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Abstract

For this work a methodology has been developed to predict the sensitivity of a
beryllium/scintillator fusion neutron detector. Neutrons may be captured by the
beryllium via the °Be (n, o) ®He nuclear reaction, where the product nucleus, °He, decays
by beta emission. The beta particles can be detected by close coupling scintillator with
the beryllium. The methodology relates beta energy deposition to absolute measured
scintillation light output as a function of detector bias, reflective material, scintillator
thickness, and solid angle subtended by the scintillator on the face of the PMT. Output
signals were measured from thin plastic scintillator using NIST traceable beta and gamma
sources and MCNP5 was used to model the energy deposition from each source.
Combining the experimental and calculated results gives the desired empirical
relationships. The results from this methodology were compared with previous work and
the two results were in good agreement. The empirical relationships were applied to a
similar detector with much larger dimensions and very different response characteristics.
The correlation between the two systems produced nearly identical results. To validate,
the sensitivity of the second beryllium/scintillator-layer neutron activation detector was
predicted and then exposed to a known DD neutron fluence. The neutron fluence was
determined by the associated particle method from which the detector sensitivity could be
inferred. The predicted and the measured sensitivity agreed within a range of 8 to 38
percent difference with an average standard deviation of 25% from 8 total measurements.
Predicting the detector performance within 25% is adequate enough to guide future
detector design decisions. To test this methodology it was applied to the design modeled
after Sandia National Laboratories current beryllium detector, which was originally
designed using results from a very limited set of experimental data. The results of these
calculations indicated that the design was in fact optimal within the uncertainties of this

work.
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1. Introduction

Inertial-confinement-fusion (ICF) experiments are conducted at several national
laboratories to study nuclear fusion as a viable energy source. The detection of the
neutrons produced from these experiments give critical information about the
performance of the fusion plasma. There are several fusion reactions, but the three
reactions typically studied are shown in Figure 1, where the last two reactions produce

the neutrons of interest.

2 2 yields 50% 3 1
1H+ 1H —_— 1H+ 1H+4‘03 MeV

2 2 yields 50% 3 1
{H+{H ——— 35He + gn+ 3.27 MeV

ields
SH+2H 22 4He + In+17.6 MeV

Figure 1 - Fusion Reactions of Interest

The neutron yield from a fusion experiment, assuming a certain source isotropy, can be
inferred by measuring the induced activity of a radioisotope that is produced by
activation via a neutron reaction. The primary activation diagnostic that has historically
been used to measure DD neutrons at Sandia National Laboratories’ Z machine is the
activation of indium [1]. In indium activation the primary reaction of interest is **°In (n,
n’) **™In which has a threshold of 336 keV. The neutron yield is determined by
measuring the gamma line radiation of 336 keV that occurs from the isomeric transition
from the metastable state to the ground state. To measure DD neutrons, indium samples
are placed near the source of neutrons, then after exposure are manually recovered and
measured with a High Purity Germanium detector (HPGe). For Z experiments it takes at
least one hour and often twelve hours or more before the indium samples can be
recovered. Fortunately, the 4.49-hour half-life makes such delays acceptable but the
quality of the data can be significantly decreased. Depending on induced activity, the
sample may have to be counted for one or two half-lives, thus yields cannot be

determined for several hours after an experiment.
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At the Z facility, DD neutron measurements are made in a very harsh radiation
environment. The Z-machine, when fired, creates a very intense bremsstrahlung
background that can have an endpoint energy exceeding 10 MeV. This bremsstrahlung
interferes with most neutron detectors including the activation of indium since ***™In can
also be produced via the nuclear reaction **°In (y, y") **™In. This is a direct interference
with the neutron measurement since one cannot infer which reaction produced the

measured *°"In.

In 1983 Rowland [2] proposed the use of a beryllium activation detector as an alternative
to indium activation for measuring DD and DT neutrons produced in ICF experiments.
Beryllium neutron detectors are based on the nuclear reaction, °Be (n, o) °He. Unlike the
product of the indium reaction, °He can only be produced via a neutron reaction. This
reaction has a threshold of 0.67 MeV, which makes it somewhat selective to DD (2.45
MeV) and DT (14.1 MeV) neutron energies and insensitive to low-energy thermal
neutrons. The cross-section for this reaction, shown on a semi-log scale in Figure 2, is

more sensitive for DD neutrons at 82.5 mb compared with10.4 mb for DT neutrons [3].

10°

10"}

107}

o (barns)

10°}

10}k

5
10 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Energy (MeV)

Figure 2 °Be (n, a) *He Cross-Section
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Since the product nucleus, °He, decays with a half-life of only 807 ms [4], obviously
there is no time to manually recover and count the °He decay beta particles, so it must be
measured in situ. This was accomplished in the original Rowland design by alternating
layers of moderately thick beryllium and plastic scintillator sheets that were coupled to a
photomultiplier tube (PMT). This design is very practical since the °He nucleus decays
by emitting a beta particle with an end-point energy of 3.51 MeV, allowing for a large
fraction of the betas to escape the activation region and deposit energy in the scintillator.
Murphy proposed an alternative design that consisted of several beryllium rods imbedded
in a cylinder of plastic scintillator [5]. Another, more recent design, is a gas proportional
counter concept where the beryllium layer is sandwiched between two gas filled tubes
[7]. In either case, these designs have practical advantages over indium activation in that
samples do not have to be “recovered” and the yields can be determined within a few

minutes after an experiment.

The designs by both Rowland and Murphy have both been used at the Z-facility. For
experiments on the Z-machine these designs are desirable since the bremsstrahlung
background does not directly interfere with the neutron measurement. However, the
negative consequence of both these designs is that the plastic scintillator will also
measure the instantaneous bremsstrahlung pulse. While it does not directly interfere with
the measurement of the °He decay a large enough pulse can overdrive the constant
fraction discriminator (CFD) that is used in the detection scheme on the Z-machine
resulting in total loss of data. In the event data are recoverable, gamma rays from
materials that have been activated in and around the detector will also be measured, thus,
superimposing additional background on the ®He decay which may hinder inference of
the neutron yield by decreasing the signal to noise ratio. The detector sensitivity must be
significantly reduced by increasing the discriminator settings to mitigate this

consequence.
To improve these deficiencies, the volume ratio of scintillator to beryllium was reduced

in a newer version of the beryllium activation detector designed at Sandia National
Laboratories (Org. 1677, Target Physics and Diagnostics), which is referred to as the
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beryllium “layer cake” (BLC) geometry. Similar to the Rowland design, the active
detector region has alternating layers of 3.18 mm thick beryllium and 1.00 mm thick BC-
404 scintillator [8] encased in 0.10 mm thick reflective Mylar® [9]. The detection region
is enclosed on two sides with Lexan light guides coupled to two PMTs as shown in
Figure 3. The two PMTs allow the option for taking data at two different gains and/or
discriminator settings to cover a larger range of sensitivity than with a single detector.
Since the geometry and design of this detector has performed well in the Z-environment
and provided satisfactory data it was decided that a performance predictive capability

shall be developed that concentrates on the “layer cake” geometry.

PMT's

Light Guides

Active Detection Reglon
Bervllium and Scintillator

Figure 3 Sandia National Laboratories Dual Paddle BLC Detector

For the purpose of developing a methodology the design criteria for this detector will be
discussed. The improvements to the design are driven by two desired outputs, a
maximum sensitivity (counts per incident neutron) and a maximum signal to noise ratio
(real counts to background counts). To achieve these objectives three coupled problems
have to be solved. First, the ideal detector should produce the largest number of ®He
nuclei. Second, the detector should measure a large fraction of the decay betas and finally
the amount of light produced per beta interaction within the scintillator needs to be larger
than some threshold value. This threshold value is largely a function of the amount of
light produced by background radiation. Thus an optimal detector should be designed to
be as insensitive to background as possible. This can be done by minimizing the volume

of scintillator used. However, the volume of scintillator should not be minimized to the
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point where a sufficiently large prompt signal is compromised. This suggests that an
ideal configuration exists only if the thicknesses of the beryllium and scintillator layers
are ideal for detecting the radiation of interest and the arrangement of these layers is ideal

for collecting the largest quantity of light produced from the beta particles.

For this type of detector the first two problems can be solved directly using models in
MCNPS5 [10]. MCNPS5 is a very powerful tool used throughout the nuclear industry, but
it is particularly useful for doing detector design since virtually any geometry can be
modeled and the model parameters can be varied rather easily. Unfortunately, the results
of an MCNP5 calculation do not directly translate to experimentally verifiable results.
The variables considered in MCNP5 are limited to energy and frequency of events that
occur within a geometric region of interest. Experimentally the variables of interest are
the frequency of events not as a function of energy but as a function of electronic pulses
that are discrete. The problem becomes then: how can we translate a simple MNCP5
calculation to a predictable, useful, and experimentally measurable quantity? For this
work, the goal is to predict and quantize the number of events that occur at a given
magnitude of measurable electronic pulse as a function of the calculated energy

deposition.

There are typically three ways of determining a detector response function:
experimentally [11, 12], theoretically, or a semi-empirical formulation that couples either
analytical formulation or Monte Carlo calculations to experimental data [13]. Semi-
empirical formulations are widely used to smooth spectral data measured with Nal(TI)
detectors [14] or semi-conductor detectors [15,16,17]. In neutron applications,
specifically for organic scintillators, most of the focus has been on developing response
functions for recoil protons [18]. The response function for recoil protons needs to be
well known and is absolutely necessary when unfolding neutron time of flight data for
recovering neutron energy spectra and plasma temperatures [19]. Monte Carlo
techniques, in general, are used for a wide variety of calculations across the nuclear

industry and while this is not a complete literature review of Monte Carlo applications,

www.manaraa.com



several good references can be found within the given references for the application of
Monte Carlo techniques to detector design.

For this thesis work, Monte Carlo calculations will be combined with experimental data
for a simple detector system to develop a semi-empirical formulation that will
characterize specific detector parameters that are known to affect the magnitude of the
signal from a scintillation detector. The parameters discussed in the literature that will be
investigated are the system electronics, reflectivity of materials around the scintillator,
location of scintillating events, scintillator size, and the solid angle subtended by the
scintillator on the photocathode [20-22]. This technique will then be applied to data
from a similar, but larger detector that has very different response characteristics, verified
through a set of separate neutron experiments, and then applied to an optimization study.
The rest of this thesis will discuss the theory of organic scintillators, the detector
geometries/systems used, development of the methodology, simulated and experimental

results, validation of the methodology, an optimization study, and concluding remarks.
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2.  Theory

Organic Scintillator and PMT Response

Organic scintillators typically come in the form of liquid or plastic media and will be
briefly described here. A more complete and thorough discussion of organic scintillators
can be found in Birks [23]. Plastic scintillators have a number of advantages: they are
affordable, can be fabricated into any shape, are sensitive to neutrons, and have very fast
time response characteristics. Organic scintillator detectors, in general, work on the
principle of absorbing kinetic energy from charged particles passing through the medium
and then reemitting a fraction of that energy in the form of visible light that is
subsequently collected with a PMT. The detection of neutral particles can be
accomplished by measuring the recoil particles from scattering interactions. For neutrons
and gammas the recoil particles of interest are protons and electrons, respectively. The
number of scintillation photons created and the energy that each photon is emitted with
after an energy loss event is a highly statistical process and is dependent on the energy
level structure of the organic molecules present in the scintillating medium. These values
also vary as a function of the type of charged particle that is interacting and with how
much kinetic energy is lost. Typical values for fast electrons in the low MeV range
interacting in most plastic scintillators result in 8-10 photons emitted, in the energy range
of 3-4 eV, per keV absorbed within the scintillator [24]. This value is rather low when
compared with sodium iodide crystals which produce ~40 photons per keV absorbed,
which is why organic scintillators are known for poor energy resolution. However, the
time it takes to create and collect the visible light is in the nano-second range for organics
where the response for sodium iodide crystals is in the micro-second range. This makes
organics ideal for pulsed neutron experiments where time response and count rates are of

a concern.
The physical relationship between energy deposition and light yield from organic

scintillation processes is well known and the functional representation that relates the two

quantities, The Birks formula [23], is given in Equation 1.
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In this equation dL/dx is the amount of light produced per unit path length, dE/dx is the
energy loss per unit path length, S is the scintillation efficiency, B is the ionization
density, and k is the fraction of the ionization density that leads to quenching. In the
absence of quenching (k is small) or if dE/dx is comparatively small, Birks formula
predicts the amount of light produced per unit energy loss is a constant. This is the case

for gammas and fast electrons [24].

dL _ (dE dL _ ,
dx “dx O aE ©

In this equation the scintillation efficiency, S, becomes the absolute normalization
constant for the amount of light produced per unit energy loss. The number of
scintillation photons that contribute to the measured output pulse, and thus the
scintillation efficiency, S, will vary depending on the optical and physical properties of
the system. Here the system can be defined as the scintillator material, reflective

materials around the scintillator, and the PMT.

