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This thesis investigates the differences in Bonner Sphere detector response for anisotropic neutron fields as a function of borehole orientation.  Monte Carlo simulations using MCNPX were used to calculate the difference in detector response between Bonner Spheres with a borehole oriented directly behind a unidirectional neutron field and Bonner Spheres in which the borehole is normal to the neutron flux.  The differences in detector response depended on the size of the Bonner Sphere and the energy of the incident flux and are likely due to the Bonner Sphere’s geometry.  These effects could introduce significant error in the determination of the neutron field’s energy spectrum for an anisotropic neutron flux.
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The Effect of Bonner Sphere Borehole Orientation on Neutron Detector Response
[bookmark: _Toc274335487]Introduction
[bookmark: _Toc274335488]Function of Bonner Spheres

	Bonner Spheres provide a convenient and accessible method to measure the neutron energy spectrum with a scintillation detector and several moderating spheres of varying diameters.  All spheres are exposed to the same neutron flux.[footnoteRef:2]  The polyethylene moderates the neutrons that pass through it, making interaction inside the detector material more likely.  The setup used in this study employed a Lithium-glass scintillation detector.  Scintillation detectors, such as 3He, BF3, and Li-glass detectors are particularly sensitive to thermal neutrons.  Therefore, the increased moderation of a larger polyethylene sphere increases the detector response for higher energy neutrons.  As the sphere’s diameter increases, the number of neutrons with lower initial energy that reach the detector decreases, giving each sphere a unique response function to the incoming neutron energy.  A sphere of larger diameter will increase the incident neutron energy at which the response function will peak; therefore, evaluating the response of a detector in Bonner Spheres of varying width enables the experimenter to determine the energy spectrum of the incident neutrons, which would otherwise be impossible with a scintillation detector alone  [2:  Glenn F. Knoll, Radiation Detection and Measurement (3rd ed), John Wiley & Sons, Inc. (2000), p. 539-40.] 

To achieve this result, the experimenter will ascertain the detector response for the same neutron source field for each available diameter sphere and use an unfolding code.  Unfolding codes work by examining the detector’s varied responses to different energy spectra given the diameter of the Bonner Sphere and produce an approximate spectrum based on a starting spectrum input by the user.  The code uses a multigroup approximation where the relevant energies are divided into groups for ease of calculation.  Detector group response Ri to a given energy group accounting for the spectrum from Ei to Ei+1 can be expressed as:

  
where φ(E) is the scalar neutron flux, σ(E) is the detector’s sensitivity to neutrons of energy E, σi is the sensitivity of the detector to neutrons in energy group i, and φi is the group flux.  The measured detector response R is therefore equal to the sum of the group response functions over all groups:

Both the detector response to a given energy field (σi) and the detector response to the actual energy field in question (R) are known; therefore, calculating the spectrum of the incident neutron flux can be reduced to a set of simultaneous equations which can be used to approximate the spectrum of the neutron flux using an algorithm such as BUMS, SPUNIT, MAXED, or SAND-II.[footnoteRef:3] [3:  Jeremy Sweezy, Nolan Hertel, & Ken Veinot.  BUMS—Bonner Sphere Unfolding Made Simple: an HTML based multisphere neutron spectrometer unfolding package.  476 Nuclear Instruments and Methods in Physics Research A 263-69 (2002). ] 


[bookmark: _Toc274320669]Figure 1: Bonner Spheres moderate neutrons, increasing the probability of a detection event.[footnoteRef:4] [4:   Adapted from Knoll, p. 539.] 

[image: ]
[bookmark: _Toc274320670]Figure 2: Example of Bonner Sphere Response Functions for varying diameters.[footnoteRef:5]   [5:  J.A. Cruzate, J.L. Carelli, & B.N. Gregory, Bonner Sphere Spectrometer, presented at Workshop on Uncertainty Assessment in Computational Dosimetry: A Comparison of Approaches, Bologna, Italy (8-10 October 2007).
] 

[bookmark: _Toc274335489]Detector Characteristics
	The detector placed in the Bonner Sphere for this experiment was a 2 mm diameter, 2 long cylindrical Lithium-glass detector.  The material for the detector was created from MCNPX’s material library as a 1:1:2 ratio of Lithium, Silicon, and Oxygen.  Li-glass detectors are normally enriched in 6Li, due to 6Li’s higher neutron absorption cross section.  The detector used in this simulation used Li that was 95% 6Li and 5% 7Li.  The cylindrical axis of the detector was oriented along the cylindrical axis of the bore hole in both the 0o and 90o cases.  
[bookmark: _Toc274335490]Simulation Setup
[bookmark: _Toc274335491]Bonner Sphere Setup
	The simulated experimental set up involved a series of Bonner Spheres placed downstream of a cylindrical beam of neutrons.  The Bonner Spheres were constructed entirely of polyethelene (CH2) with a 1 cm diameter detector borehole drilled to the center.  The Bonner Sphere diameters are 2”, 3”, 5”, 8”, 10”, and 12”.  Data was also calculated with bare detectors in each case for completeness.  A schematic diagram of the experimental setup appears in figure 3.  



[bookmark: _Toc274320671]Figure 3: Simulated Experimental Setup – a cylindrical beam of neutrons strikes the Bonner sphere and Li-glass detector from the left.  The diameter of the beam is the same as the diameter of the polyethylene sphere.
Simulations were conducted with the borehole oriented at 0o (borehole directly behind the source) and 90o (borehole orthogonal to source) in all cases to determine the difference in detector response.  For the 2” sphere, data between 0o and 90o was taken to more thoroughly examine the angular independence.  Figure 4 illustrates the meaning of the borehole angle.


[bookmark: _Toc274320672]Figure 4: Borehole Angle

[bookmark: _Toc274335492]Source Production
	The source for this problem consists of a uniform field of neutrons with evenly distributed energy within one of thirty-one energy bins of interest.  A table showing the limits of each energy bin appears below.  The neutrons are produced on the surface of a disk with diameter equal to that of the Bonner Sphere.  No neutrons were created outside of the Bonner Sphere diameter because those neutrons would entirely pass the apparatus without colliding and would exit the geometry uncollided, contributing nothing to the result.  The neutron production is then normalized to the cross sectional area of the Bonner Sphere.
	Because a neutron is equally likely to be born at any point in the disk of radius R, the probability density function p(r) is proportional to the radius.  Because the problem is symmetric, there is no dependence on polar angle θ.



Therefore, the source distribution can be programmed into the Source Probability function as a linear function of radius.  Although MCNPX uses a uniform source distribution as its default, the explicit inclusion of a uniform Source Probability function simplified the programming steps required to introduce a Source Bias function to reduce the variance of the detector response..
	The experiment was conducted in 31 energy ranges for each sphere.  These ranges are those that are normally used to conduct Bonner Sphere simulations and extend from 1 * 10-8 to 400 MeV, covering all energy ranges of interest for neutron radiation.  Initial neutron energy was uniformly sampled within each group.
Table 1: Energy groups used for the experimental simulation.
	Bin
	Lower E (MeV)
	Upper E (MeV)
	Bin
	Lower E (MeV)
	Upper E (MeV)

	1
	1.00E-08
	4.14E-07
	17
	2.48E-02
	5.25E-02

	2
	4.14E-07
	6.83E-07
	18
	5.25E-02
	1.11E-01

	3
	6.83E-07
	1.45E-06
	19
	1.11E-01
	2.24E-01

	4
	1.45E-06
	3.06E-06
	20
	2.24E-01
	4.51E-01

	5
	3.06E-06
	6.48E-06
	21
	4.51E-01
	9.07E-01

	6
	6.48E-06
	1.37E-05
	22
	9.07E-01
	1.87E+00

	7
	1.37E-05
	2.90E-05
	23
	1.87E+00
	3.68E+00

	8
	2.90E-05
	6.14E-05
	24
	3.68E+00
	7.41E+00

	9
	6.14E-05
	1.30E-04
	25
	7.41E+00
	1.49E+01

	10
	1.30E-04
	2.75E-04
	26
	1.49E+01
	2.58E+01

	11
	2.75E-04
	5.93E-04
	27
	2.58E+01
	4.47E+01

	12
	5.93E-04
	1.23E-03
	28
	4.47E+01
	7.73E+01

	13
	1.23E-03
	2.61E-03
	29
	7.73E+01
	1.34E+02

	14
	2.61E-03
	5.53E-03
	30
	1.34E+02
	2.31E+02

	15
	5.53E-03
	1.17E-02
	31
	2.31E+02
	4.00E+02

	16
	1.17E-02
	2.48E-02
	
	
	


