%)





	Foil Weight (g)
	0.0005
	0.42%



	Activity (dps) *
	--
	1.5%



	Time (s)
	0.001
	0.10%



	Placement (in)
	0.0625
	1.04%







* Error reported at 2σ.
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Table 5. Neutron flux measurements at the image plane (ERS).
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Position

	
Trial #1

	
Trial #2

	
Average




	
Activity

(dps)

	
Flux

(n/cm2/s)

	
Error

(2σ)

	
Activity

(dps)

	
Flux

(n/cm2/s)

	
Error

(2σ)

	
Flux

(n/cm2/s)






	
1

	
1.795 × 104

	
9.591 × 106

	
2.6%

	
1.828 × 104

	
9.753 × 106

	
2.6%

	
9.672 × 106




	
2

	
1.765 × 104

	
9.410 × 106

	
2.6%

	
1.799 × 104

	
9.635 × 106

	
2.6%

	
9.522 × 106




	
3

	
1.743 × 104

	
9.479 × 106

	
2.6%

	
1.836 × 104

	
9.769 × 106

	
2.6%

	
9.624 × 106




	
4

	
1.769 × 104

	
9.604 × 106

	
2.6%

	
1.821 × 104

	
9.533 × 106

	
2.6%

	
9.568 × 106




	
5

	
1.813 × 104

	
9.722 × 106

	
2.6%

	
1.865 × 104

	
9.813 × 106

	
2.6%

	
9.768 × 106




	
6

	
1.736 × 104

	
9.399 × 106

	
2.6%

	
1.780 × 104

	
9.512 × 106

	
2.6%

	
9.456 × 106




	
7

	
1.788 × 104

	
9.713 × 106

	
2.6%

	
1.839 × 104

	
9.591 × 106

	
2.6%

	
9.652 × 106




	
8

	
1.806 × 104

	
9.715 × 106

	
2.6%

	
1.832 × 104

	
9.630 × 106

	
2.6%

	
9.672 × 106




	
9

	
1.799 × 104

	
9.691 × 106

	
2.6%

	
1.832 × 104

	
9.661 × 106

	
2.6%

	
9.676 × 106




	
10

	
1.784 × 104

	
9.692 × 106

	
2.6%

	
1.865 × 104

	
9.845 × 106

	
2.6%

	
9.769 × 106




	
11

	
1.802 × 104

	
9.695 × 106

	
2.7%

	
1.843 × 104

	
9.480 × 106

	
2.7%

	
9.588 × 106




	
12

	
1.780 × 104

	
9.672 × 106

	
2.6%

	
1.821 × 104

	
9.381 × 106

	
2.6%

	
9.527 × 106




	
13

	
1.784 × 104

	
9.668 × 106

	
2.6%

	
1.828 × 104

	
9.434 × 106

	
2.6%

	
9.551 × 106




	
14

	
1.839 × 104

	
9.902 × 106

	
2.5%

	
1.832 × 104

	
9.552 × 106

	
2.5%

	
9.727 × 106




	
15

	
1.806 × 104

	
9.838 × 106

	
2.6%

	
1.906 × 104

	
9.827 × 106

	
2.6%

	
9.832 × 106




	
16

	
1.780 × 104

	
9.713 × 106

	
2.6%

	
1.799 × 104

	
9.333 × 106

	
2.6%

	
9.523 × 106




	
17

	
1.765 × 104

	
9.560 × 106

	
2.6%

	
1.865 × 104

	
9.656 × 106

	
2.6%

	
9.608 × 106




	
18

	
1.780 × 104

	
9.664 × 106

	
2.6%

	
1.802 × 104

	
9.421 × 106

	
2.6%

	
9.542 × 106




	
19

	
1.758 × 104

	
9.504 × 106

	
2.6%

	
1.765 × 104

	
9.138 × 106

	
2.6%

	
9.321 × 106




	
20

	
1.795 × 104

	
9.568 × 106

	
2.6%

	
1.839 × 104

	
9.453 × 106

	
2.6%

	
9.511 × 106




	
21

	
1.825 × 104

	
9.460 × 106

	
2.6%

	
1.791 × 104

	
9.857 × 106

	
2.6%

	
9.659 × 106
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Table 6. Cadmium covered gold foil activity measurements (ERS).
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Trial #1