The number of photons that contribute to the output pulse depend on how well the
photons are transported through the system from the initial scintillation location to the
photocathode. The transport can be improved by reflecting the light at the boundaries of
the scintillator not exposed to the photocathode where the escape of light is desirable.
The reflection that will occur at the interface between two materials can be described as
either specular or diffuse, where the dominant mode for most materials, such as plastics
or metals is diffuse. If the material is glass or a highly polished metal then the reflection
of light, in addition to being diffuse, will have a specular component. The difference
between the two types of reflections is the angular dependence between the incident and
reflected photon. Diffuse reflection is caused by surface roughness which causes the light
to be reflected in random directions. This can be described by a statistical distribution,
shown in Equation 3, known as Lamberts Law. In this equation the intensity of the

reflected light will vary proportional to the scattering angle.

8
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Both diffuse and specular reflection are highly dependent on the types of materials
interfaced and can be described by a ratio of the two refraction indices. The refraction
index is material specific and consists of a real and imaginary component, where the real
part of the refractive index (n) is a measure of the reflectivity and the imaginary
component, also called the extinction coefficient («), is a measure of the absorption. The
one component that defines specular reflection is the critical angle, which can be derived
from Snell’s Law, as shown in Equation 4, where n, is the refraction index of the

scintillator and ny is the refraction index of the reflective material.
n
6, = sin"!— (4)

The critical angle defines the angle with the surface normal where 100% internal
reflection will occur if the incident photon angle is greater than the critical angle, where
the angle of reflection will be the same as the incident angle. Consequently, if the
incident light interacts with the surface at an angle less than the critical angle only partial
reflection will occur and the remaining light will be transmitted through the secondary
surface. Knowing this relationship, an ideal reflector for a scintillator detector should
have an index of refraction lower than the index of the scintillator at the interfaces where

internal reflection is desirable.

Whether the reflection is specular or diffuse, reflectance is a measure of the incident
photon flux that will be reflected. Reflectance depends on the polarization of the incident
light, which is considered s-polarized if the electric field is normal to the transverse plane
and p-polarized if the electric field is parallel to the transverse plane. The reflectance can
be calculated for s-polarized light using equation 5a and equation 5b for p-polarized light.
In these equations, the reflectance (R) relates the photon angle of incidence (6;) with the
surface normal vector and the refraction indices of two adjacent materials where ng
corresponds to the refraction index of the scintillator and n; corresponds to the refraction

index of the reflecting material. 100% reflection will occur if the incident angle is

9

www.manaraa.com



equivalent to the critical angle. Here the critical angle is equivalent to the inverse ratio of
the refraction indices under the square root term which reduces the square root term to
zero. Consequently, the reflectivity approaches zero as the refraction indices approach
unity. For either case (s or p polarization) this is easy to see when the photon angle of
incidence is normal to the surface (6; = 0) as shown by equation 5c.

2
(no cos 0; — nl\/l — (% sinei) )
1

2

Rs = : (5a)
(no cos 0; + nl\/l - (Z—(l’ sinHl-) )
{(no\/l - (:1& sin9i)2 — 1, €oS 9i>]|
Ry = | —— | (5b)
|l<n0\/1 - (Z—‘l) sinei) + n, cos 0i>J|
_ (ny —no) 2
k= (ny + no) (5¢)

The opposite of reflectance is transmittance, which by conservation of energy is the
amount of light remaining after one reflection. If multiple reflections occur before the
scintillation photon leaves the scintillator the remaining energy of a single photon can be
approximated by Equation 6, where Ir represents the final intensity and can be written in
terms of the transmittance and a power function based on the number of reflections, N, a
photon will encounter before leaving the desired edge of the scintillator. A simple model
and pictorial derivation of the number of reflections a single photon might encounter is
shown in Figure 4. This assumes specular reflection where only internal reflection is
considered at all reflecting boundaries and the angle of reflectance is equivalent to the
angle of incidence. This is a simplified derivation to determine the parameters that will
affect the photon transport. If a more detailed analysis is needed, this equation can be
implemented for diffuse reflection, where the number of reflections would depend on the

average value of the distribution from Lamberts Law.
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N

Reflected Photon

/

\ Scintillator-Reflector Interface /

Figure 4 Model for photon scattering within a scintillator

In the event the photon remains within the scintillator there is still a chance the photon
will be absorbed within the scintillation medium prior to escaping. The probability of a
photon being absorbed in any material can be described by Equation 7, where A is an
energy dependent, material specific constant that describes the probability of absorption

per unit path length of travel.

X
[= Ie 7 (7)

The light that is not transmitted through the reflective boundary or lost to an absorption
event will eventually be emitted through the edge of the scintillator viewed by the PMT.
Here the light is collected at the photocathode and converted into photoelectrons. The

quality of this process can be characterized by two parameters: a view factor and the

11
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qguantum efficiency. The view factor, in this case, is defined as the ratio of the photons
incident on the photocathode to the number of photons emitted from the scintillator.
Mathematically the view factor is a similar concept to what is used in radiative transport

[25] to describe black body radiation and is defined in Equation 8.

_ Ailj J‘ cosf,cos6,dA;dA, ®)

Tr2

In this equation, 6 is the angle between the surface normal vector and the vector, r,
between the two surfaces. If isotropic light emission is assumed to be into a half sphere
then the view factor becomes twice the solid angle subtended by the scintillator on the
photocathode. If the photocathode is coupled directly to the edge of the scintillator then
the view factor becomes one and the transport of light between interfaces is dictated by
the reflectance parameters as described previously. To enhance the light transmission, the

coupling material should be index matched with the scintillator.

The quantum efficiency is defined as the ratio of the number of photoelectrons ejected
from the photocathode per incident photon. This efficiency can change across the face of
the photocathode if the photon flux is non-uniform or the thickness of the photocathode
varies across the surface. For this analysis the photon flux is considered isotropic and the
photocathode is considered uniform. This assumption seems valid since there is a slight
air gap between the PMT and the edge of the scintillator which promotes further
dispersion of the visible light by scattering events with electrons in the air molecules. If
the number of photons leaving the scintillator is large then this will naturally promote a
more uniform coverage across the face of the photocathode.

Once the photoelectrons are created they are accelerated through a series of dynode
stages where electron multiplication takes place. The electron multiplication starts with a
single photoelectron from the photocathode being accelerated to the first dynode stage.
At this stage additional electrons are ejected from the surface of the dynode given the
energy of the initial electron is sufficient enough to overcome the electron binding energy

of the dynode material. The electrons that are ejected are then accelerated to the next

12
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dynode, where the process is repeated throughout each dynode stage. This process is a
function of the detector bias, which is split between the dynode stages and provides the
acceleration potential for the electrons. It is also a function of the electron affinity of the
dynode material which is dominated by the binding energy of the orbital electrons within
the dynode material. The total number of electrons collected at the anode is dominated
statistically by the number of electrons created at the first dynode surface.
Mathematically the entire electron multiplication process can be described by Equation 9
[23].

G = asV 9)

In this equation G is the overall gain of the PMT, a is the fraction of photoelectrons
collected in the multiplication structure, ¢ is the ratio of emitted to incident
photoelectrons at the first dynode, and N is the number of dynode stages in the
multiplication chain. This equation is only valid if the overall gain of the PMT is a linear
function of detector bias.

Previous Experimental Work

There are two types of experimental techniques commonly discussed in the literature to
characterize scintillation detectors: the Compton Coincidence Technique (CCT) [12] and
the Compton Edge Method (CEM) [22, 26, 27]. In CCT, the electron energy is inferred
by exposing the scintillator to a collimated gamma source and measuring the kinematic
relationship of scattered photon and electron pairs given by the Compton Scattering
Formula shown in Equation 10. The recoil electron energy is calculated by measuring the
photon scattering angle, 8, from an initial gamma ray of known energy, hv. This method
requires a coincidence measurement between a calibrated photon detector, typically an
HPGe detector at a known angle and location, and the scintillator detector of interest,
where full energy deposition from the recoil electron is presumed.

— 1 — cosf (10)
rr;l_c + 1 — cos@
v

13

www.manaraa.com



The CEM method is used to determine the response of the detector at the maximum
obtainable energy (T, ) Of a recoil electron from a collision with a gamma of known
energy (hv) as shown in Equation 11. This equation can be found by solving Equation 10
for a scattering angle of 180° [28]. Experimentally in the CEM method this maximum
energy corresponds to the channel location of the half-height of the Compton edge that
can be determined from a differential spectrum. This method requires several known

gamma sources of varying energies and some knowledge of the detector resolution.

2hv
(11)

Thax = )
2+

The most recent investigation was done by Pozzi et al.[18], where they developed a
correlation for the relative pulse height in terms of MeVe. (mega electron volt electron
equivalent) which by definition is the amount of light produced from a 1 MeV electron.
The Pozzi et al. correlation is shown in Equation 12, where R is the amount of light

produced in MeVee and E. is the kinetic energy of the electron in MeV.
R = 0.99E, + .008 (12)

The correlation from Pozzi is implemented in the MCNP-Pollimi code [27] to calculate
the amount of light produced in MeVe. This correlation can be used to find the absolute
magnitude of the light produced from a given energy deposition by multiplying R by the
amount of light produced by a 1 MeV electron if that value is known.

14
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3. Experimental Set-Up

Detector #1 Geometry

For this work, an existing cylindrical beryllium detector was adopted and is shown in
Figure 5. The housing is a 3.18 mm thick steel tube with an inside diameter of 4.22 cm
and a height of 11.90 cm. The inside of the housing was retrofitted with a polystyrene
insert that was designed to accept a variation of rectangular geometries, where the
geometry is defined as a slab of plastic scintillator sandwiched between two reflecting
materials. The reflective materials that were chosen for this study are beryllium,
polypropylene, and Mylar. The arrangements of these geometries within the detector are

shown in Figure 6.

Figure 5 Re-purposed Beryllium Rod Detector Housing

The primary geometry of interest, which is representative of the BLC geometry, consists
of alternating 30 x 65 mm layers of 3.18 mm thick beryllium metal (3 total) and 1.00 mm
thick Bicron BC-404 plastic scintillator (4 total). Within the primary geometry (shown in
the left image of Figure 6) are two distinct geometries that are symmetric with the axial
center of the detector. The two inner scintillator layers have beryllium on both sides of
the scintillator and the outermost scintillator layers are reflected with beryllium and a
1.00 mm white polypropylene layer. These two geometries, shown with a source in place,

are labeled Cases 1 and 2 and are shown 2™ and 3" from the left in Figure 6,
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respectively. Case 1 and Case 2 are studied independently and then coupled to develop
the response function for the primary BLC geometry. The other geometries studied are
shown in the two right images of Figure 6. Case 3 has a slab of scintillator sandwiched
between two 1.00 mm thick polypropylene layers and Case 4 has a slab of scintillator

enclosed in an aluminized Mylar wrap.