[bookmark: _Toc274335493]Coding the Simulation
[bookmark: _Toc274335494]Producing the Files
	Running one complete set of Monte Carlo simulations required producing MCNPX input files for both the 0 and 90o orientation for 31 separate energy bins for 7 different Bonner sphere diameters, including the bare detector.  Therefore, 434 separate simulations are required to produce one complete set of results.  Manually programming and changing 434 separate files to obtain the best results was not a practical approach to this problem.  Efficient production of these files required using the development capabilities of Microsoft Word and Excel as well as Visual Basic.  First, the basic MCNPX input file was programmed using the MCNP Visual Editor.  Then, the parameters that changed for each problem, such as the energy limits and sphere size were listed in a Microsoft Excel file.  The MCNPX input file was then copied to a Microsoft Word file and was programmed as a Mail Merge, fed from the data from the Excel file.  The Mail Merge function was then utilized to produce a single 434-page Word file with each page representing an individual MCNPX file.  A Visual Basic Macro was then executed to copy each individual MCNPX program into its separate Word file, which was saved as a .txt file.  A batch file was then used to run the individual MCNPX files sequentially and save them to individual output files.  Upon completion of the MCNPX run, a separate Visual Basic Macro was used to copy the mean and variance of the appropriate tally back into a single Word file, which was then cut and pasted into Microsoft Excel for analysis. 
[bookmark: _Toc274320673]Figure 5: MCNPX File Creation Process

[bookmark: _Toc274335495]Variance Reduction Techniques
	An analog Monte Carlo simulation without variance reduction controls will produce the desired end result, but limitations on computer time and random number generation make the process inefficient.  The estimated relative error of the result of a Monte Carlo simulation is inversely proportional to the square root of the number of histories run:

 where N is the number of histories that the simulation has run.[footnoteRef:6]  The MCNPX Code can produce only 246 (approximately 7*1013) unique pseudorandom numbers.[footnoteRef:7]  Therefore, efficient employment of the Monte Carlo algorithm is essential to producing an answer within an acceptable variance.  Running histories beyond the random number period will appear to reduce variance but will in fact contribute no additional useful information to the calculation of the mean. [6:  X-5 Monte Carlo Team, MCNP--A General Monte Carlo N-particleTransport Code, Version 5 (Feb. 2008 ed.), Vol. 1, p. 6.]  [7: D.B. Pelowitz, ed., MCNPX User’s Manual (Feb. 2008 ed.), Table 5-116, p. 5-185.] 

	Another limitation on the ability to produce results within acceptable error is the availability of time and processing resources to run long simulations.  The computer resources used to complete this simulation required on average two hours to run 200 million histories for an analog Monte Carlo simulation, which equates to approximately thirty-six days.  Inclusion of splitting and other variance reduction techniques makes run-time potentially longer. 
	The most important variance reduction technique employed in this simulation was source biasing.  Source biasing allows the user to implement a source distribution that is different from the natural source distribution in order to ensure that more histories reach the detector and contribute to the result.[footnoteRef:8]  This technique produces the same mean as the analog Monte Carlo process because a weight correction is applied to all particles such that the particles that are created more often than they naturally would be count for less at the detector.  The natural source probability in this problem is a uniform field of neutrons emanating from a disk with diameter equal to that of the relevant Bonner Sphere.  However, because the detector is located at the center of the sphere and has a diameter of only 2 mm, the neutrons that are created at the fringe of the disk are unlikely to reach the detector.  The modified distribution creates bins such that half of the neutrons are born within a 2 cm radius of the center and the other half are created in the outer areas.  As a result, more neutrons with less weight will create flux across the detector, leading to more detection events and less variance in the Lithium-glass detector. [8:  X-5 Monte Carlo Team, Vol. 2, p. 155.] 

This technique resulted in significantly less variance, especially in the Bonner Spheres with a larger diameter.  As neutrons are created closer to the fringe of the Bonner Sphere, they have shorter paths across the sphere in which to collide initially and then have a much longer path through the sphere to the detector.  Overall, judicious use of source biasing will allow results with lower variance, which will require fewer histories and in turn less computer time.
Other variance reduction techniques that were considered included importance weighting, forced collisions, exponential transformation, and weight windows.  Ultimately, none of these techniques were employed because the code as written was able to produce results with acceptable variance.  The use of additional techniques could have sharply increased computer time without a large gain in precision.  The sample run of one scenario using forced collisions within the Bonner Sphere took almost 23 hours to run 200 million histories with only a marginal improvement of the statistics.  Importance weighting was not practical because it would have required programming the Bonner sphere as several concentric spherical shells.  This technique would have made programming the MCNPX input somewhat easier, but it would increase computer time significantly because the particles would pass through each sphere on their path to the detector.  Using weight windows would have achieved the same result without cell division and would have provided the capability to reduce importances on the rear side of the sphere.  Ultimately, simply producing most particles near the center of the sphere where they were more likely to interact and enter the detector was capable of producing the same results as a lower cost of computer time.

[bookmark: _Toc274335496]Example of Input Code
	The following shows an example of the MCNPX code that was run in this simulation.[footnoteRef:9]  This example shows the input for the lowest energy bin for the 2” Bonner Sphere. [9:  This input file was adapted from an MCNPX input file written to perform a simulation on the University of Tennessee nuclear engineering department’s Bonner Spheres.  The original file was produced by Professor Laurence Miller’s team.] 

c =====================Cell Cards===========================                    
    1     2    -2.5     -3    4    -6                   $detector volume
    2     0               -7   -2     4    #1           $vacuum (detector housing)
    3     3    -2.2    -7    -4     5                   $glass rod in borehole
    4     1    -0.92  -8   #1   #2    #3           $poly sphere
    5     0                8   -9    #3                  $ cosmos
    6     0                9                                $ outside cosmos

c  ==============Surface Cards=================                                 
    1        pz 20  $surface for source
    2     1  pz 0  $middle of sphere, edge of glass
    3     1  pz -0.02375  $ edge of glass; front face of detector
    4     1  pz -0.2  $ back face of detector
    5     1  pz -15.24  $ end of borehole (accounts for all spheres)
    6     1  cz 0.1  $ 2 mm diameter detector
    7     1  cz 0.5  $ borehole and can
    8        so 2.54  $poly sphere
    9        so 500  $ cosmos

c ==================Control Cards==============                                 
mode  n
c ======================Material Cards============                              
m1    1001.50c         0.6667  $MAT1
      6000.50c         0.3333 
m2    3006.50c        0.02162  $MAT2
      3007.50c        0.00114 14000.50c       0.02276 8016.50c        0.04552 
m3    14000.50c             1  $MAT3
      8016.50c              2 
tr1  1 0 0 0 1 0 0 0 1
imp:n   1 4r         0             $ 1, 6             
nps 100000000                                                
mt1  poly.01t                                         $SAB treatment at 300K    
c                                                                               
c ===========================Source Card==========================              
sdef erg=d1 par=1 sur=1 pos=0 0 20 rad=0.0999999 dir=-1 $cylindrical source          
si1 0.00000001 0.000000414 401                                                                    
sp1 0 1 0                                                                       
c ============================tally Card===========================             
f4:n 1

[bookmark: _Toc274335497]Data and Analysis
[bookmark: _Toc274335498]Response of Bare Detector
	As an initial manner, the difference between the bare detector response for the 0 and 90o cases was analyzed.  As figures 6 and 7 illustrate, the 90o case resulted in a 90o detector response that was approximately 0.59 times the response for the 0o case.

[bookmark: _Toc274320674]Figure 6: Bare Detector Response

[bookmark: _Toc274320675]Figure 7: Ratio of Detector Response Functions for Bare Detector
Any analysis of the effect of a non-isotropic neutron field must begin with an analysis of the difference in detector response for the bare detector.  The cylindrical shape of the detector will lead to a significant expected difference between neutrons entering along the longitudinal axis and neutrons entering from the polar axis.  For the purposes of this analysis, it is assumed that the neutron’s first collision in the detector is the only significant source of detector response.  Furthermore, it is assumed that every neutron collision inside the detector causes a uniform response in the detector, regardless of the energy loss.  The 0o detector’s response is straightforward because the path length of each uncollided neutron through the detector will be the height of the detector because its path through the detector is along the cylindrical axis (the z-axis).  The detector’s response to neutrons entering perpendicular to the cylindrical axis (in the rθ plane)  is more complicated because each neutron’s path length will differ based on its point of entry into the detector.
	Beginning with the response at 0o, the expected detector response is:
 
where 0 is the incident neutron flux, L is the length of the detector and µ is the macroscopic cross section of the detector material.  It is further assumed that µL is small, so the exponential can be Taylor-expanded:

Therefore, detector response at 0o can be approximated as:

The response at 90o must account for the differences in chord lengths across the detector.  The neutrons encounter different chord lengths across the detector ranging from 0 to diameter D, depending on the point of entry into the detector.  The detector response can then be expressed as an integral over all chord lengths xc:



[bookmark: _Toc274320676]Figure 8:  Geometry of 90o neutron path across detector
The incident flux is constant at all points of entry into the detector, and the neutron’s path can be expressed as a function of the polar angle at which the neutron enters the cylinder where θ = 0 corresponds to intersection with the detector at a single point and θ = π/2 corresponds to the maximum path across the detector at the center:


Substituting for xc and dxc yields:


which does not lend itself to a simple analytical answer.  Therefore, it is assumed that the path of each neutron will be approximately the mean chord length of a circle across the cylinder.  It is unnecessary to consider the chord length across the cylinder itself because the analysis looks only to the first collision of the neutron, and all neutrons enter perpendicular to the cylindrical axis.  The mean chord length of a circle is:

Using this information, we can apply equation 9 (the result for 0o neutrons) to the 90o neutrons, substituting the mean chord length for L as the distance uncollided neutrons traverse.  This approximation yields:

Taking a ratio of the two results and noting that the response functions have been normalized for incident flux, the ratio of the response functions will be:



The height of the detector in this problem is equal to the diameter, so:


Therefore, the ratio of the 90o response to the 0o response should be 0.63, which is very close (within 10%) to the 0.59 ratio obtained from the simulation given the number of assumptions that were necessary to reach a quantitative result.
Obtaining the expected result for the bare detector vindicates the efficacy of this simulation.  Because there is no moderating material, this simple case should reflect the geometry of the simulation’s setup.  The results of the simulation suggest that the difference in geometry is the driving force behind the differences in detector response, which lends credence to this method of analysis.
Although this cursory analysis verifies the efficacy of the techniques used in this experiment for calculating Bonner Sphere response, there are additional considerations that could undermine this result in other applications.  First, the macroscopic cross section in the MCNPX neutron libraries varies as a function of energy, a fact that has been neglected in this analysis.  Second, Figure 8 shows that the ratio of response function appears to increase at very low energies.  Although this research did not merit an additional examination of this characteristic, it is likely that the increased response is due to the low penetrating powers of low-speed neutrons.  The low-energy neutrons are less likely to pass uncollided through the detector, so the Taylor approximation utilized to obtain the ratio may not be as accurate as it is for higher energy neutrons.

[bookmark: _Toc274335499]Impact of Moderating Material on Response

The straightforward geometric relationship derived for the difference of the detector response function between 0 and 90o does not translate to an easily analyzed relationship for detectors surrounded by moderating material.  Figures 9 through 14 show the 0 and 90o simulation results for all Bonner Spheres.

[bookmark: _Toc274320677]Figure 9: Detector Response for 2" Bonner Sphere

[bookmark: _Toc274320678]Figure 10: Detector Response for 3" Bonner Sphere

[bookmark: _Toc274320679]Figure 11: Detector Response for 5" Bonner Sphere

[bookmark: _Toc274320680]Figure 12: Detector Response for 8" Bonner Sphere

[bookmark: _Toc274320681]Figure 13: Detector Response for 10" Bonner Sphere

[bookmark: _Toc274320682]Figure 14: Detector Response for 12" Bonner Sphere

At least two important differences come into play when the detector is surrounded by a Bonner Sphere.  First, it is no longer reasonable to calculate the detector response analytically by assuming that only once-collided neutrons will contribute to the detector response.  Indeed, the theory behind Bonner Spheres relies on their moderating effects through multiple collisions to produce varied responses among the different-sized spheres.  As a result, most of the neutrons entering a detector inside a Bonner Sphere will have scattered from the moderating material at least once.  Because of their multiple scattering collisions, it is expected that the flux incident on the detector inside a Bonner Sphere will be much closer to isotropic than the decidedly non-isotropic flux incident on the spheres in this simulation.  A large amount of scattering inside the Bonner Sphere will result in the flux becoming asymptotically more isotropic.  As the flux becomes more isotropic, it is expected that the response function’s dependence on borehole orientation should diminish.
A qualitative assessment of the number of scattering collisions that a given neutron will undergo prior to entering the detector gives a rough estimate of how close to the isotropic limit the detector response is expected to be.  On one hand, it is unlikely that neutrons born at low-energy colliding in the detector have undergone many scattering collisions prior to entering the detector.  Those neutrons that do scatter become less and less likely to reach the detector because they become more likely to be absorbed in the polyethylene sphere, so it follows that the flux for low-energy neutrons is likely to maintain the anisotropic character of the incident flux.  On the other hand, high-energy neutrons are likely to undergo many scattering collisions prior to entering the detector.  As the high-energy neutrons scatter and lose energy, their angular flux will more closely approximate an isotropic flux.  Because the neutrons born at higher energies undergo a greater number of collisions prior to interacting in the detector, there is a higher chance that a neutron interacting in the detector has undergone a backscatter collision.  
Figure 15 confirms this qualitative assessment:  it shows that for each sphere, the ratio of response functions varies from a value of about 1.2 for the lowest energy bins to approximately 1 for the highest energy bins.  These response function ratios indicate the anisotropy of the surviving neutrons that are incident on the detector.  High energy neutrons require many scattering collisions to moderate to the low energies to which the detector is most sensitive and are therefore more likely to approximate an isotropic flux.  Low energy neutrons require few collisions to moderate to the energies to which the detector is sensitive.  Many of the low-energy neutrons reaching the detector may be uncollided, which leads to a much more anisotropic flux at lower initial energies. 
The higher variance in the larger diameter spheres makes the establishment of a statistical relationship between the differences for the smaller and larger spheres difficult.  The establishment of this relationship is left for further research in this area.  Figure 16 depicts the same graph but displays only the smaller spheres for visualization.

[bookmark: _Toc274320683]Figure 15: Ratio of Detector Responses

[bookmark: _Toc274320684]Figure 16: Ratio of Detector Responses for 2", 3", and 5" Bonner Spheres

A closer examination of Figure 15 and 16 reveals that for each sphere, the response function ratio is approximately the same at the highest and lowest energy bins.  For the intermediate energy bins, the response function ratio of the smaller spheres approaches 1 faster than it does for the larger spheres.  This result may seem counterintuitive because it would seem logical that the larger spheres would be more able to produce a near-isotropic flux inside the detector regardless of the incident energy.  The point at which the response drops to near unity correlates with the response function tapering to zero at higher energies, which occurs earlier for smaller spheres.  In essence, the flux at the center of the Bonner Sphere at this point is as isotropic as it will get.  Therefore, the response function ratio’s convergence on unity at higher energy is most likely due to two effects—the increased number of scattering events required to scatter the neutrons into the detector and the decrease of the response function due to the higher penetrating power of higher energy neutrons.
[bookmark: _Toc274335500]Effects of Bonner Sphere Geometry

	One notable difference between the bare detector simulation results and the moderated response is the marked change in the 90o / 0o detector response function ratio when moderating material is added.  For the bare detector, the results nearly matched the expected geometric result:  the detector oriented at 0o responded significantly more than the detector oriented at 90o.  When the detector was surrounded with a Bonner Sphere, the opposite was true:  the detector oriented at 90o was more responsive, especially at lower energies.  This simulation result suggests that the detector geometry does not have a significant effect on the response function when the detector is surrounded by moderating material.
	Figure 17 highlights two potential sources of this effect.  First, the borehole containing the detector is not filled with moderating material.  The simulation included a glass rod which held the detector in place, but the glass rod was not as effective at moderating neutrons as the polyethylene in the Bonner Sphere.  The location of the borehole and its lack of moderating power can clearly have some impact on the detector response.  Second, the Bonner Sphere geometry involves a borehole that is drilled only to the center.  The edge of the detector touches the center, but the body of the detector is off-center.  Therefore, when the apparatus is rotated 90o, the detector is physically closer to the source, and there is less moderating material between the detector and the source.


[bookmark: _Toc274320685]Figure 17: Simulation Setup, illustrating the geometric center of the Bonner Sphere
	Three different simulations were run using the 2” sphere in an effort to ascertain the source of this difference.  Figure 18 shows the response function ratios for the four different scenarios.  Figure 18 only shows the ratio up to 1 MeV because of the high variance of this simulation at the higher energies.  The first simulation shows the original detector geometry, which is also displayed in figures 15 and 16.

[bookmark: _Toc274320686]Figure 18: Response Function Ratios for various hypothetical scenarios
The second simulation replaced the detector with a spherical detector of the same volume.  This simulation should illustrate the effect that the detector orientation has on the simulation.  Figure 18 shows that replacing the cylindrical detector with a spherical detector made no significant different to the response function ratio.
The third simulation used the original detector geometry, but the borehole was entirely filled in with polyethylene.  This scenario isolated the effect of the borehole on the response function.  Figure 18 shows that this geometry reduces the detector response ratio from approximately 1.2 at the lowest energies to approximately 1.1, illustrating that the borehole is at least partially responsible for the difference in detector response function.
The fourth simulation includes a filled in borehole and places the detector at the geometric center of the sphere rather than at the edge of the borehole.  As Figure 18 indicates, filling in the borehole with polyethylene and translating the detector to the center of the sphere virtually eliminates the difference in detector response function.  The detector response function is virtually flat at one.  
These calculations tend to show three things.  First, they show that the response function does not depend on the geometry of the detector when the detector is surrounded by moderating material.  Second, they show that the absence of moderating material in the borehole is at least partially responsible for the differences between the response function at 0 and 90o.  Third, they show that the offset of the detector from the geometric center of the sphere is also responsible in part for the difference in detector responses.  Although a full verification of these effects is left for further research, it appears that the absence of moderating material in the borehole and the offset of the detector from the center of the Bonner Sphere account for all of the differences in the detector response function between the 0- and 90o-rotated Bonner Spheres in an anisotropic neutron field.
[bookmark: _Toc274335501]Conclusion
	These results illustrate that Bonner Sphere detector response varies based on the direction of the incident neutron field.  Furthermore, the results show that this difference is a function of the incident neutron energy, which could introduce significant error if an unfolding code that assumes an isotropic flux is applied in an anisotropic neutron field.  With additional research, a well-defined response function ratio to energy relationship could be produced, which could then be incorporated into future unfolding codes to account for unidirectional flux.  Additional research should also examine the effects of other anisotropic flux scenarios such as a bidirectional flux to determine if the relationships determined in these simulations can be applied directly or used to calculate a measure of anisotropy that could be calculated for different source problems and included in unfolding codes. 
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Mail Merge creates one document with all 434 input files.