	
Trial #2

	
Averaged




	
Position

	
Activity

(dps)

	
Error

(2σ)

	
Activity

(dps)

	
Error

(2σ)

	
Cd

Ratio

	
Error (2σ)




	
1

	
8.96 × 103

	
2.9%

	
8.33 × 103

	
2.9%

	
2.10

	
2.9%




	
2

	
8.96 × 103

	
2.9%

	
8.48 × 103

	
2.9%

	
2.04

	
2.9%




	
3

	
8.73 × 103

	
2.9%

	
8.44 × 103

	
2.9%

	
2.08

	
2.9%




	
4

	
8.62 × 103

	
2.9%

	
8.29 × 103

	
2.9%

	
2.12

	
2.9%




	
5

	
8.81 × 103

	
2.9%

	
8.55 × 103

	
2.9%

	
2.12

	
2.9%




	
6

	
8.92 × 103

	
2.9%

	
8.62 × 103

	
2.9%

	
2.00

	
2.9%




	
7

	
8.88 × 103

	
2.9%

	
8.33 × 103

	
2.9%

	
2.11

	
2.9%




	
8

	
9.44 × 103

	
2.9%

	
8.48 × 103

	
2.9%

	
2.03

	
2.9%




	
9

	
1.05 × 104

	
2.9%

	
8.62 × 103

	
2.9%

	
1.90

	
2.9%




	
10

	
8.92 × 103

	
2.9%

	
8.62 × 103

	
2.9%

	
2.08

	
2.9%




	
11

	
8.62 × 103

	
2.9%

	
8.81 × 103

	
2.9%

	
2.09

	
2.9%




	
12

	
9.18 × 103

	
2.9%

	
8.66 × 103

	
2.9%

	
2.02

	
2.9%




	
13

	
8.73 × 103

	
2.9%

	
8.48 × 103

	
2.9%

	
2.10

	
2.9%




	
14

	
8.92 × 103

	
2.9%

	
8.44 × 103

	
2.9%

	
2.12

	
2.9%




	
15

	
1.01 × 104

	
2.9%

	
8.62 × 103

	
2.9%

	
1.98

	
2.9%




	
16

	
8.66 × 103

	
2.9%

	
8.77 × 103

	
2.9%

	
2.05

	
2.9%




	
17

	
9.25 × 103

	
2.9%

	
8.85 × 103

	
2.9%

	
2.01

	
2.9%




	
18

	
8.92 × 103

	
2.9%

	
8.51 × 103

	
2.9%

	
2.06

	
2.9%




	
19

	
9.10 × 103

	
2.9%

	
8.62 × 103

	
2.9%

	
1.99

	
2.9%




	
20

	
9.29 × 103

	
2.9%

	
8.59 × 103

	
2.9%

	
2.03

	
2.9%




	
21

	
8.92 × 103

	
2.9%

	
8.70 × 103

	
2.9%

	
2.05

	
2.9%
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Table 7. Beam purity indicator optical film densities.






Table 7. Beam purity indicator optical film densities.





	
BPI Parameters






	
DB

	
0.47

	
0.44




	
DL

	
2.13

	
2.23




	
DH

	
2.77

	




	
DT

	
2.19

	




	
ΔDL

	
0.1

	




	
ΔDB

	
0.03

	











[image: Table] 





Table 8. Image quality indicator (IQI) measured values compared to a Category I facility.






Table 8. Image quality indicator (IQI) measured values compared to a Category I facility.





	Parameter
	ERS
	Category I





	NC
	79
	≥65



	S
	1
	≤5



	P
	NA
	≤3



	γ
	NA
	≤3



	G
	7
	≥6



	H
	7
	≥6
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Table 9. Tabulated neutron flux (n/cm2/s) values from the hybrid spectrum.






Table 9. Tabulated neutron flux (n/cm2/s) values from the hybrid spectrum.





	Thermal Region

(0–0.5 eV)
	Intermediate Region

(0.5 eV–100 keV)
	Fast Region

(100 keV–10 MeV)
	Total





	3.53 × 106
	8.14 × 106
	5.89 × 107
	7.06 × 107
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