The scintillator used for these experiments was 1.00 mm thick BC-404 from St. Gobain
[8] and the equivalent from Eljen Technologies, EJ-204 [29] in thicknesses of 0.50 and
0.25 mm. Both these scintillators have negligible self-absorption with an attenuation
length of 160 cm. The peak emission wavelength of 408 nm and a decay constant of only
1.9 ns (Appendix G) allows for high frequency counting that is required for pulsed
neutron experiments, such as those conducted on the Z machine. The Hamamatsu R5946
PMT [30] is enclosed in the detector housing and is located above the scintillator in all
cases by a 5.50 mm air gap. This PMT has a quantum efficiency of 23% at 390 nm and a
maximum response at 420 + 50 nm, which closely matches the peak wavelength emission
of the scintillator. This PMT is also ideal for high frequency applications with short
transit and rise times of 7.2 and 1.9 ns, respectively (Appendix H).

Components and
Materials
[ I . Scintillator
. Beryllium
'_I%_ |1é] % I]—m II—" D PMT
Palystyrene
Palypropylene
30458
. Source
Primary Case 1 (Be-Be)|Case 2 (Be-Pp) | Case 3 (Pp-Pp) |Case 4 (Mylar)
BLC- Berylium | Berylium and |Beryliumand | Polypropylene & | Mylar Wrap
and Scintillator | Beryllium Polypropylene | Polypropylene

Figure 6 Detector # 1 Experimental Geometries, Radial View shown on top, Axial View shown on the

bottom
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Procedure

A slab of scintillator was placed between two reflective materials to form a “sandwich”
arrangement. The “sandwich” was then wrapped with a poly vinyl chloride (PVC) tape to
couple the scintillator to the reflective material as tightly as possible to minimize the air
gaps and the loss of light through the vertical edges and the bottom of the scintillator. A
source was placed in the source holder in one of three locations: centered on the face of
the scintillator or as shown in Figure 7, 1.00 mm from either end. In the event that
polypropylene was being used, the source could be placed directly on the scintillator. If
the beryllium or Mylar was in use then the incident radiation would have to be attenuated
by the reflecting material prior to reaching the scintillator. The sandwich configuration,
with the source in place, was placed in the polystyrene insert in one of five locations: the
axial center of the detector housing or 2, 4, 6, 8 mm off axis. The remaining space of the
insert was filled in with polypropylene spacers to maintain the scintillator alignment with
the PMT and then placed in the bottom of the detector housing as shown in the right
image of Figure 7. The lower housing was then attached to the detector base and checked
for light leaks. The detector was powered on and monitored for a minimum of 15
minutes prior to taking measurements to avoid measuring false-positive events that occur

from dark current build-up on the photocathode.

Case 1 Geometry with PVC wrap Polystyrene Insert || Insert Seated in Bottom
and Sr-90 source in top location Placed in Housing || Of Detector Housing

Figure 7 Preperation of experiment, Shown above is 1 mm scintillator with beryllium on either side
and a Sr-90 source placed in the top location
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Detector System Electronics

The electronic configuration used in the detection scheme is shown in Figure 8. The
output signal of the detector was routed through a 5 Volt clipper circuit and then split to
an Ortec 584 Constant Fraction Discriminator (CFD) and a Tektronix DPO 3032
digitizer. The positive TTL output signal of the 584 was processed with an Ortec Easy-
MCS for fluctuation monitoring and the negative logic output pulse signal was processed
through a Tennelec TC 536 counter/timer. For each source-geometry combination counts
were first measured at a minimum CFD setting of 20 mV and then at 20 mV increments

until the number of counts in a 300 second interval diminished to background.

Canberra 3002 5V
High Voltage > Detector > Clipper
Power Supply
Ortec 584
Tektronix
Tennelec TC536 | Constant 50_ Q DPO 3032
Counter/Timer Fraction Splitter O-Scope
Discriminator P
v | HPPro
Easy MCS Computer

Figure 8 Electronic configuration used for data acquisition

Beta and Gamma Source Description

Data were collected with several NIST traceable beta and gamma sources for the
geometries of interest. The isotopes used throughout were ®Co, *Cl, **¥'Cs, ?1°Pb/?'%Bj,
%gr/°%y, and Na. Each source has an accompanying data sheet (Appendix E) that
specifies the calibration date, activity at time of calibration, calibration procedure, and
specifics of the source geometry. In the event data were missing from the data sheet it

was supplemented with data from Ref. 31. A summary of the source descriptions are
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shown in Table I. These sources were chosen for their varying decay modes, energies of

the decay particles, and source geometries.

Source

Cs-137

Cl-36

Co-60

Na-22

Pb-210/Bi-
210
Sr-90/Y-90

MCNP 5 model

Table | Summary of UNM NIST traceable sources

Decay
Mode(s)

Cal. Date

Activity
(uCi)

Window

Backer‘

Beta 08/01/1969 | 1.35 1 mm plastic 1 mm plastic

Gamma

Beta 11/21/1977 | 0.0209 0.90 mg/cm2 | 0.25 mm S.S.

(98.1%) Mylar

Beta 08/01/2006 | 10.71 1 mm plastic 1 mm plastic

Gamma

Positron | 08/01/2006 | 10.12 1 mm plastic 1 mm plastic

Gamma

Beta 03/15/1994 | 0.01017 0.0254 mm 0.254 mm

Gamma Aluminum S.S.

Beta 03/15/1994 | 0.00993 0.90 mg/cm2 | 0.25 mm S.S.
Mylar

For every experiment conducted, the specific geometry-source configuration used was

modeled using the transport code MCNP5 [10]. Materials used in the model were of

theoretical density and the compositions were obtained from the NIST database [32].

Since the material thicknesses used in the problem are very thin a special treatment for

the electron transport was implemented [33]. This ensures that the electron ionization

path is sampled at a minimum of 10 times for every region of interest. The beta and

gamma source distributions are planar geometries and are equally distributed over 22.0

mm and 5.0 mm diameter circular regions, respectively. Discreet photon energies and

branching ratios for each source were found in ref. 34 and the spectral data for the beta

emitters were found in ref. 35. The beta spectra were modeled as a probability function

that was continuous and linear between points. A summary of the energy and branching

ratio for each source are shown in Table Il for the gamma-ray emissions and Table 111 for

the beta-particle emissions. The tabular data for each beta spectrum is shown in Appendix

F. The implementation of the probability functions in MCNP5 for the spatial and energy

dependence of the particle emissions can be seen in the sample input files shown in

Appendix C.
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Table 11 Source Photon Energies and Branching Ratios used in MCNP Models

Source X-ray/Gamma Energy in keV (Branching Ratio, %)

Co-60 7.461 (.00322), 7.478 (.0063), 8.265 (.001151), 347.14 (.0075),
826.10 (.0076), 1173.228 (99.85) 1332.492 (99.9826), 2158.57
(.00120)

Cs-137 31.817 (1.99), 32.194 (3.64), 36.304 (0.348), 36.378 (0.672), 37.255
(0.213), 661.657 (85.1)

Na-22 511.0 (180.76), 1274.537 (99.941)

Pb-210/Bi210  10.8 (23.6), 46.539 (4.25)

Table 11 Source Particle Energies and Branching Ratios used in MCNP Models

Source B ,B*, C.E. End-Point Energy in keV (Branching Ratio, %)

Co-60 B, 317.05(99.88) P, 1490.29 (0.12)

Cl-36 [, 705.55 (98.1)

Cs-137 f, 513.97 (94.70) B, 1175.63 (5.30) C.E. 624.216 (7.79) 655.668
(1.402) 660.364 (0.300) 661.404 (0.0646) 661,637 (0.00965)

Na-22 B*,545.7 (90.326) B*, 1820.3 (0.056)

Pb-210/Bi210 B, 17.0 (84) B, 63.5 (16) C.E. 30.1515 (60.3) 42.54 (14.28) i, 1162.1
(100)

Sr-90/Y-90 B, 546.0 (100) B, 519.4 (0.011) B, 2280.1 (99.989)

The output quantity calculated using an MCNP5 F8 pulse-height tally was the number of
events that occur within user-defined energy bins. In this case, the energy bins were
divided into 50 keV increments ranging from the MCNP5 threshold limit of 1 keV to a
maximum energy that was source dependent. For these calculations there was no
correction implemented for energy broadening due to the detector response. This
implementation requires an experimental measurement of the FWHM of a specific
energy deposition. Given the poor energy resolution of plastic scintillators and the
inability to measure a single energy this correction was deemed unnecessary. A separate
MCNP5 model was developed for each type of emission, e.g. beta or gamma. For each
type of emission (beta or gamma) all decay modes with a branching ratio >0.001% were
used to define discrete probabilities for each decay particle and energy. The total
differential spectrum for each isotope was then found by taking the product of the result
from the MNCP5 calculation and the total branching ratio for each type of emission and

then summing the products over all possible emission types as shown in Equation 13.
N = TVBTY + TﬁBTﬁ (13)
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In this equation T, and Br, are the results obtained from the MCNP calculation and the
sum of all the gamma branching ratios, respectively. Similarly, Tg and Brg is
representative of the beta source calculations. The units that result from the MCNP
calculation are in counts per source particle, and the branching ratio has units of particle
per decay, thus the product of these two quantities gives the solution in units of counts
per decay. For example, a ®°Co source was modeled separately as both a beta and gamma
emitter for a given detector geometry. The gamma calculation for the ®®Co source used a
discreet probability for the gamma ray energy where the probability for that energy
emission was the corresponding branching ratio as shown in Table Il. The result from
that calculation was multiplied by the total gamma branching ratio, 1.996. Similarly, the
beta model results were multiplied by a branching ratio of one. The sum of these two
separate calculations gives the expected number of detectable events per a single decay.
A plot of a typical result from an MCNP calculation is shown in Figure 9. The overall

statistical uncertainty, typical for all MCNP calculations is on the order of 1 — 2 %.
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Figure 9 MCNP Calculated Total Differential Spectrum for a Sr-90 Source with 1 mm Scintillator

and Polypropylene Reflective Material

21

www.manaraa.com



4. Methodology

An integral spectrum was obtained by measuring the counts as a function of CFD setting
for each experimental set-up. Here the counts measured at a given discriminator setting
include all events that resulted in a pulse larger than the discriminator value. Background
counts were subtracted from the total counts to obtain the number of net events, which
were normalized to the decay corrected source activity using Equation 14. In this
equation (C - B) is the net count rate, A, is the initial source activity in becquerels, A is
the decay constant in inverse years, and t is the elapsed time in years since the calibration

date. An example of an experimentally obtained integral spectrum is shown in Figure 10.
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Figure 10 Experimental Total Integral Spectrum for a Sr-90 Source with 1 mm Scintillator and
Polypropylene Reflective Material

This type of curve was deemed more appropriate for this analysis instead of the more
commonly used differential curve for several reasons. First, the integral curve is a

smooth, continually decreasing function that can be easily normalized or interpolated.
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Differential curves are dependent on the energy resolution of the scintillation material
and the features of the spectrum can change with the choice of energy bin width in
MCNP5, which makes normalization difficult. For these reasons the MCNP results were
also converted into integral form to allow for direct comparison to the experimental
results. Since the values of the differential spectrum are discrete the integral spectrum
was obtained by summation. The count rate was summed over all the events that
occurred above the lower limit of each energy bin. An example of an integrated MCNP

result is shown in Figure 11.
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Figure 11 MCNP Total Integral Spectrum, for a Sr-90 Source with 1 mm Scintillator and
Polypropylene Reflective Material