Macro creates individual 434 text files.


Batch file executes MCNPX commands with individual files.


Macro records results from each file in Word file.
















Detector Response for Bare Detector
0 deg	1.1844275542931606	0.88509660625912412	0.71829374431677062	0.55257473183990857	0.41999952185841982	0.31895019415570536	0.24452586419216249	0.19075750592597218	0.15253846049872652	0.12562443623542191	0.10660052192160967	9.3617890280649971E-2	8.4577957419944505E-2	7.8326188039300956E-2	7.3624794633203872E-2	6.9815613540726545E-2	6.508594580074685E-2	6.8628091517669035E-2	9.8815655326014024E-2	0.12784868383416409	7.6984727976218109E-2	6.8434883569473304E-2	4.9008845396000776E-2	4.4654597978125564E-2	4.0177828446759746E-2	3.9474111692355873E-2	3.5652364229263919E-2	2.6425506605670668E-2	1.7398140115580312E-2	1.1424558764412091E-2	9.3343000923460286E-3	1.1844275542931606	0.88509660625912412	0.71829374431677062	0.55257473183990857	0.41999952185841982	0.31895019415570536	0.24452586419216249	0.19075750592597218	0.15253846049872652	0.12562443623542191	0.10660052192160967	9.3617890280649971E-2	8.4577957419944505E-2	7.8326188039300956E-2	7.3624794633203872E-2	6.9815613540726545E-2	6.508594580074685E-2	6.8628091517669035E-2	9.8815655326014024E-2	0.12784868383416409	7.6984727976218109E-2	6.8434883569473304E-2	4.9008845396000776E-2	4.4654597978125564E-2	4.0177828446759746E-2	3.9474111692355873E-2	3.5652364229263919E-2	2.6425506605670668E-2	1.7398140115580312E-2	1.1424558764412091E-2	9.3343000923460286E-3	2.1200000000000219E-7	5.4830000000000572E-7	1.0638000000000047E-6	2.2520000000000116E-6	4.7675000000000124E-6	1.0093000000000045E-5	2.1365000000000142E-5	4.5230000000000216E-5	9.5770000000000677E-5	2.0275000000000195E-4	4.341500000000018E-4	9.1345000000000347E-4	1.9235000000000053E-3	4.0720000000000114E-3	8.6205000000000066E-3	1.8250000000000054E-2	3.8630000000000109E-2	8.1785000000000024E-2	0.16740000000000063	0.33725000000000038	0.67900000000000293	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.95	105.425	182.4	315.60000000000002	23688.551085863121	17701.932125182429	14365.87488633541	11051.494636798167	8399.9904371683897	6379.0038831140573	4890.5172838432318	3815.1501185194561	3050.7692099745123	2512.4887247084357	2132.0104384321776	1872.3578056129809	1691.5591483988821	1566.5237607860151	1472.4958926640761	1396.3122708145142	1301.7189160149308	1372.5618303533754	1976.3131065202674	2556.973676683283	1539.6945595243578	1368.6976713894653	980.17690792001554	893.09195956250653	803.55656893519733	789.48223384711503	713.04728458527222	528.51013211341046	347.96280231160551	228.49117528823967	186.68600184692045	90 deg	2.8932811702500572	2.1179361033440953	1.7091269345177644	1.3087121012618301	0.99136097776679288	0.75119250258516512	0.57506225205430461	0.44804137788436332	0.35806616428555238	0.2946562581654939	0.24996019116434245	0.21943647694206392	0.19818674423318117	0.18348911716262803	0.17245333048909781	0.16347340204807595	0.15243258882630087	0.16070126069054788	0.23154543166605998	0.29958227544632282	0.18062147138843021	0.16016090675413081	0.11478876901392547	0.10473315924831567	9.4230186688833706E-2	9.2636770894933024E-2	8.3649302631543757E-2	6.1977339870019472E-2	4.0818085029561677E-2	2.6826687987534039E-2	2.1910221148372079E-2	2.8932811702500572	2.1179361033440953	1.7091269345177644	1.3087121012618301	0.99136097776679288	0.75119250258516512	0.57506225205430461	0.44804137788436332	0.35806616428555238	0.2946562581654939	0.24996019116434245	0.21943647694206392	0.19818674423318117	0.18348911716262803	0.17245333048909781	0.16347340204807595	0.15243258882630087	0.16070126069054788	0.23154543166605998	0.29958227544632282	0.18062147138843021	0.16016090675413081	0.11478876901392547	0.10473315924831567	9.4230186688833706E-2	9.2636770894933024E-2	8.3649302631543757E-2	6.1977339870019472E-2	4.0818085029561677E-2	2.6826687987534039E-2	2.1910221148372079E-2	2.1200000000000219E-7	5.4830000000000572E-7	1.0638000000000047E-6	2.2520000000000116E-6	4.7675000000000124E-6	1.0093000000000045E-5	2.1365000000000142E-5	4.5230000000000216E-5	9.5770000000000677E-5	2.0275000000000195E-4	4.341500000000018E-4	9.1345000000000347E-4	1.9235000000000053E-3	4.0720000000000114E-3	8.6205000000000066E-3	1.8250000000000054E-2	3.8630000000000109E-2	8.1785000000000024E-2	0.16740000000000063	0.33725000000000038	0.67900000000000293	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.95	105.425	182.4	315.60000000000002	14466.40585125028	10589.680516720477	8545.6346725888106	6543.5605063091134	4956.8048888339745	3755.9625129258152	2875.3112602715419	2240.206889421785	1790.3308214277515	1473.2812908274648	1249.8009558217061	1097.1823847103074	990.93372116590649	917.44558581313447	862.26665244548246	817.36701024037791	762.16294413149797	803.50630345273999	1157.7271583303	1497.9113772316134	903.10735694215305	800.80453377065305	573.94384506962854	523.66579624157555	471.15093344416852	463.18385447466466	418.24651315771627	309.88669935009699	204.09042514780734	134.13343993767052	109.55110574186052	Average Energy (MeV)

10-6 Collisions / Incident Fluence (cm2)

Ratio of Detector Responses for Bare Detector
2.1200000000000208E-7	5.4830000000000541E-7	1.0638000000000041E-6	2.2520000000000104E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000101E-5	4.5229999999999999E-5	9.5770000000000555E-5	2.0275000000000162E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000055E-3	4.0720000000000114E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000293	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.95	105.425	182.4	315.60000000000002	0.61069188228585569	0.59822173318898975	0.59485654303708857	0.59209733356074812	0.5900964918842071	0.58880078798325286	0.58793601850067445	0.58718708827404231	0.58684570946050363	0.58638324476398596	0.58620770953671808	0.58598969781372179	0.58581086100586643	0.58565698700464985	0.58558170297198442	0.58537551185708459	0.58550500784361037	0.58540627145799673	0.58580148788707331	0.58581415635635359	0.58654968373801253	0.58508504143044038	0.58555128205128149	0.58635148445194596	0.5863320040659914	0.58669319538400322	0.58656210071815151	0.58634012958449744	0.58652943300830662	0.58703991420439694	0.58682014001076743	Average Energy (MeV)

R(900)/ R (0o)