The independent variable for both the experimental function and the MCNP calculated
function are the same (counts/decay), therefore, the dependent variable for one function
can be solved in terms of the other. Since the shapes of the curves are unique, a point-
wise interpolation method was used to obtain a discrete energy deposition value for each
CFD threshold level at every experimental data point that was bounded by two MCNP
calculated values. Mathematically this can be described by a simple interpolation

function as shown in Equation 15.
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BE) = e (B — Be) + EC) as)

In this formula, ¢ is the calculated experimental efficiency for a given CFD setting that is
bounded by efficiencies obtained from MCNP calculations, €, with a and b subscripts. E
is the energy at which the corresponding MCNP efficiency was calculated, and E(¢) is the
calculated energy that corresponds to the experimental efficiency obtained at that CFD
setting. Thus, the interpolated value and the discriminator setting can be viewed as a set
of discrete points that can be used to determine an analytical expression for the expected
discriminator value as a function of energy deposition for a specific detector
configuration. Doing this analysis for several configurations allows the user to see how
the light yield changes as a function of a detector specific parameter. This method is
similar to the CEM method except the whole range of data is used instead of just the
Compton Edges. An example of the correlation developed using the results from Figures
10 and 11 are shown in Figure 12. For comparison, the relationship developed by Pozzi
et al [18] using the CEM method is also shown.
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Figure 12 Energy Deposition vs Pulse Height for a Sr-90 Source with 1 mm Scintillator and
Polypropylene Reflective Material, Comparison to Previous Work Shown
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In the Pozzi et al. correlation it is important to note that the threshold value, the intercept,
is always 0.80% of the light produced from a 1 MeV electron, which in this case
corresponds to an intercept value of 3 mV. The largest error associated with this linear fit
is the value of the intercept at + 20 % at the 68% confidence interval. Statistically this
places the correlation from this work in good agreement with the Pozzi et al. correlation.
The error bars shown in Figure 12 are at the 2 sigma confidence interval (95%) and
correspond to twice the standard deviation from a weighted linear regression fit, where
the weights are determined by propagating the statistical uncertainty in both the
experimental and calculated data. A weighted fit was deemed more appropriate than a
standard linear regression since the propagation of statistical uncertainty does vary
slightly point by point and can be accounted for using this type of analysis. Systematic

uncertainty is not included in this figure, but is discussed in the next section.
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5.  Statistical and Systematic Uncertainties

Statistical uncertainties for this analysis are present in the independent variable (counts
per decay) in both the experimental and calculated data. The experimental statistical
uncertainty is typically less than 3%, while the MCNP statistical uncertainty in most
cases is 1 — 2 %. Since the relationship of the experimental and calculated quantities
depend on the uncertainty associated with the dependent variable (CFD setting and the
energy deposition) the statistical uncertainties in the count rate have to be converted. The
uncertainties in the count rates can be converted to uncertainties in both the CFD setting
and the energy deposited values rather easily if the data is assumed linear between points.
If the relationship is assumed linear between points the error in the x value corresponds to
the inverse slope multiplied by the uncertainty in the y-direction as given by Equation 16.

This of course requires the uncertainty in the y-direction be bounded by two values.

Ay o= o (x; — x1)
slope” ™ Y (y; —y1)

A
md = slope, Ax =

A (16)

Propagating these uncertainties through the interpolation scheme results in a relative
uncertainty on the order of 3-4%, where the propagation is dominated by the uncertainties
in the experimental data. In addition to the statistical uncertainties, there are also

systematic uncertainties associated with each experiment-calculation pair.

There are several geometric factors within the detector set-up that can vary. An
approximation to the magnitude of the systematic uncertainty can be found by adjusting
the MCNP model to reflect the unknowns in the detector set-up. Source knowledge and
two geometric factors were considered. They include a distributed versus point source,
attenuating material thickness and scintillator thickness. To determine how much each
factor contributed to the answer, models were run with the expected geometric or source
change that is the departure from the ideal case and compared to the same set of
experimental data. The resulting changes in the correlation for each case were then
compared. For consistency, the uncertainty analysis was done for the same data set as
shown in Figures 10-12. The set-up includes a “°Sr source centered, in the Case 3 (poly-

poly) geometry with the scintillator centered axially. The first model parameter varied
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changed the source from an equally distributed source to a point source. The second
analysis increased the window thickness on the source by a factor of two. The third and
fourth cases increased and decreased the scintillator thickness by 10%, which is the
uncertainty quoted by the manufacturer (Appendix G). The departure from the ideal case
is shown in the residual plot shown in Figure 13 for each parameter varied. Clearly, the
uncertainty is dominated by the uncertainty in the scintillator thickness. To encapsulate
all of these uncertainties at once a total standard deviation of 15 mV was calculated. It is
important to note that the calculated standard deviation of 15 mV is only relevant for this
set-up. To determine the relative value that will be globally applicable, this value was
divided by the calculated slope for this data set shown in Figure 12, which gives a

relative uncertainty of 5%. This value will be used to represent the uncertainty associated
with the detector geometry.
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Figure 13 Residual Plot of Geometry and Source Knowledge Systematic Uncertainty

Other forms of systematic error that were included in this analysis are associated with the

electronics used in the detection scheme. To see the effect on the outcome of the data
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from changes in the bias supply a counting plateau experiment was conducted to
investigate the change in count rate as a function of bias setting. In the linear region that
is expected with such a plateau, the count rate changed by 1 count per second per 10
Volts. This contribution can be neglected at the frequencies encountered in these
experiments. The largest source of uncertainty associated with the electronics is from the
Ortec 584 module, which quotes an uncertainty of less than + 5% in reflections with a 50
Q termination. The reflections contribute to the measuring of false-positives. Thus, the
count rate will have, in addition to the statistical uncertainty, a £ 5% contribution from
the Ortec 584 module. Another component is the CFD dial setting, which is £ 2 mV.
Since the mean CFD setting for most of these experiments is ~100 mV the average
contribution from the discriminator setting would be + 2%. Adding in quadrature the
uncertainty contributions from the detector configuration, cable reflections and the dial
setting results in a total systematic uncertainty of 8%. For the subsequent results sections
the systematic uncertainty is not included in the parameterization study. Thisis a
constant uncertainty throughout all the data and the main goal of the parameterization is
to show the relationship in the data, therefore the following data only includes error bars
that show twice the standard deviation (95% Confidence Interval) of the curve fit. The
total uncertainty (systematic and statistical) will be included only in the final correlation
and in all applications of the final correlation.
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6. Detector #1 Results
Method Proof of Concept

For a method-proof of concept a series of four experiments, each with a different source,
were conducted to see if the results using the established methodology could be
duplicated. The sources chosen for these experiments (*°Co, *Sr, #°Pb, and *CI) each
have unique decay modes, geometries, and a wide range of energy distributions
associated with each emission. For each experiment the source was placed in the source
holder at the central location adjacent to the face of the 1 mm scintillator and then placed
in the axial center of the detector housing. Data was taken for each source at a detector
bias of -2.0 kV and the discriminator setting was varied in 20 mV increments. The

results after resolving the data using the established methodology are shown in Figure 14.
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Figure 14 Correlation for Pp-Pp geometry, 4 sources, 1mm Scintillator

By visual inspection the four different data sets are in very good agreement with one
another as shown by the linear determination coefficient (R?) and the ratio of the standard

deviation to the slope at the 95% confidence interval of only 4%. There are two
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interesting features that can be seen in this graph. First, the correlation for the ®°Co
experiment, shown using blue squares tends to deviate from linear around 920 keV. This
is in good agreement with the expected departure at the first °°Co Compton Edge energy
of 962 keV. Second, the response curves for each experiment deviate from linear at ~100
keV. This tends to agree with previous work, where the deviation of the response for
electrons in organic scintillators was measured at 125 keV [22]. The Pozzi et al.
correlation extends to a much lower threshold of 8.1 keV. These experiments were
repeated for Case 1 (beryllium-beryllium) with a ®*Co, ?Na, and **'Cs source and also for
Case 2 (beryllium-polypropylene) with a ®Co, **Cl, and *°Sr source. The results are
shown in Appendix A.

De-convolution of the Response Function

It has been shown in the previous section that for a specific geometry-scintillator
arrangement the detector response function can be consistently obtained regardless of the
source geometry or decay energies used. Since good agreement was obtained a
parametric study of what parameters impact the light yield, and thus the detector response
was undertaken. Several experiments were conducted with a specific parameter varied to
develop an overall response function that is a product of parameter specific constants.
The parameters investigated were the detector bias, reflective material, scintillator size,
the location of scintillation events, and the solid angle subtended on the PMT by the

scintillator.

The first parameter varied was the detector bias. The bias determines the acceleration
potential across each dynode stage in the PMT. Thus, changing the electron
multiplication dynamic directly varies the amount of current collected at the anode. For
this set of measurements the detector bias was varied from -1.8 kV to -2.3 kV in 0.1 kV
increments. A *°Cl source was placed in the central location of the Case 3 (poly-poly)
geometry and placed in the axial center of the detector housing. The experimental results
for each bias setting are shown in a semi-log plot in Figure 15. From this figure it is
obvious that much higher CFD settings are obtainable as the magnitude of the detector
bias is increased. Since the source configuration and the detector geometry did not

change, the energy deposition should be constant. Thus, the increase in CFD setting
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should only be a function of the detector bias. The data was processed using the
established methodology and is shown in Figure 16. An analytical expression was found
by plotting the calculated slope of the response from each data set shown in Figure 16 to
the corresponding detector bias setting. The unit for the slope is mV/MeV and is
representative of the gain of the PMT. The empirical expression shown in Figure 17 is in

good agreement with the expected analytical form shown in Equation 8.
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Figure 15 Experimental Data Taken at -1.8kV to -2.3kV
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Figure 16 CFD Setting-Energy Deposition Correlations for CI-36 as a Function of Detector Bias
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Figure 17 Calculated Detector Response vs. Detector Bias, Empirical Equation Shown
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The second parameter varied was the reflective material surrounding the scintillator. As a
reminder, the geometries considered are Case 1 - the beryllium reflected geometry, Case
2 - the combination of beryllium and polypropylene, Case 3 - the polypropylene and Case
4 - the Mylar. For this parameterization the data from the proof of concept was used in
addition to one more data set using the Case 4 geometry. The values of the response
function slopes found for each geometry (units of mV/MeV) were 95, 207, 329, and 322,
respectively. The refraction index for each case, for an average wavelength of 420 nm,
are 2.96 [36], 2.33, 1.70 [37], and 1.67 [38], respectively. For the Case 2 geometry the
index of refraction was calculated as an average to reflect the combination of reflective
materials. This assumes that scintillation light is isotropic upon creation and thus an equal
contribution from each material. The response function slopes obtained from each
reflective geometry were plotted as a function of refraction index. The empirical

relationship shown in Figure 18 is linear with a decreasing slope.
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Figure 18 Calculated Detector Response vs. Reflective Material Refraction Index, Empirical
Equation Shown

This is an expected result since reflectance losses are expected to increase with an
increase in the refraction index as given by the relationship shown previously in Equation
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6. For this analysis the reflectivity of the edge wrapping material was neglected since the
ratio of the edge thickness to the face width is 0.03.

The next parameterization was the effect of scintillator size on the reflectivity
relationship. The thicknesses of scintillator used in addition to the 1.00 mm were 0.50
and 0.25 mm thick. Data were taken for each scintillator size using the Case 1 (poly-
poly) and Case 3 (beryllium-beryllium) geometries. For consistency, a ®°Co source was
used for the Case 1 geometry and a **Sr source was used for Case 3. The data were taken
at different bias settings: -2.0 kV for the Case 1 geometry and -2.3 kV for the Case 3
geometry. The magnitude of the detector bias had to be increased for Case 3 to get
meaningful data to compensate for the thinner scintillator. In both set-ups the source was
placed in the central location and the scintillator was placed in the axial center of the
detector housing. The response functions for each of the three sizes are shown for both

geometries in Figure 19.
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Figure 19 CFD setting vs. Energy Deposition for the Case 1 and Case 3 geometries with the 0.25, 0.50,
and 1.0 mm scintillator (-2.0 kV bias used for Case 3 and -2.3 kV bias used for Case 1)

As a consequence of the light yield being proportional to the energy deposition and

independent of the path-length (Equation 2), which is indicative of the scintillator
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thickness, the light yield curve was expected to be constant regardless of the scintillator
size. However, from Figure 19, it is apparent for the Case 1 (beryllium-beryllium)
geometry there was a significant change in the detector response when the scintillator
size was reduced, but there is no apparent effect seen for the Case 3 (poly-poly)
geometry. This is directly related to the losses due to multiple reflections, where the
expected loss from one reflection for the Case 1 geometry is ~10% greater than that for
the Case 3 geometry. In Equation 6 the number of reflections is inversely related to the
scintillator thickness, therefore more reflections occur within a thinner scintillator. Since
the reflectance losses are negligible for the Case 1 geometry the relationship is not seen
until a material with a higher refractive index is used where the losses are no longer

negligible.

Equation 17 was used to derive the analytical expression for the value of the exponent
shown in Figure 19. In this equation F represents the exponent, R is the beryllium
reflectance coefficient, x is the scintillator thickness, and the slope corresponds to each
individual response function for the Case 3 geometry that is dependent upon the
scintillator thickness. The values of the slopes for each of the three scintillator sizes were
normalized to a bias setting of -2.0 kV and the correlation relating the detector response

to refractive index was factored out using n = 2.96 (Equation from Figure 18).

l slope(x) ( 26:58 )]
1629 —180n) \2.3558

F= In(R)

(17)

The expression that provides the relationship for the reflectance exponent can be found
by plotting the value, F, as a function of the scintillator thickness, x. From Figure 20 it
can be seen that the exponent varies as a logarithmic function of the scintillator thickness,
x. If Equation 6 is integrated as a function of scintillator thickness to determine the total
number of reflections a logarithmic dependence is found, which agrees with the empirical

result presented here.
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Figure 20 Calculated Detector Response vs. Scintillator Thickness, Empirical Relationship Shown

To further characterize the detector response function several more data sets were taken
that utilized multiple source locations, reflective materials, and scintillator thicknesses.
Three sets of data were taken for each of the geometries with the source located in the
top, central and bottom locations using the 1.0 mm scintillator. Measured from the top of
the scintillator to the center of the source these dimensions are 1.37, 3.25, and 5.13 cm.
Since meaningful results were hard to obtain with the thinner scintillator in the Case 1
geometry, data were taken with the thinner scintillator using only the Case 3,
polypropylene geometry. A *°Sr source was used for Cases 2, 3 and 4, and a *°Co source
was used for the Case 1 beryllium geometry. In each experiment the bias was kept
constant at -2.0 KV and the scintillator was placed in the axial center of the detector

housing.

Using the same methodology the data were resolved into response functions for each
geometry and source location. The resolved data for the Case 3 (poly-poly) geometry are
shown in Figure 21. Four curves are shown, one for each source location and another
that shows a correlation that corresponds to a point-wise average. For this

parameterization an average would be a better mathematical choice since the uncertainty
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in the location of the scintillation event is not well known. The uncertainty is dominated
by the source spatial distribution to scintillator size ratio, which is approximately 1/3.
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Figure 21 CFD Setting vs. Energy Deposition as a Function of Three Different Source Locations,
Calculations Shown are for a Sr-90 Source with 1 mm Scintillator and Mylar

However, for completeness an analytical solution was sought by plotting the slope of the
correlation from each geometry-source configuration as a function of the corresponding
source location, which in this case is taken to be the center of the source. Of course, a
more appropriate analytical solution can be found if a collimated source or a larger

scintillator is used.

To compare all the data sets as a whole the value of the slope at each source location was
normalized for the material and reflectance dependencies using the relationships shown
in Figures 18 and 19, respectively. The expected analytical expression would be
exponential if the dominant loss mode is the absorption of the scintillation photons within
the scintillator and it is independent of the reflecting material. This was the relationship
assumed and is shown in Figure 22, where the normalized data and exponential fit are
shown. As expected, the error bars are rather large for this relationship given the
uncertainty of the location of the scintillation event. Also of interest, there is no apparent
pattern based on scintillator size or reflective material. This justifies the assumption that
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the reflectance and absorption losses can be calculated independently. If the detector is
presumably uniformly irradiated and the location of the scintillation events is neglected
then the average value could be used. If the equation shown in Figure 22 (y =
1.52e791362) is normalized, the average value (y) from this fit would be 0.67 and

correspond to a source location just above the center of the scintillator at 3.0 cm.

1.5 T r
Reflector and Scintillator Size
14} A best fit b
O Be-Be, 1Imm
1.3F \s O Pp-Pp,imm T
Lot El\ T Mylar, Imm |
' l o \ A Pp-Pp, 0.5mm
S 11}t Pp-Pp,0.25mm ]
[]
> L 4
E 1
c
‘T
(@]

0.7}  Best Fit = 1.52exp(1%62) 25 = 0.317 mV/IMeV 1
R%= 0.871 l o
0.6} 1
0.5 1 1 1 1 1
0 1 2 3 4 5 6

z, Source Location (cm)

Figure 22 Calculated Detector Response vs. Source Location as a Function of Reflective Material and
Scintillator Size, Empirical Relationship Shown

The last parameter varied was the view factor, which directly affects the amount light
incident on the photocathode as seen in the correlations by Schonfelder [21] and Kuijper
[20]. The view factor is a geometric relationship that describes how the scintillator is
viewed by the PMT. In this case it can be defined as the ratio of light incident on the
PMT versus the light emitted from the scintillator. To confirm their findings, data were
taken using the Case 3 (poly-poly) geometry with a ®°Co source centered on the
scintillator, at five scintillator positions: on axis and 2, 4, 6, and 8 mm off-axis. The

results from the five data sets are shown in Figure 23.
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Figure 23 View Factor Experimental Data, Co-60 source in Case 3 Geometry

Assuming isotropic emission of light into a half sphere from the top edge of the
scintillator, the corresponding view factors were calculated to be 0.503, 0.500, 0.478,
0.447, and 0.398 with an uncertainty at the one sigma level of 3%. This error includes a
systematic component corresponding to the error associated with the scintillator
placement with respect to the PMT. These view factors were calculated by solving
Equation 7 with Monte Carlo calculations since the integral equation that dictates the
view factor cannot be solved analytically very easily for the geometries used. For the
Monte Carlo calculation photons are uniformly distributed across a cross-sectional area
that is representative of the top of the scintillator. These photons are then transported in
vacuum to a circular area that is representative of the photocathode surface. The number
of photons that cross this surface is the expected value for the view factor. The use of the
Monte Carlo method was verified by comparing Monte Carlo solutions to analytical
solutions for simple planar geometries [25]. The two methods used to calculate the
solutions agreed to the fourth decimal place. For comparison the data from Figure 23 is

plotted in Figure 24 with the discriminator setting divided by the view factor, Q. As can
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be seen, the five data sets converge to one uniform set when the view factor is accounted

for, thus confirming the findings of Schonfelder and Kuijper.
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Figure 24 Experimental Data Taken with Co-60 in the Case 3 Geometry with the Inclusion of the
View Factor

The final correlation can now be described empirically by factoring out the dependence
of each parameter over the entire suite of experimental data. This provides a correlation
between constant fraction discriminator setting and the energy deposited as a function of
the detector bias, the reflective material, the scintillator thickness, location of the
scintillating event, the amount of light incident on the photocathode, and the quantum
efficiency. The correlation is shown in Figure 25 where all the dependencies developed
have been factored out. The units are still in mV and MeV since all the dependencies are

constants that describe the change in light yield for each parameter and thus are unitless

quantities.

Equation 18 shows the correlation developed for each parameter and includes the energy

dependent term. In this equation B is the absolute value of the detector bias in kV, Q is
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the view factor, x is the location of the scintillation event in cm, t is the scintillator
thickness in cm, 6 is the quantum efficiency, R is the material reflectance, CFD is the
discriminator level, and E is the amount of energy deposited in MeV. The average value,

neglecting the location of the scintillation event, can be found by solving this equation for
x = 3.00.

CFD = Q8B%58¢~0-136x(1 — R)(-268In()-6.2)(1 — 0.29n)(86.4E — 0.33)  (18)
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Figure 25 CFD Setting vs. Energy Deposition, Detector #1 Energy Dependent Relationship Shown

This equation is only valid for this particular set-up within the bounds used to develop
this correlation and is good for energy deposition events in the range of 125 to 970 keV.
These values correspond to the non-linearity boundary as discussed in the Methodology
section. The error bars shown in Figure 25 correspond to the 2 sigma level, which is
twice the calculated standard deviation from the linear fit. In addition to the standard
deviation, 8% uncertainty should be included for the systematic contribution. The
uncertainty in the standard deviation neglects the individual error contributions from each
parameter correlation used to de-convolve the response function and are viewed as

constants that are specific to a detector geometry and set-up. This assumption seems
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valid since the same data used in the final analytical expression was used to develop the
fit for each constant. The uncertainty calculated above was done using six degrees of
freedom, where the degrees of freedom are: one for the experimental data, one for the
original fit of the data, and one for each application of this data to the four parameters
discussed in the de-convolution of the response function. This analytical expression will
now be tested for its compatibility by applying the correlation to the multi-layered

beryllium “layer cake” (BLC) geometry within the same detector.
Combining Response Functions, Detector #1 BLC Geometry

The initial validation for this method involves predicting and then measuring the detector
response function experimentally for detector #1 with the primary BLC geometry in
place. For this experiment a ®®Co source was placed inside the detector housing as shown
in the left image of Figure 5. Data was collected at a fixed bias setting of -2.0 kV and
counts were taken as a function of CFD setting as described previously. The predictive
function for this geometry was determined by calculating a weighted average of the two
different response functions that correspond to the two different geometries within the
primary BLC geometry. The appropriate weighting factors can be determined by
calculating the expected light contribution from each layer. Since a ®*Co source is being
used the contribution from each layer can be approximated by the expected gamma ray
attenuation in each layer. With having multiple materials, beryllium and scintillator, the
attenuation needs to be calculated for each layer. The attenuation coefficients for a 1.25
MeV gamma ray for scintillator and beryllium are 0.0636 and 0.0933 cm, respectively
[39]. The calculated attenuation then for fixed thicknesses of scintillator and beryllium
15 0.994 and 0.971, respectively. The contribution from each scintillator layer can then be
calculated by propagating the attenuation by taking a product of the calculated value and
the attenuation value from the next layer. The expected contribution from each layer,
with the starting layer being the closest to the source, was 1.000, 0.964, 0.931, and 0.898.
Since the problem is symmetric the expected contribution from layers 1 and 4 (case 2
geometry) is 50%. Consequently, the other 50% contribution will come from layers 2

and 3 (case 1 geometry).
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Using MCNP5 the sensitivity of this detector was calculated as a function of energy
deposition, as described previously. The absolute response function in terms of
discriminator level as a function of energy deposition can be found using Equation 18
with the appropriate constants for each geometry. The refraction indices are 2.96 and
2.33 for the inner and outer layers and the corresponding view factors are 0.496 and
0.440, respectively. The reflectance coefficients were calculated to be 0.092 and 0.037.
The detector bias is -2.0 kV, the scintillator thickness was 1.0 mm, the quantum
efficiency was 0.23, and the value used for the scintillation location was 3.25 cm. The
absolute response function, after accounting for the contribution from each layer is shown
in Equation 19. For comparison, Equation 20 shows the directly measured response
function. Both equations statistically agree within the uncertainties of the correlation,
where the uncertainty includes 8% of the value of the slope and the standard deviation

associated with Equation 18.
CFD = 126.8E —0.18,0 = 15mV (19)
CFD = 158E — 6.70,0 = 20mV (20)