Detector Response for 2" Bonner Sphere
0 deg	152.61542831236704	168.57671390393816	173.0225653255396	174.41864577194835	173.04749533351119	164.59622263113985	157.07607559235714	147.78650603656772	137.58770058028551	126.83293567793645	117.42844486588685	104.23580894010445	92.806231285392997	84.364099585944814	74.562694671368646	65.858696546722115	55.418394305901678	44.963924523965446	34.298704967323012	25.67677318599161	17.171059832066032	11.40487059803066	7.3202630992573194	5.2543700898887415	4.0141467835599585	3.7653878674316807	3.360321854981303	2.6317210902972552	1.8377753291088001	1.32924370308655	1.0453577976773016	152.61542831236704	168.57671390393816	173.0225653255396	174.41864577194835	173.04749533351119	164.59622263113985	157.07607559235714	147.78650603656772	137.58770058028551	126.83293567793645	117.42844486588685	104.23580894010445	92.806231285392997	84.364099585944814	74.562694671368646	65.858696546722115	55.418394305901678	44.963924523965446	34.298704967323012	25.67677318599161	17.171059832066032	11.40487059803066	7.3202630992573194	5.2543700898887415	4.0141467835599585	3.7653878674316807	3.360321854981303	2.6317210902972552	1.8377753291088001	1.32924370308655	1.0453577976773016	2.1200000000000161E-7	5.4830000000000435E-7	1.0638000000000037E-6	2.2520000000000078E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000084E-5	4.5229999999999999E-5	9.5770000000000474E-5	2.0275000000000124E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000038E-3	4.0720000000000114E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000238	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.95	105.425	182.4	315.60000000000002	31794.880898409781	40137.312834271193	42200.625689155975	42541.133115109515	42206.706178905166	40145.420153936546	37399.065617228203	34368.954892225236	31269.931950064776	28185.09681731922	25527.922796931936	22659.958465240121	20175.267670737609	17949.808422541399	15864.403121567721	14012.488626962167	12047.477023022071	10219.073755446694	8365.5377969080473	6757.0455752609514	4769.7388422405384	3258.5344565801975	1978.4494862857619	1347.2743820227545	979.06019111218507	875.67159707713427	763.70951249574796	572.11328049940266	391.01602746995695	276.92577147636399	217.78287451610453	90 deg	159.62136860136059	175.07310915195112	174.02807564706066	174.0730712712039	168.80858324637319	163.40464932329462	155.626486836156	144.77240726790427	134.48077300145079	123.41691653685274	109.25180761718616	99.564371348808749	87.816054421445926	77.333209020680172	69.513537056853878	59.294139008621087	50.734755198509561	41.791003363053584	32.421657781754099	25.046064252609376	17.338881349143133	11.686944517494686	7.7081152452277752	5.4265533449459067	4.0139866639965449	3.7744761727767591	3.3481304730342067	2.5904325380704742	1.7570183179201513	1.2046868974047178	0.98119910472294847	159.62136860136059	175.07310915195112	174.02807564706066	174.0730712712039	168.80858324637319	163.40464932329462	155.626486836156	144.77240726790427	134.48077300145079	123.41691653685274	109.25180761718616	99.564371348808749	87.816054421445926	77.333209020680172	69.513537056853878	59.294139008621087	50.734755198509561	41.791003363053584	32.421657781754099	25.046064252609376	17.338881349143133	11.686944517494686	7.7081152452277752	5.4265533449459067	4.0139866639965449	3.7744761727767591	3.3481304730342067	2.5904325380704742	1.7570183179201513	1.2046868974047178	0.98119910472294847	2.1200000000000161E-7	5.4830000000000435E-7	1.0638000000000037E-6	2.2520000000000078E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000084E-5	4.5229999999999999E-5	9.5770000000000474E-5	2.0275000000000124E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000038E-3	4.0720000000000114E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000238	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.95	105.425	182.4	315.60000000000002	38005.087762228715	46071.870829461011	47034.615039746212	47046.776019244629	45623.941417938695	43001.223506129994	39904.227393886125	36193.101816976188	32800.188536939233	29384.980127822109	26012.335146949092	23154.504964839252	20422.338237545449	17984.467214111744	15798.531149285061	13789.334653167663	12079.703618692714	10192.927649525263	8313.2455850651877	6769.2065547593065	4816.3559303175352	3246.3734770818564	2028.451380323103	1356.6383362364688	955.71111047537261	857.83549381289947	744.02899400760305	551.15585916392831	366.04548290003231	245.85446885810646	200.24471524958093	Average Energy (MeV)

10-6 Collisions / Incident Fluence (cm2)

Detector Response for 3" Bonner Sphere
0 deg	189.26016863961215	225.16904809741294	236.86597981932061	256.06521740966986	261.17907650219104	268.57827246571225	272.23568704983802	279.97463037809399	275.54605768152965	274.66180245975738	270.10134394053216	258.47778852867248	247.13414846241704	241.3360974620966	225.66302708463564	212.52333195626969	196.92619169455094	178.02283073539564	150.98409371756216	117.41231129975246	85.092076087014348	51.112368813157211	27.754395460086414	14.054869640513916	6.7972776423938139	4.7262917161528444	3.3821143302423202	2.5165930973864681	1.8212556518752621	1.3549257156278738	1.1093075244672772	189.26016863961215	225.16904809741294	236.86597981932061	256.06521740966986	261.17907650219104	268.57827246571225	272.23568704983802	279.97463037809399	275.54605768152965	274.66180245975738	270.10134394053216	258.47778852867248	247.13414846241704	241.3360974620966	225.66302708463564	212.52333195626969	196.92619169455094	178.02283073539564	150.98409371756216	117.41231129975246	85.092076087014348	51.112368813157211	27.754395460086414	14.054869640513916	6.7972776423938139	4.7262917161528444	3.3821143302423202	2.5165930973864681	1.8212556518752621	1.3549257156278738	1.1093075244672772	2.1200000000000161E-7	5.4830000000000435E-7	1.0638000000000037E-6	2.2520000000000078E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000084E-5	4.5229999999999999E-5	9.5770000000000474E-5	2.0275000000000124E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000038E-3	4.0720000000000114E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000238	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.95	105.425	182.4	315.60000000000002	27832.377741119439	37528.174682902158	41555.435056021146	44923.72235257375	47487.104818580192	48832.413175584035	48613.515544613925	48271.487996223113	46702.721640937023	45776.967076626141	43564.732893634355	41689.965891721535	39860.34652619651	37708.765228452496	35259.847981974286	33206.770618167058	31258.125665801806	29184.070612359916	26488.437494309161	22579.29063456778	17727.515851461318	11886.597398408649	6938.5988650215859	3904.13045569831	2059.7811037557008	1476.9661612977611	1056.9107282007251	786.4353429332715	551.89565208341003	410.5835501902651	336.15379529311275	90 deg	198.04763162021518	226.36112811273841	240.81019590369027	256.74867965870209	262.40672738254824	271.22784587391396	271.25064771047244	274.67821978207814	271.5976916629063	265.17259015720219	261.58631730314164	253.82972535338865	245.26676925554938	233.01278866649594	221.82538678434437	208.68879270575005	190.97728374355339	168.05318373653458	144.54111557199542	112.73456013326722	81.546572916721715	49.500415779427861	26.820432234613737	14.359059821318116	6.9858898740457445	4.6780475903604763	3.326660263729877	2.512014488605343	1.7008619548416957	1.3324590660659121	1.102919361936799	198.04763162021518	226.36112811273841	240.81019590369027	256.74867965870209	262.40672738254824	271.22784587391396	271.25064771047244	274.67821978207814	271.5976916629063	265.17259015720219	261.58631730314164	253.82972535338865	245.26676925554938	233.01278866649594	221.82538678434437	208.68879270575005	190.97728374355339	168.05318373653458	144.54111557199542	112.73456013326722	81.546572916721715	49.500415779427861	26.820432234613737	14.359059821318116	6.9858898740457445	4.6780475903604763	3.326660263729877	2.512014488605343	1.7008619548416957	1.3324590660659121	1.102919361936799	2.1200000000000161E-7	5.4830000000000435E-7	1.0638000000000037E-6	2.2520000000000078E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000084E-5	4.5229999999999999E-5	9.5770000000000474E-5	2.0275000000000124E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000038E-3	4.0720000000000114E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000238	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.95	105.425	182.4	315.60000000000002	33007.938603369199	43530.986175526603	48162.03918073792	51349.735931740404	53552.393343377225	54245.569174782584	54250.129542094488	52822.734573476999	51244.847483567093	49106.03521429684	46711.842375561006	44531.530763752271	42287.374009577492	39493.692994321325	36970.897797390731	34781.465450958334	32369.03114297508	30009.497095809769	27271.908598489699	23007.053088421879	17727.515851461318	11785.81328081619	6877.0339063112378	3880.8269787346157	2054.6734923664012	1417.5901788971128	1039.5813324155861	761.21651169858876	515.41271358839265	391.89972531350332	324.38804762846888	Average Energy (MeV)

10-6 Collisions / Incident Fluence (cm2)