Shown in Figure 26 are the experimental data and the predicted values using Equation 19.
The predicted sensitivity deviates largely from the measured values between 100 and 150
mV. From the MCNP calculations these discriminator levels occur between 800 and 900
keV. This deviation is caused by the summing of events in multiple layers within the
detector. Since the correlation was developed for only a single layer the correlation is not
equipped to deal with the summing of events. The single layer correlation predicts a
drastic change in the count rate, which means it predicts the Compton Edge. The
summing of events in multiple layers blurs this expected feature as can be seen by the
constant exponential trend in the count rate. This limitation can be approximated by
considering how the correlation changes if multiple events were to occur. For example, if
a particle deposited energy in two or more layers within the resolving time of the detector
the correlation would under estimate the pulse amplitude by a factor of 0.2 (the intercept
value) times the number of contributing layers. For this detector that could lead to a
maximum underestimation of 0.8 mV. This can be seen in the comparison of Equations

19 and 20 where the intercept value for the directly measured value is much greater in
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magnitude. This limitation between the correlation and current capabilities of MCNP5 is
tolerable since the deviation occurs, for this case, well past a desired operating range.

Since the main goal of the correlation is to have a predictive capability, these results are

promising.
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Figure 26 Validation of Detector Response Function, Predicted and Experimental Sensitivity for a
Co-60 Source in the BLC Geometry

44

www.manaraa.com



7. Detector #2
Description

To test the validity of the correlation another type of beryllium activation detector was
investigated, detector #2, affectionately called the “Big BLC”. Detector #2 in principle is
the same as detector #1 in that it has alternating layers of beryllium and scintillator.
However, the detectors have two components that are drastically different. First, the
beryllium used in this detector is 0.635 cm thick and the active region of this detector is
substantially larger with a square cross-sectional area, 15.875 cm per side. The second
difference is the PMT used in detector #2, a Hamamatsu R1250, which is much larger
than the R5496, has an active cathode diameter of 12.7 cm versus 2.7 cm. The quantum
efficiencies for both are similar at 22% for the R1250 versus 23% for the R5496
(Appendix H). Aside from geometrical differences these two PMT’s have different
electron multiplication structures. The R1250 has a linear focused dynode structure and
the Hamamatsu R5496 used in the small detector has a micro channel plate structure. As
a consequence the R1250 has a longer transit and rise time. However, the difference in
the timing characteristics for this work is non-consequential. The bigger concern was the
factor of 14 increase in the gain of the R1250 versus the R5496.

To compare detectors several sets of data were taken with detector #2 using the same
electronic configuration and the data was resolved using the same methodology as for
detector #1. Three scintillator sizes were used independently: 0.318, 0.050, and 0.025 cm
in two configurations: a single layer and the traditional BLC geometry with alternating
layers of 0.635 mm beryllium. For this detector the 0.318 cm BC-404 scintillator was
adopted from a previous application and the 0.05 and 0.025 cm scintillator was purchased
new for these experiments from Eljen Technologies [29]. To provide some clarity on the
detector configuration, the BLC geometry with the 0.318 cm scintillator is shown in
Figure 27.
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Figure 27 Active Region of Detector #2, BLC geometry Shown with .635 mm Be and 0.318 mm
Scintillator

In all cases the geometric configuration was centered axially under the PMT using
cardboard for spacing. This detector housing was not as easily disassembled as the small
rod detector; therefore data was taken with the source placed on the exterior of the
housing in position #13 as shown in Figure 28. This location corresponds to the center of

the scintillator face within the detector housing.

Figure 28 Detector #2 Source Location Grid
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Much like the small detector, counts versus discriminator setting were taken as a function
of detector bias. Data was taken at -1.6 kV to 2.1 kV for the larger scintillator and from -
1.8 kV to -2.1 kV for the 0.025 and 0.05 cm scintillator. The 2.1 kV ceiling was chosen
to prevent damage to the Ortec 584 module since at this bias 4 V pulses were observable

which approaches the maximum allowable input pulse of 5V.
Detector #2 Results

As discussed in the previous section the PMT used in this detector has a factor of 14
increase in gain. Analytically it is unclear on how to correct the bias term from Equation
18 to reflect this increase. Thus, the first sets of experiments were conducted to correct
this term. Six sets of data were taken with the BLC geometry shown in Figure 26 at bias
settings of -1.6 kV/ to 2.1 kV in .1 kV increments with a ®°Co source placed in location
#13. The data was resolved using the same method to find the bias term for detector #1.
The results are shown in Figure 29, where the slope from each resolved data set is plotted

versus the corresponding bias.
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Figure 29 Detector #2 Calculated Detector Response vs. Detector Bias, Empirical Relationship
Shown
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If the gain was related as shown in Equation 21, a reference bias for detector #2 could be
found.

GBl6'56 — 3%0'48 (21)

In this equation G represents the factor of 14 increase in the gain, B, the reference bias
(2.0 kV) for detector #1, and similarly By is a reference bias for detector #2. This
equation can be re-arranged to solve for B,, which gives a reference bias of 2 kV which is
equivalent to the reference bias for detector #1. This suggests the coefficient in the
exponent (10.48) for the new bias term in Equation 21 can be found if the reference bias
for detector #2 is set equivalent to the bias used to develop the initial relationship. Since
there are only two data points to correlate for Equation 21, this isn’t substantial, but this

could provide a quick reference if another PMT is used.

The second parameter that could be different for detector #2 is the coefficient for the
spatial dependence. Using the equation shown in Figure 22 (y = 1.52¢79-1362),
normalized to unity, an average value, for this size of scintillator, would be 0.41 and
corresponds to a vertical distance of 6.56 cm from the top edge of the scintillator. To see
how this average correlates a set of 9 experiments were conducted using the BLC
geometry shown in Figure 26 at a bias of -1.8 kV with a ®°Co source placed
independently in locations: 1,3,5,11,13,15,21,23, and 25 as shown in Figure 28. The data
was resolved using the same methodology and the slope of each response function was
plotted as a function of the corresponding source location as shown in Figure 30. For
reference the dimensions are measured from left to right and from top to bottom on the

detector face.

From Figure 30 it is unclear as to why the response was greater on the left edge (-5.08)
versus the right edge, but the response can be considered uniform, within 3% deviation,
across the horizontal direction. The change in response is far more substantial in the
vertical direction. This confirms the lack of a horizontal correction in the correlation and
the one dimensional derivation shown in Figure 4 is justifiable. The mean slope for the
response from these 9 measurements is 398 mV/MeV and would coincide to a source
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location just above the center, which agrees with the predicted value of 402 mV/MeV at a

source location of 6.56 cm.
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Figure 30 Calculated Detector Response vs. Source Location, Detector #2 BLC geometry with 10 .318

mm scintillator layers

Another concern with the larger detector and the increase in scintillator volume was the

possibility of summing events from the cascade gamma rays associated with the decay of

®0Co. Data was taken with both a *¥’Cs and ®°Co source independently in location #13

using the geometry shown in figure 27 at a bias of -2.0 kV. The response functions for

each source are shown in Figure 31. In this figure there is excellent agreement between

the two sources. Also, there are two distinct slopes that can be seen in the **’Cs response

function, where the steepest slope begins at the Compton Edge for **’Cs (477 keV) and is

a result of summing in multiple layers. This confirms the treatment of the ®Co gamma

rays as independent events was a valid assumption.
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Figure 31 Comparison of response functions produced with Cs-137 and Co-60 with 10-0.318 mm
scintillator

From the small rod detector correlation using multiple layers produced a slightly different
correlation than with a single layer (see Equations 19 and 20). The concern with the
bigger detector is that these differences would no longer be negligible. Data was
compared for a single layer of 0.318 mm scintillator and the full BLC geometry shown in
Figure 27 using a ®°Co source in position # 13 at a bias of -1.8 kV. The resolved data is
shown in Figure 32. There are two distinct slopes for the BLC geometry response curve,
where the steepest slope corresponds to multiple layer events. The other slope is a
combination of both single and multiple events, which can be inferred from direct
comparison with the single layer data. As a review, the predicted value of the CFD
setting for a multi-layer geometry will change by some multiple of the intercept value,
where the multiplier is dependent on the number of individual layers where energy loss
events have occurred that contribute to the signal within the resolving time of the
detector. The results shown here are expected since the single layer correlation has a
negative slope, the value of the CFD setting within the same energy range is less for a

multi-layer geometry. Although the two response functions do not agree within the
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standard deviation of each fit, they do agree if the 8% systematic uncertainty is included.
A more detailed analysis on the effects of layering could be undertaken at a later date. All
of the previous experiments for this detector were repeated for both the 0.25 and 0.50 mm

scintillator. The results were similar and the data can be found in Appendix A.
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Figure 32 Comparison of Detector # 2 Response Functions, Single Scintillator Layer vs. BLC
Geometry

To directly compare the data between detectors the data from detector #2 was resolved

using a modified version of the parameter coefficient equation and is shown in Equation
22.

CFD = Q8310'486_0'136x(1 _ R)(—2.681n(t)—6.2)(1 _ 02971) (22)

The only difference in the parameters is the modified bias term, the quantum efficiency
(6) is 0.22 instead of 0.23 and the spatial term is solved for x = 7.94, which corresponds
to the center of the detector where all the data was taken. The other factors remain the
same: 2.96 for the refraction index (n), 0.092 for the reflectance coefficient (R) and the
view factor, QQ was geometry specific. The calculation for the view factor was solved in

similar fashion as discussed previously except the contribution of light from each layer in
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the multi-layered geometries was inferred from the results of the MCNPS5 calculation.
This can be done by calculating the energy deposition as a function of a single layer in
addition to calculating the energy deposition in all the layers. All the data taken with this
detector was modified where the CFD setting was factored by the constants shown in
Equation 22. The data was plotted as a function of energy as shown in Figure 33. For
comparison the two energy dependent portions of the overall correlation for both detector
#1 and #2 are shown in Equations 23 and 24, respectively. A pictorial comparison of the
same two correlations is shown in Figure 34. There is excellent agreement between the
two correlations, which confirms that the application of the methodology can be
transferred between two detector systems.

D, = 86.40E — 0.33,20 = 6.7mV (23)
D, = 93.33E —4.74,20 = 6.7 mV (24-)
140 T T
Best Fit = 93.33x -4.74 ,26 = 6.7 mV
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é 80 B
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Figure 33 CFD Setting vs. Energy Deposition, Detector #2 Energy Dependent Relationship Shown
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Figure 34 Comparison of Detectors # 1 and 2 Energy Dependent Response Functions
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8. Validation
Experiment

Detector # 1 and # 2, both with the BLC geometry configuration in place, were exposed
to a known neutron fluence at the lon Beam Laboratory located at Sandia National
Laboratories. D-D neutrons were generated by accelerating 175 keV D" ions into a thin
ErD, (erbium-deuteride) target using a 350 keV Cockroft-Walton accelerator. The ErD,
target is located inside a six inch diameter cylindrical vacuum chamber made of thin
walled aluminum. There are three penetrations within the chamber wall, one for the beam
line and two for SBD (surface barrier detectors) at angles of 110 and 165 degrees with
respect to the beam line. The SBD detectors are nearly 100% efficient at measuring the
protons produced from the D-D reactions that also produce tritium.

Nine total measurements were taken, one for the small rod detector and eight for the big
BLC detector. Data was taken using the same electronic configuration as shown in Figure
7. The validation for the small rod detector has been discussed elsewhere [40] (Appendix
J) so only the results for detector #2 will be presented here. Detector #2 was used for
eight separate runs, where two of the runs were at a distance of 40.33 cm from the face
of the detector to the source and the other six runs were conducted at a distance of 12.06

cm. In all cases the layer configuration was placed normal to the incident neutron fluence.

Given the short half-life of the °He nucleus, this detector is only useful for pulsed neutron
sources since the number of nuclei produced would saturate in ~4 seconds. The overall
experimental set-up and the collection of data is discussed elsewhere [41] but a brief
description will be provided here. To emulate this short pulse, the D* beam was cycled in
20 second intervals, where the beam was on target for four seconds and then off target for
sixteen seconds. This ensured a maximum build-up rate of ®He in the beryllium layers.
Counts were then taken for the first 12 seconds of the 16 second beam off interval in 100
ms increments. This cycling was repeated until ~ 10,000 counts were obtained in the first
time bin. An average background rate per 100 ms was obtained by integrating the last
four seconds of the counting time and then dividing by the number of bins. This method

for obtaining the background assumes that 99.99% of the ®He has decayed since the
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background counts were taken after approximately ten °He half-lives (~8 sec.) had
transpired. The net counts per 100 ms interval were obtained by subtracting the
background, bin by bin, from the total counts. The initial amount of °He produced, A,

was found by the integral method as shown in Equation 23.

~ (C - B)A
4, = (e—/ltl _ e“MZ)(l _ e—/lto)

(23)

In this equation (C-B) is the integrated count rate from t; to t,, A is the decay constant and
to is the total irradiation time (4 sec.). The initial activity was then divided by the number
of neutrons incident at the average detector solid angle (¢g), which corresponds to the
mid-point of the detector, using Equation 24 to obtain the detector sensitivity, n.

Ao

n= . (24)

=l

The calculation of the neutron fluence was done using the Associated Particle Method
(APM) as described in detail by Ruiz et al. [42] and Cooper et al. [43]. APM is a well-
established method for accurately measuring the neutron fluence for both D-D and D-T
neutrons. These calculations are widely accepted and used for determining cross
calibration factors for neutron detector systems. A brief summary of the method will be
described here. Based on the kinematic relationship of accelerating 175 keV D+ ions into
a target one can infer from the number of protons detected by the two SBD detectors the
number of neutrons incident at a given solid angle. The sensitivity calculations were
performed independently by C.L. Ruiz [41] and then compared to the sensitivities

predicted using the methodology presented here.

Monte Carlo Calculations

The prediction of the detector sensitivity required three Monte Carlo calculations. Two
are used to determine the production and decay of °He and the third is used to determine
the number of source neutrons at the average solid angle of the detector. The neutron
source used to determine the production of the ®He was a distributed energy neutron

source consistent with the kinematics of accelerating 175 keV D" ions into an ErD; target
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[1]. The number of °He nuclei produced per beryllium layer can be found in MCNP5
using Equation 25.

R = pNoV (25)

Where R is the number of °He nuclei produced per layer normalized per source

neutron, ¢ is the neutron scalar flux in cm™, N is the atom density of beryllium in atoms-
cm®, o is the energy dependent *Be (n, o) *He cross-section in barns (102*cm?), and V is
the volume of each beryllium layer in cm®. This value can be calculated directly in
MCNPS5 by using a flux multiplier, FM4 (Appendix D). The flux multiplier tells the
model to multiply the energy dependent neutron fluence by the energy dependent °Be (n,
o) °He cross-section by the atom density and volume of the material. These values are
then used to define the spatial location (in terms of which layer the nuclei was produced)
of the ®He beta particles for the second calculation, which simulates the beta decay of
®He.

Since the amount of ®He nuclei is calculated per layer, the starting location for the *He
beta particles are assumed to be uniformly distributed throughout the beryllium layer.
The initial beta particle energy was sampled from an experimentally obtained energy
spectra found in previous work by others[44]. The calculated beta spectrum is a discreet
probability distribution and was linearly interpolated between points. An F8 tally, as
described previously, was then used to determine the number of measurable events as a
function of differential energy loss. The results from these calculations were used to
determine the contribution from each layer for the view factor calculation and the total
number of measurable events as a function of energy as described previously. Thus the
total number of results needed from this calculation numbered one more than the number
of scintillator layers in the detector. The number of neutrons incident at the average solid
angle was found with another Monte Carlo calculation. The neutron source term used in
the first calculation was used again here to determine the number of particles crossing a
square plane, the size of the beryllium layer, at 90 degrees to the source at the distance
that corresponds to the mid-point of the detector. Taking the product of the three
calculations gives the detector sensitivity as a function of energy deposition given by

Equation 26. In this equation n; is the predicted sensitivity as a function of energy, R/ns
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is the result from the first calculation in °He produced per source neutron, Cts/R is the
result from the second calculation in number of counts per ®°He produced, and finally
ns/Nng is the inverse ratio of the final calculation in number of neutrons incident at the

average solid angle per source neutron.
R7[Cts1[n
0 =& 2
10 = [ |5 | | (26)

This can then be converted to a sensitivity as a function of discriminator setting by
applying Equation 22. Alternatively, if the discriminator setting is known, as is the case
here, Equation 22 can be inverted to find the corresponding energy. A summary of the
experimental conditions and a comparison of the measured and predicted sensitivity are
shown in Table IV. A visual comparison of the values calculated using APM and the
correlation developed here for detector #2 are shown graphically in Figure 35. The blue
line depicts the predicted sensitivity as a function of discriminator setting and the two red
lines show the 68% confidence interval that corresponds to £ 9 mV for the systematic

error and 4 mV for the correlation standard deviation.

Table 11V Comparison of Detector # 2 Sensitivities, Measured and Predicted

Distance Measured (M) Predicted (P) % Difference

(inches) Sensitivity Sensitivity M - P|/M
12.06 1.86E-2 1.14E-2 38.5%

12.06 1.36E-2 1.01E-2 26.0%
12.06 1.43E-2 1.01E-2 29.6%
12.06 8.53E-3 7.77E-3 8.92%
40.33 8.99E-3 7.77E-3 13.6%
40.33 7.10E-3 7.77E-3 9.43%
12.06 5.55E-3 4.73E-3 14.8%
12.06 2.26E-3 1.41E-3 37.5%

5 of the 8 measurements agree statistically with the prediction with an overall average
fractional standard deviation for the 8 values of 25%. It is uncertain why the predicted
sensitivity does not match the measured data at lower CFD settings, where the predicted
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sensitivity predicts a much steadier range of operation between 20 and 75 mV. The
deviation between the measured and predicted values can possibly be attributed to two
factors: the spectral data used for the ®He is not accurately modeled, which the spectral
shape will affect the predicted values or there is activated material that the model does
not account for. The goal of this work is to be able to have a predictive capability and
these results conclusively show a predictive capability that produce the expected result
within 25% for this data set, but with some investigation and improvement to the model
this predictive capability could extend to within as little as 12-15% as suggested by the
trend at higher CFD settings as shown in Figure 35. While this isn’t the most desirable

result it will provide sufficient direction for future work.
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Figure 35 Predicted and Measured Sensitivities for Detector #2 as a function of CFD setting
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9. Optimization

The current design of the existing BLC detector used by Sandia National Laboratories,
shown in Figure 3, was used as reference geometry for an optimization study. The current
design came to fruition after several prototype designs. Originally two designs were
considered a “layer cake” design and a “rod design” which had several beryllium rods
encased in a cylinder of scintillator. These designs suffered from having too much
scintillator for the Z-environment. The initial bremsstrahlung pulse damaged the Ortec
584 CFD module that resulted in the total loss of data. In addition, if data was
recoverable, gamma rays from activated material within and surrounding the detector
reduced the signal-to-noise of the detectors. An investigation into an appropriate volume
ratio of beryllium to scintillator was investigated. It was determined from a very limited
set of experimental data that 3.18 mm thick beryllium and 1.00 mm thick scintillator
would be sufficient enough to reduce the expected background on Z while maintaining
the integrity of the signal of interest. The purpose of this study is to see if any
improvements can be made to the existing design given the newly established
methodology.

For this study four thicknesses of beryllium and scintillator were investigated: 3.0, 2.0,
1.0, and 0.25 mm each having a square cross-sectional area, 10.16 cm per side. In each
case, constant thicknesses of beryllium and scintillator were alternated in a similar
fashion as to what is shown in Figure 36, except for this study an extra layer of
scintillator was added such that the two outer most layers were always scintillator. In
addition, 0.01 cm thick pieces of reflective Mylar were sandwiched between each layer of
scintillator and beryllium. The entire BLC assembly was encased in a 0.8-mm thick
aluminum housing. For each of the four thicknesses of beryllium assumed, four
thicknesses of scintillator were modeled, so that the total number of geometrical
permutations was sixteen. For reference, the dimensions in the x and y directions are both
10.4 cm, while the dimension in the z direction is 10.4 with a variation of £ 0.2 cm to
accommodate differences in the variations of the scintillator and beryllium stacked

dimensions. It was important to keep the z-dimension as close as possible to 10.4 cm so
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each configuration was comparable without having to correct for the source-to-detector
solid angle and attenuation.

10.4 /- 0.2 cm

10.4 cm
Yallow - BC-404 , Blua - Barvllium, Ked - Aluminum

Aplar is not shown for clarity

Figure 36 MCNP Geometry, 2 mm BC-404 scintillator and 2 mm Beryllium Layers Shown

For this study an isotropic-point D-D neutron source was considered at a neutron
temperature of 10 keV, 50 cm from the detector face. The lower limit for this study was
chosen at an energy of 200 keV, which corresponds to a discriminator level of 95 mV if
the following parameters are assumed: a R5496 PMT at a bias of -2.0 kV, a view factor
of 1 assuming no loss in the Lexan light guides, the average value of 0.541 was used for
the spatial dependence and Mylar is used for the reflective material. The method used to
determine the sensitivity was the same for this study as discussed in the Validation

section. The final results of this study are shown in Figure 37.

From this figure it appears the optimized configuration will consist of alternating layers
of 2 mm beryllium (33 total) and 1mm scintillator (34 total). This is only a modest
improvement over the current design of 10%, but with a predictive capability within

25%, these results suggest the current detector is satisfactorily designed.
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Figure 37 Detector Sensitivity as a function of scintillator and beryllium thicknesses
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10. Conclusion

For this work a methodology has been developed to predict the sensitivity of a
beryllium/scintillator fusion neutron detector. Neutrons may be captured by the
beryllium via the °Be (n, «) °He nuclear reaction, where the product nucleus, °He, decays
by beta emission. The beta particles can be detected by close coupling scintillator with
the beryllium. The methodology relates beta energy deposition to absolute measured
scintillation light output as a function of detector bias, reflective material, scintillator
thickness, and solid angle subtended by the scintillator on the face of the PMT. Output
signals were measured from thin plastic scintillator using NIST traceable beta and gamma
sources and MCNP5 was used to model the energy deposition from each source.
Combining the experimental and calculated results gives the desired empirical
relationships. The results from this methodology were compared with previous work and
the two results were in good agreement. The empirical relationships were applied to a
similar detector with much larger dimensions and very different response characteristics.
The correlation between the two systems produced nearly identical results. To validate,
the sensitivity of the second beryllium/scintillator-layer neutron activation detector was
predicted and then exposed to a known DD neutron fluence. The neutron fluence was
determined by the associated particle method from which the detector sensitivity could be
inferred. The predicted and the measured sensitivity agreed within a range of 8 to 38
percent difference with an average standard deviation of 25% from 8 total measurements.
Predicting the detector performance within 25% is adequate enough to guide future
detector design decisions. To test this methodology it was applied to the design modeled
after Sandia National Laboratories current beryllium detector, which was originally
designed using results from a very limited set of experimental data. The results of these
calculations indicated that the design was in fact optimal within the uncertainties of this

work.
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Appendix A Experimental Data and Calculated Response Functions

Detector #1

Proof of Concept - Case 1 (Beryllium/Beryllium)

Co60 Source
Collected Data

Initial Activity

Current Activity
Slope [mV/MeV]
Intercept [mV]

147227 | VEIEEL

Scintillator Thickness (mm)

pYFJAT Detector Bias (-kV)

Calibration Date 8/1/06 | Sleltige=Holeryilo)y!