Detector Response for 5" Bonner Sphere
0 deg	155.23883027927238	190.06952236182462	212.08469555991363	232.98156535163449	244.22895126516056	265.21272138954708	279.25662588021299	284.92262891148113	293.66485304835032	311.60432463831927	315.82494458546194	327.9688227063811	331.28078946663169	343.81673249950393	345.40222020160024	355.70256983669395	365.30062290575938	376.02762023825306	384.64722116518072	368.92548153435405	333.48344687826869	261.9725804144577	180.61765440047978	101.49249464827098	48.169639792924563	25.382434411996066	13.210624041290398	6.9203573957740936	4.2480834925097062	3.4006405690930777	2.7963260282970412	155.23883027927238	190.06952236182462	212.08469555991363	232.98156535163449	244.22895126516056	265.21272138954708	279.25662588021299	284.92262891148113	293.66485304835032	311.60432463831927	315.82494458546194	327.9688227063811	331.28078946663169	343.81673249950393	345.40222020160024	355.70256983669395	365.30062290575938	376.02762023825306	384.64722116518072	368.92548153435405	333.48344687826869	261.9725804144577	180.61765440047978	101.49249464827098	48.169639792924563	25.382434411996066	13.210624041290398	6.9203573957740936	4.2480834925097062	3.4006405690930777	2.7963260282970412	2.1200000000000161E-7	5.4830000000000435E-7	1.0638000000000037E-6	2.2520000000000078E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000084E-5	4.5229999999999999E-5	9.5770000000000474E-5	2.0275000000000124E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000038E-3	4.0720000000000114E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000238	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.95	105.425	182.4	315.60000000000002	14508.301895259105	20220.161953385559	23306.010501089324	26779.490270302696	29074.875150614425	31572.943022565101	33645.376612073975	35175.633198948286	36254.920129425962	38000.527394916826	38051.198142826594	39514.315988720606	39913.348128509897	40930.563392798118	41119.311928761934	42345.544028178003	43488.169393542725	45857.026858323603	48689.521666478562	50537.737196486676	49041.683364451274	41582.949272136211	29609.451541062277	18123.659758619673	9445.027410377359	5640.5409804435703	3387.3394977667717	2306.7857985913602	1633.8782663498798	1360.2562276372325	1165.1358451237661	90 deg	160.04811764025649	190.33959744818401	215.54956130198167	239.19050544675471	245.04677713642448	269.35860198352242	282.67487453420472	287.54002639476073	315.41590497295869	313.33371726447643	329.61004823117764	331.64587220532297	340.68794049294701	346.93450361839109	359.73013423430064	367.50632056226897	371.01400308632338	385.34622413259552	382.90756771256895	491.97343902030065	432.15497431353526	351.8351250024815	242.2683733516636	136.25047420757278	65.633072373966755	35.379785642276644	18.288897067553446	9.7933127961350159	5.8276933878482318	4.4413923957854102	3.8987086856719668	160.04811764025649	190.33959744818401	215.54956130198167	239.19050544675471	245.04677713642448	269.35860198352242	282.67487453420472	287.54002639476073	315.41590497295869	313.33371726447643	329.61004823117764	331.64587220532297	340.68794049294701	346.93450361839109	359.73013423430064	367.50632056226897	371.01400308632338	385.34622413259552	382.90756771256895	491.97343902030065	432.15497431353526	351.8351250024815	242.2683733516636	136.25047420757278	65.633072373966755	35.379785642276644	18.288897067553446	9.7933127961350159	5.8276933878482318	4.4413923957854102	3.8987086856719668	2.1200000000000161E-7	5.4830000000000435E-7	1.0638000000000037E-6	2.2520000000000078E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000084E-5	4.5229999999999999E-5	9.5770000000000474E-5	2.0275000000000124E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000038E-3	4.0720000000000114E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000238	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.95	105.425	182.4	315.60000000000002	17396.534526114836	23792.449681023067	27634.559141279718	31063.702006072097	34034.274602281177	36898.438627879783	38722.585552630779	40498.595266867393	42055.45399639471	43518.571842288591	43948.00643082372	44817.009757475942	45425.058732393089	45649.276791893564	46119.247978756495	47116.194943880677	47565.897831579867	50044.964173064334	52453.091467475184	53475.373806554417	50841.761683945057	42906.722561278366	29909.67572242755	18166.729894343061	9512.0394744880014	5615.8389908375684	3386.8327902876772	2331.74114193691	1618.8037188467308	1306.2918811133491	1146.6790251976374	Average Energy (MeV)

10-6 Collisions / Incident Fluence (cm2)

Detector Response for 8" Bonner Sphere
0 deg	145.14323606940698	158.83977434168258	186.81495643822117	207.76384887340561	224.37075275922393	228.94260003574772	239.66397899571362	254.63469605590737	294.15324203866402	304.40721780526934	315.7815602910992	300.28578078008633	334.65001721226605	329.1886996805942	389.52051885516869	489.94977906589969	456.20056390354966	522.82813837905451	576.23072872331124	662.50032813319092	814.56186436600683	821.52443049478939	741.08490194425053	564.04536240741743	342.78785282904732	201.07644517407172	116.76045036936299	58.40334726036739	32.414296335497895	23.215990877182829	18.993017780507259	145.14323606940698	158.83977434168258	186.81495643822117	207.76384887340561	224.37075275922393	228.94260003574772	239.66397899571362	254.63469605590737	294.15324203866402	304.40721780526934	315.7815602910992	300.28578078008633	334.65001721226605	329.1886996805942	389.52051885516869	489.94977906589969	456.20056390354966	522.82813837905451	576.23072872331124	662.50032813319092	814.56186436600683	821.52443049478939	741.08490194425053	564.04536240741743	342.78785282904732	201.07644517407172	116.76045036936299	58.40334726036739	32.414296335497895	23.215990877182829	18.993017780507259	2.1200000000000161E-7	5.4830000000000435E-7	1.0638000000000037E-6	2.2520000000000078E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000084E-5	4.5229999999999999E-5	9.5770000000000474E-5	2.0275000000000124E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000038E-3	4.0720000000000114E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000238	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.95	105.425	182.4	315.60000000000002	4207.0503208523814	5553.8382636952128	6868.1969278758015	7555.0490499420175	8403.3989797461745	9157.7040014299109	10027.781547937839	10185.387842236294	11184.533917819937	12225.189470091194	12580.938657015979	13405.615213396713	13885.892830384453	14895.416275140009	15706.4725344826	17071.420873376297	18395.184028368916	21253.176356872038	26073.788630014125	33801.037149652584	43098.511342116755	51345.276905924366	49078.470327433795	39443.731636882214	23804.712002017157	15118.529712336267	9811.8025520472893	6279.9298129427289	4565.3938500701261	3805.9001438004816	3332.1083825451451	90 deg	134.15538572667356	165.13799426779093	188.80598443096798	203.3790536762049	241.70812614690971	262.92770577108615	283.67187217007705	296.21360382919028	316.60030228948591	324.54570256668529	334.77710755534326	360.25218684269385	365.36330059409357	401.83508341725349	424.39366795739437	421.9286536277213	477.10266088962578	511.08387511152426	592.21077465259134	680.74244596627454	766.93946865050759	779.39717604860755	710.13828990244792	529.4322961200603	315.5151537668886	199.31034665812678	103.93745957641183	58.461719961959602	35.564217030518577	27.573902202371887	25.488352591108157	134.15538572667356	165.13799426779093	188.80598443096798	203.3790536762049	241.70812614690971	262.92770577108615	283.67187217007705	296.21360382919028	316.60030228948591	324.54570256668529	334.77710755534326	360.25218684269385	365.36330059409357	401.83508341725349	424.39366795739437	421.9286536277213	477.10266088962578	511.08387511152426	592.21077465259134	680.74244596627454	766.93946865050759	779.39717604860755	710.13828990244792	529.4322961200603	315.5151537668886	199.31034665812678	103.93745957641183	58.461719961959602	35.564217030518577	27.573902202371887	25.488352591108157	2.1200000000000161E-7	5.4830000000000435E-7	1.0638000000000037E-6	2.2520000000000078E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000084E-5	4.5229999999999999E-5	9.5770000000000474E-5	2.0275000000000124E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000038E-3	4.0720000000000114E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000238	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.95	105.425	182.4	315.60000000000002	5159.8225279489834	6605.5197707116404	7737.9501815970534	8617.7565117036011	9746.2954091495667	10864.781230210219	11869.115990379787	12291.020905775529	13646.564753857152	13693.911500704027	14368.116204091988	15528.111501840312	16095.299585642888	17320.477733502321	18613.757366552432	18587.165358049333	21299.225932572517	24571.340149592517	29317.36508181132	37819.024775904116	47933.716790656727	53751.529382662397	51089.085604492691	39806.939557899554	24270.396443606922	15944.827732650087	9038.0399631662458	6026.9814393772804	4184.0255330022001	3535.1156669707666	3146.7101964331277	Average Energy (eV)

10-6 Collisions / Incident Fluence (cm2)

Detector Response for 10" Bonner Sphere
0 deg	91.766264855293457	111.39293047256133	114.75503593786915	135.74327015514532	127.49585093869013	159.11376931710001	167.23018944898467	164.58421873096003	171.24077914604072	193.50834840654332	203.37456627477013	224.94290454949171	226.86185644358184	232.79702248774669	250.09880271527027	295.68296759609979	295.99743025762677	321.04534905961054	408.66079799008173	531.7990254134304	684.52613205419152	881.00540268510349	868.70538265449954	760.95429057815761	496.54698072663467	339.35218357192406	206.92844025261823	119.18367957348033	67.57582685188774	59.121412563146194	49.377498679148268	91.766264855293457	111.39293047256133	114.75503593786915	135.74327015514532	127.49585093869013	159.11376931710001	167.23018944898467	164.58421873096003	171.24077914604072	193.50834840654332	203.37456627477013	224.94290454949171	226.86185644358184	232.79702248774669	250.09880271527027	295.68296759609979	295.99743025762677	321.04534905961054	408.66079799008173	531.7990254134304	684.52613205419152	881.00540268510349	868.70538265449954	760.95429057815761	496.54698072663467	339.35218357192406	206.92844025261823	119.18367957348033	67.57582685188774	59.121412563146194	49.377498679148268	2.1200000000000097E-7	5.4830000000000308E-7	1.0638000000000026E-6	2.2520000000000053E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000057E-5	4.5229999999999999E-5	9.5770000000000311E-5	2.0275000000000086E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000027E-3	4.0720000000000096E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000171	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.949999999999996	105.425	182.4	315.60000000000002	1686.87986866348	2201.4413136869966	2596.267781399752	3134.9485024283085	3235.9353030124475	3717.6114326425313	3818.0408549996437	4230.9567797161963	4281.0194786510392	4949.062619093188	5059.0688128052361	5368.5657410379954	5728.8347586763075	5999.9232599934712	6055.6610826941951	7194.2327882262607	7550.9548535109116	8893.2229656401814	11609.681761081874	17379.053118085933	24982.705549423034	39506.9687302737	44321.703196658127	43483.102318751771	29208.645925096156	20320.490034246955	13350.221951781774	8763.5058509912215	5980.1616683086813	5684.7512079948274	4840.9312430537748	90 deg	106.87704194319925	131.71170783552921	126.16002814569478	150.91395526830479	173.13416258073605	156.39059158048576	169.31526539009676	193.43785019497579	197.06999021004438	212.17108918509987	225.73818193793554	229.73179693444212	252.08494402108855	253.0243796873358	276.3392575693091	297.82461742725326	306.62409950926047	365.48769930704185	459.76397006249323	590.97921604415251	737.42477140803805	881.07512563422756	901.71230784291026	778.11267258909493	520.87831381167803	346.32159025167346	208.04719969571678	114.41029243739059	80.109743054843648	62.767071533756891	48.292587295652737	106.87704194319925	131.71170783552921	126.16002814569478	150.91395526830479	173.13416258073605	156.39059158048576	169.31526539009676	193.43785019497579	197.06999021004438	212.17108918509987	225.73818193793554	229.73179693444212	252.08494402108855	253.0243796873358	276.3392575693091	297.82461742725326	306.62409950926047	365.48769930704185	459.76397006249323	590.97921604415251	737.42477140803805	881.07512563422756	901.71230784291026	778.11267258909493	520.87831381167803	346.32159025167346	208.04719969571678	114.41029243739059	80.109743054843648	62.767071533756891	48.292587295652737	2.1200000000000097E-7	5.4830000000000308E-7	1.0638000000000026E-6	2.2520000000000053E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000057E-5	4.5229999999999999E-5	9.5770000000000311E-5	2.0275000000000086E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000027E-3	4.0720000000000096E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000171	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.949999999999996	105.425	182.4	315.60000000000002	2047.4529107892611	2761.2517365939116	2989.574126675243	3534.2846667050403	3899.4180761427042	4137.3172375789854	4588.4895769673913	4909.5901064714935	5269.2510751348782	5657.8957116026604	6019.6848516782729	6159.0294084300849	6633.8143163444365	6747.3167916622951	7369.0468685149144	8319.1233918227372	8541.0612676674027	10624.642421716373	14103.189265720652	19831.517316917856	28582.355480931659	41560.147435576771	46964.182700151578	44463.581290805421	30460.720105946075	20614.380372123505	13251.413993357763	8230.9562904597315	6620.6399218879214	5505.8834678734111	4643.5180091973834	Average Energy (eV)

10-6 Collisions / Incident Fluence (cm2)

Detector Response for 12" Bonner Sphere
0 deg	54.212782687615899	58.477159541530675	69.409928754456189	69.794779976052538	77.122261427374113	87.848872851451475	90.025503334766256	106.1807103376137	109.42240183758858	118.09170387699425	109.69004067438857	134.06785261770838	136.88073825178844	150.2372222972798	149.10622931417117	175.26286907604342	208.34673597100812	216.89548378845086	243.16260848126149	382.0283177472715	588.3931837538305	855.54913237937819	921.25957442503397	914.46944287821782	687.32104943569607	501.60654813959934	329.97592042011917	188.98089174543284	114.03866101124096	78.450867895134849	79.177491284552488	54.212782687615899	58.477159541530675	69.409928754456189	69.794779976052538	77.122261427374113	87.848872851451475	90.025503334766256	106.1807103376137	109.42240183758858	118.09170387699425	109.69004067438857	134.06785261770838	136.88073825178844	150.2372222972798	149.10622931417117	175.26286907604342	208.34673597100812	216.89548378845086	243.16260848126149	382.0283177472715	588.3931837538305	855.54913237937819	921.25957442503397	914.46944287821782	687.32104943569607	501.60654813959934	329.97592042011917	188.98089174543284	114.03866101124096	78.450867895134849	79.177491284552488	2.1200000000000161E-7	5.4830000000000435E-7	1.0638000000000037E-6	2.2520000000000078E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000084E-5	4.5229999999999999E-5	9.5770000000000474E-5	2.0275000000000124E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000038E-3	4.0720000000000114E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000238	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.95	105.425	182.4	315.60000000000002	647.70349686518455	814.44511896282279	995.83828916006132	1073.7658457854261	1199.4130859622774	1331.0435280522997	1449.6860440381035	1626.0445687230351	1839.03196365696	1814.0046678493759	1910.9763183691389	2176.4261788589042	2308.2755185799133	2415.3894260012862	2297.4765687853792	2738.482329313179	3010.7909822400065	3404.9526497402017	4658.2875187980972	7461.4905810014634	13844.545500090127	25237.437533314922	33378.970087863534	39247.615574172443	31820.418955356297	23439.558324280344	16750.046721833507	10860.970789967365	7757.7320415810254	5898.5614958748074	5821.8743591582725	90 deg	66.184911416690667	72.543462934968929	93.688295504026186	98.645137501704355	92.076632509657841	94.979769636987001	107.77103810955013	108.55803346558965	115.09535284181071	128.88983645369888	138.93561057616955	138.37783752269547	132.1538409188565	150.05215164688218	183.13085255775638	167.63837272584561	190.80413389330914	250.77468603919451	260.27105629428115	396.1806333165087	601.02810094517974	893.12779944915553	964.54388121192653	949.16493628461262	703.93275285475647	520.46151448083879	313.20602697974527	191.16724128356239	120.62791749870347	91.051257633492511	77.220955072590542	66.184911416690667	72.543462934968929	93.688295504026186	98.645137501704355	92.076632509657841	94.979769636987001	107.77103810955013	108.55803346558965	115.09535284181071	128.88983645369888	138.93561057616955	138.37783752269547	132.1538409188565	150.05215164688218	183.13085255775638	167.63837272584561	190.80413389330914	250.77468603919451	260.27105629428115	396.1806333165087	601.02810094517974	893.12779944915553	964.54388121192653	949.16493628461262	703.93275285475647	520.46151448083879	313.20602697974527	191.16724128356239	120.62791749870347	91.051257633492511	77.220955072590542	2.1200000000000161E-7	5.4830000000000435E-7	1.0638000000000037E-6	2.2520000000000078E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000084E-5	4.5229999999999999E-5	9.5770000000000474E-5	2.0275000000000124E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000038E-3	4.0720000000000114E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000238	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.95	105.425	182.4	315.60000000000002	720.96853395088351	1049.8330381326898	1281.6456293300466	1318.7852607179771	1480.3317123739248	1500.470294423176	1826.6277645686532	1827.5763209695228	2171.6104309775683	2180.8770973553032	2255.4482236391159	2333.5217120184689	2343.1532077811462	2443.8461180274012	3141.1810044212057	3059.0943928074248	3526.878630190557	4626.8392258154054	5525.9247620866736	9107.600765896781	14731.080905519109	27997.736659848055	35592.025136971424	41268.040708026638	32589.479298831251	24434.812886424501	15505.24886038343	10800.409112065669	7683.3068470511844	6323.0040023258689	5515.7825051850614	Average Energy (MeV)

10-6 Collisions / Incident Fluence (cm2)

Ratio of Detector Responses
2"	2.1200000000000097E-7	5.4830000000000308E-7	1.0638000000000026E-6	2.2520000000000053E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000057E-5	4.5229999999999999E-5	9.5770000000000311E-5	2.0275000000000086E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000027E-3	4.0720000000000096E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000171	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.949999999999996	105.425	182.4	315.60000000000002	1.1953209664053064	1.1478563853961519	1.1145478123048844	1.1059126208966601	1.0809642719938533	1.07113646690564	1.0669846087145018	1.0530754260777286	1.0489369976665806	1.0425715518481231	1.0189757840412861	1.0218246869409608	1.0122462101043757	1.0019308725059535	0.99584781275552092	0.98407463658060468	1.0026749663526247	0.99744144072670959	0.99374909143770962	1.0017997480352714	1.0097735095397951	0.99626796044038057	1.0252732730271552	1.0069502948609939	0.97615153710795988	0.97963151560040906	0.97423036093418269	0.9633684061359693	0.93613933236574765	0.88779916562980365	0.91946952070730392	3"	2.1200000000000097E-7	5.4830000000000308E-7	1.0638000000000026E-6	2.2520000000000053E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000057E-5	4.5229999999999999E-5	9.5770000000000311E-5	2.0275000000000086E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000027E-3	4.0720000000000096E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000171	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.949999999999996	105.425	182.4	315.60000000000002	1.1859546787698059	1.1599547951198144	1.1589829132052309	1.1430427676658983	1.1277249591856318	1.1108516996638029	1.1159474671669791	1.0942843646669844	1.0972561273313177	1.0727236501295048	1.07223984339834	1.0681594434356481	1.0608882685399172	1.0473345588235297	1.0485268630849218	1.0474208965062619	1.0355397341814618	1.0282834596452861	1.0295778527649586	1.0189449022459198	1	0.99152119700748143	0.99112717712783349	0.99403107113654943	0.99752031350322135	0.95979868465742546	0.98360372799447771	0.96793273412583369	0.93389522392992863	0.95449446314129271	0.96499891469503118	5"	2.1200000000000097E-7	5.4830000000000308E-7	1.0638000000000026E-6	2.2520000000000053E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000057E-5	4.5229999999999999E-5	9.5770000000000311E-5	2.0275000000000086E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000027E-3	4.0720000000000096E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000171	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.949999999999996	105.425	182.4	315.60000000000002	1.1990744783026277	1.1766695902769075	1.1857267094249351	1.1599810785241238	1.170573370512374	1.1686727652062305	1.1509036144578313	1.1513252664938061	1.1599930118798039	1.1452096806453758	1.1549703708635741	1.1341967749174495	1.1380919131649099	1.1152858159759833	1.1215958102279706	1.1126600454708628	1.0937663850859272	1.0913259668508311	1.0772973254240816	1.0581275849103919	1.0367050679340808	1.031834521415951	1.0101394712073246	1.0023764590759772	1.0070949570815424	0.9956206346711004	0.99985041136873665	1.0108182317408021	0.99077376337416678	0.96032780778543492	0.98415908324907364	8"	2.1200000000000097E-7	5.4830000000000308E-7	1.0638000000000026E-6	2.2520000000000053E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000057E-5	4.5229999999999999E-5	9.5770000000000311E-5	2.0275000000000086E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000027E-3	4.0720000000000096E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000171	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.949999999999996	105.425	182.4	315.60000000000002	1.2264703615200803	1.1893612051850961	1.1266348741678081	1.1406618877967121	1.1598039594026164	1.1864088671695181	1.1836233102645342	1.2067307692307701	1.2201281568036184	1.1201389994164161	1.1420543884521202	1.1583288983501858	1.1591116093323062	1.1628058869633398	1.1851010674540086	1.0887884198928621	1.1578696847895058	1.1561255474007073	1.1243998905499837	1.118871725990598	1.112189616252822	1.046864144508306	1.0409673582661558	1.0092082545424614	1.0195627000885494	1.0546546546546538	0.92113960867265987	0.95972114639814365	0.91646540701804269	0.92885139740968103	0.94436009732360104	10"	2.1200000000000097E-7	5.4830000000000308E-7	1.0638000000000026E-6	2.2520000000000053E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000057E-5	4.5229999999999999E-5	9.5770000000000311E-5	2.0275000000000086E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000027E-3	4.0720000000000096E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000171	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.949999999999996	105.425	182.4	315.60000000000002	1.2137514643597369	1.2542926851723952	1.1514891291619527	1.1273820491684043	1.2050358585700416	1.1128966306836758	1.2017916390179115	1.1603971305045595	1.2308402476120559	1.1432257271861659	1.1898800104164582	1.147239263803681	1.1579692198832479	1.1245671818258625	1.2168856162664212	1.156360050711368	1.1311233391491076	1.1946897612671645	1.2147782821229016	1.1411161000641437	1.1440856725620641	1.0519700389903552	1.0596204412941552	1.0225485055060326	1.0428665602664633	1.0144627583971251	0.9925987778494707	0.9392309916160746	1.1071004914421279	0.96853552009983068	0.95921998806744957	12"	2.1200000000000097E-7	5.4830000000000308E-7	1.0638000000000026E-6	2.2520000000000053E-6	4.7675000000000014E-6	1.0093000000000001E-5	2.1365000000000057E-5	4.5229999999999999E-5	9.5770000000000311E-5	2.0275000000000086E-4	4.3415000000000033E-4	9.1345000000000044E-4	1.9235000000000027E-3	4.0720000000000096E-3	8.6205000000000066E-3	1.8249999999999999E-2	3.8629999999999998E-2	8.1785000000000024E-2	0.16739999999999999	0.33725000000000038	0.67900000000000171	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.949999999999996	105.425	182.4	315.60000000000002	1.1131150865176642	1.2890163053216268	1.2870017584994096	1.2281870073389511	1.2342134079571718	1.1272886744874462	1.2600161063015933	1.1239398698676237	1.1808443104269164	1.2022444793049354	1.1802596410843833	1.0721805015421761	1.015109846688794	1.0117814095399198	1.3672309206974307	1.1170765500519568	1.1714126457116545	1.3588556734169099	1.1862566962187924	1.2206141208683745	1.064034995256667	1.1093731930149178	1.0663008787653565	1.0514789269181457	1.0241687686310481	1.0424604656954302	0.92568391705872222	0.99442391669465902	0.99040632054175892	1.0719569520039578	0.94742383035255484	Average Energy (MeV)
R(90o)/ R (0o)
Ratio of Detector Responses
2"	2.1200000000000161E-7	5.4830000000000435E-7	1.0638000000000037E-6	2.2520000000000078E-6	4.7675000000000022E-6	1.0093000000000003E-5	2.1365000000000088E-5	4.5230000000000033E-5	9.5770000000000474E-5	2.0275000000000124E-4	4.3415000000000033E-4	9.1345000000000065E-4	1.9235000000000038E-3	4.0720000000000114E-3	8.6205000000000066E-3	1.8250000000000002E-2	3.8630000000000012E-2	8.1785000000000024E-2	0.16740000000000024	0.33725000000000038	0.67900000000000238	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.95	105.425	182.4	315.60000000000002	1.1953209664053075	1.1478563853961519	1.1145478123048844	1.1059126208966601	1.0809642719938533	1.07113646690564	1.0669846087145018	1.0530754260777297	1.0489369976665806	1.0425715518481231	1.0189757840412861	1.0218246869409586	1.0122462101043745	1.0019308725059524	0.9958478127555217	0.98407463658060523	1.0026749663526247	0.99744144072670959	0.99374909143770962	1.0017997480352696	1.0097735095397951	0.99626796044038057	1.0252732730271537	1.0069502948609939	0.97615153710795977	0.97963151560040984	0.97423036093418269	0.9633684061359693	0.93613933236574765	0.88779916562980365	0.91946952070730315	3"	2.1200000000000161E-7	5.4830000000000435E-7	1.0638000000000037E-6	2.2520000000000078E-6	4.7675000000000022E-6	1.0093000000000003E-5	2.1365000000000088E-5	4.5230000000000033E-5	9.5770000000000474E-5	2.0275000000000124E-4	4.3415000000000033E-4	9.1345000000000065E-4	1.9235000000000038E-3	4.0720000000000114E-3	8.6205000000000066E-3	1.8250000000000002E-2	3.8630000000000012E-2	8.1785000000000024E-2	0.16740000000000024	0.33725000000000038	0.67900000000000238	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.95	105.425	182.4	315.60000000000002	1.1859546787698059	1.159954795119813	1.1589829132052325	1.1430427676658983	1.1277249591856318	1.1108516996638029	1.1159474671669791	1.0942843646669855	1.0972561273313188	1.0727236501295032	1.07223984339834	1.0681594434356481	1.0608882685399172	1.0473345588235297	1.0485268630849218	1.0474208965062619	1.0355397341814618	1.0282834596452861	1.0295778527649575	1.0189449022459198	1	0.99152119700748143	0.99112717712783349	0.99403107113654943	0.99752031350322135	0.95979868465742613	0.98360372799447771	0.96793273412583369	0.93389522392992863	0.95449446314129271	0.96499891469503196	5"	2.1200000000000161E-7	5.4830000000000435E-7	1.0638000000000037E-6	2.2520000000000078E-6	4.7675000000000022E-6	1.0093000000000003E-5	2.1365000000000088E-5	4.5230000000000033E-5	9.5770000000000474E-5	2.0275000000000124E-4	4.3415000000000033E-4	9.1345000000000065E-4	1.9235000000000038E-3	4.0720000000000114E-3	8.6205000000000066E-3	1.8250000000000002E-2	3.8630000000000012E-2	8.1785000000000024E-2	0.16740000000000024	0.33725000000000038	0.67900000000000238	1.3896000000000002	2.7755000000000001	5.5434999999999999	11.164	20.364999999999988	35.230000000000011	60.95	105.425	182.4	315.60000000000002	1.1990744783026277	1.1766695902769075	1.185726709424934	1.1599810785241238	1.170573370512374	1.1686727652062323	1.1509036144578313	1.1513252664938061	1.1599930118798039	1.1452096806453758	1.1549703708635741	1.1341967749174495	1.1380919131649099	1.1152858159759833	1.1215958102279695	1.1126600454708628	1.0937663850859254	1.0913259668508322	1.0772973254240816	1.058127584910393	1.0367050679340808	1.031834521415951	1.0101394712073246	1.0023764590759772	1.0070949570815413	0.99562063467110118	0.99985041136873665	1.0108182317408021	0.99077376337416678	0.96032780778543492	0.98415908324907364	Average Energy (MeV)

R(900)/ R (0o)

Ratio of Detector Responses for 2" Detector
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