Ry omEScintillator Location

YN o-slope [mV/MeV]
o-Intercept [mV]

1

2

center

on axis

beryllium/beryllium

R o-Linear Fit (Std. Dev.) [mV]
Disc ~ Time | Total Counts ~ BG  Net(Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc.  Error%
20 10 17082 1708.2 | 16.08 1692.1 1.15E-02 | 0.201 3.97
30 20 20126 1006.3 2.03 1004.2 6.82E-03 | 0.311 2.34
40 20 10972 548.6 0.96 547.6 | 3.72E-03 | 0.424 1.99
50 40 12257 306.4 0.50 305.9 2.08E-03 | 0.527 1.46
60 90 13411 149.0 0.25 148.7 1.01E-03 | 0.641 1.31
70 100 7102 71.0 0.00 71.0 | 4.82E-04 | 0.747 1.43
80 300 9956 33.1 0.00 33.1 2.25E-04 | 0.843 2.11
100 300 2655 8.8 0.00 8.8 | 6.01E-05 | 0.966 3.21
120 300 567 1.8 0.00 1.8 1.28E-05 | 1.073 3.02
Co60 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2
Calibration Date Source Location center
Initial Activity Scintillator Location on axis

Current Activity
Slope [mV/MeV]
Intercept [mV]

141762 | \V/EiHEGE

EEREE o-slope [mV/MeV]
o-Intercept [mV]

beryllium/beryllium

R? o-Linear Fit (Std. Dev.) [mV]

Disc ~ Time | Total Counts ~ BG ~ NetCts. (C—B) MeV Disc

(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc.  Error%
20 10 16027 1602.7 16.08 1586.6 1.12E-02 | 0.208 3.98
40 20 10389 519.4 2.03 517.4 3.65E-03 | 0.427 1.90
60 60 8355 139.2 0.96 138.3 9.76E-04 | 0.646 1.16
80 100 3179 31.7 0.50 31.3 2.21E-04 | 0.844 1.24

100 300 2087 6.9 0.25 6.7 4.73E-05 | 0.984 1.33
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120 300 | 425 | 14| 0.0 | 14| 9.99E-06| 1.082| 057
Cs-137 Source Scintillator Thickness (mm) 1
Collected Data YRRV Detector Bias (-kV) 2
Calibration Date YAVl Source Location center
Initial Activity L0 Scintillator Location on axis

Current Activity
Slope [mV/MeV]
Intercept [mV]

17712.1 | VEIEEL

119.71 R[N\ ZAEAY
m o-Intercept [mV]

beryllium/beryllium

R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG  NetCts. (C—B) Mev Disc
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc.  Error%
20 200 12126 60.63 16.08 44,55 2.52E-03 | 0.222 4.63
30 300 8143 27.14 2.79 24.35 1.37E-03 | 0.308 2.40
40 300 3562 11.87 2.03 9.84 5.56E-04 | 0.396 2.16
50 300 1375 4.58 1.46 3.12 1.76E-04 | 0.452 5.97
60 300 545 1.82 0.96 0.86 4.84E-05 | 0.489 4.63
Na-22 Source Scintillator Thickness (mm) 1
Collected Data pYRJAT M Detector Bias (-kV) 2
Calibration Date Source Location center
Initial Activity Scintillator Location on axis

Current Activity
Slope [mV/MeV]
Intercept [mV]

Material

YWl o-slope [mV/MeV]
o-Intercept [mV]

beryllium/beryllium

0.95

1.79

R o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts E Net Cts. (C—B) MeV Disc.

(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc.  Error%
20 20 9889 494.45 16.08 478.37 9.48E-03 | 0.209 3.43
30 40 9565 239.13 2.79 236.34 4.69€-03 | 0.304 2.16
40 90 10428 115.87 2.03 113.84 2.26E-03 | 0.392 1.60
50 200 11765 58.83 1.46 57.37 1.14e-03 | 0.514 1.55
60 300 8884 29.61 0.96 28.65 5.68E-04 | 0.630 1.42
70 300 4435 14.78 0.68 14.10 2.80E-04 | 0.738 1.85
80 300 2492 8.31 0.50 7.81 1.55E-04 | 0.820 1.75
90 300 1155 3.85 0.35 3.50 | 6.94E-05 | 0.909 1.58

Proof of Concept - Case 2 (Beryllium/Polypropylene)

Co-60 Source Scintillator Thickness (mm) 1
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Collected Data pYFJAT Detector Bias (-kV) 2
Calibration Date YAV{s[Sl Source Location center
Initial Activity EEN ool ScintillatorLocation on axis

Current Activity 147227 | VEIEREL

beryllium/polypropylene

Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]
R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts ﬁ Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc.  Error%
20 5 19036 3807.2 2.83 3804.3 2.58E-02 | 0.078 10.04
40 5 13074 2614.8 1.39 2613.4 1.78E-02 | 0.213 4.14
60 10 16099 1609.9 0.65 1609.2 1.09E-02 | 0.322 2.59
80 10 9665 966.5 0.35| 966.15 6.56E-03 | 0.423 2.05
100 20 11346 567.30 0.22 567.08 3.85E-03 | 0.524 1.56
120 30 9404 313.47 0.26 313.21 2.13E-03 | 0.629 1.93
140 60 12178 202.97 0.15 202.82 1.38E-03 | 0.700 1.22
160 100 10979 109.79 0.10 109.69 7.45E-04 | 0.793 1.34
180 200 12142 60.71 0.08 60.63 4.12E-04 | 0.869 1.62
200 300 10299 34.33 0.08 34.25 2.33E-04 | 0.925 1.51
220 300 5035 16.78 0.00 16.78 1.14E-04 | 0.986 2.35
240 300 3045 10.15 0.00 10.15 6.89E-05 | 1.028 2.08

Cl-36 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2
Calibration Date Source Location center
Initial Activity Scintillator Location on axis
Current Activity Material beryllium/polypropylene

Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

R? o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts E Net Cts. (C—B) MeV Disc.

(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc.  Error%
20 30 11906 | 396.87 2.83 394.04 5.10E-01 | 0.105 6.44
40 50 11152 | 223.04 1.39 221.65 2.87E-01 | 0.254 2.17
60 100 9001 90.01 0.65 89.36 1.16E-01 | 0.377 1.12
80 300 7411 24.70 0.35 24.35 3.15E-02 | 0.489 0.78

100 300 1661 5.54 0.22 5.32 6.88E-03 | 0.580 0.49

Sr-90 Source Scintillator Thickness (mm) 1

Collected Data YAV Detector Bias (-k\) 2
Calibration Date VALY Source Location center
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Initial Activity

Current Activity
Slope [mV/MeV]
Intercept [mV]

Scintillator Location
Material
sCRE O-slope [mV/MeV]

o-Intercept [mV]

on axis

beryllium/polypropylene

R o-Linear Fit (Std. Dev.) [mV]
Disc ~ Time | Total Counts ~ BG ~ NetCts. (C—B) MeV Disc
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc.  Error%
20 40 8984 | 224.60 2.83 | 221.77 | 9.81E-01 | 0.119 12.60
40 70 10684 | 152.63 1.39 | 151.24 | 6.69E-01 | 0.228 3.47
60 100 8838 88.38 0.65 87.73 | 3.88E-01 | 0.330 2.42
80 200 10825 54.13 0.35 53.78 | 2.38E-01 | 0.418 1.64
100 300 9803 32.68 0.22 32.46 1.44E-01 | 0.530 1.49
120 300 6211 20.70 0.26 20.44 | 9.04E-02 | 0.651 1.76
140 300 4197 13.99 0.15 13.84 | 6.12E-02 | 0.752 1.90
160 300 2979 9.93 0.10 9.83 | 4.35E-02 | 0.838 1.56
180 300 1953 6.51 0.08 6.43 | 2.84E-02 | 0.942 1.31
Proof of Concept - Case 3(Polypropylene/Polypropylene)
Cl-36 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2
Calibration Date Source Location center
Initial Activity Scintillator Location on axis

Current Activity
Slope [mV/MeV]
Intercept [mV]

Vtera

Wl O-slope [mV/MeV]
o-Intercept [mV]

polypropylene/polypropylene
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R? o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts E NetCts. (C—B) MeV Disc.
(mV) (Sec.) Counts Sec. Sec. Sec. A, Calc.  Error%
20 20 9057 | 452.85 2.83 450.02 5.82E-01 | 0.053 18.07
40 30 11008 | 366.93 1.39 365.54 4,73E-01 | 0.131 5.75
60 40 11008 | 275.20 0.65 274.55 3.55E-01 | 0.211 3.09
80 60 11478 | 191.30 0.35 190.95 2.47E-01 | 0.280 1.82
100 80 9701 | 121.26 0.22 121.04 1.57E-01 | 0.342 1.27
120 100 7082 70.82 0.26 70.56 9.13E-02 | 0.400 0.84
140 200 6784 33.92 0.15 33.77 4.37E-02 | 0.466 0.54
160 300 2580 8.60 0.10 8.50 1.10E-02 | 0.553 0.88
180 300 911 3.04 0.08 2.96 3.82E-03 | 0.601 0.45
Co-60 Source Scintillator Thickness (mm) 1
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Collected Data

Current Activity
Slope [mV/MeV]
Intercept [mV]

(JPAVARERN Detector Bias (-k\V)
Calibration Date 8/1/2006 | <fe)tle= Holer|iloly
Initial Activity

153124 | VEIE L

Ry omEScintillator Location

kXY Wil o-slope [mV/MeV]

-14.08 | o llgrizideion

2

center

on axis

polypropylene/polypropylene

R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts E Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
20 3 12119 | 4039.67 2.83 | 4036.84 | 2.64E-02 0.009 18.49
40 4 13341 | 3335.25 1.39 | 3333.86 | 2.18E-02 0.092 8.64
60 4 10454 | 2613.50 0.65 | 2612.85 | 1.71E-02 0.187 4.96
80 5 10080 | 2016.00 0.35 | 2015.65 | 1.32E-02 0.254 3.09
100 8 12163 | 1520.38 0.22 | 1520.16 | 9.93E-03 0.317 2.64
120 10 11081 | 1108.10 0.26 | 1107.84 | 7.23E-03 0.383 2.36
140 10 8024 | 802.40 0.15 | 802.25| 5.24E-03 0.446 1.90
160 20 11922 | 596.10 0.10 | 596.00 | 3.89E-03 0.502 1.67
180 30 12898 | 429.93 0.08 | 429.85 | 2.81E-03 0.564 1.53
200 40 12444 | 311.10 0.08 | 311.02 | 2.03E-03 0.621 1.27
220 40 8604 | 215.10 215.10 | 1.40E-03 0.681 1.53
240 50 7462 149.24 149.24 | 9.75E-04 0.738 1.31
260 80 8220 102.75 102.75 | 6.71E-04 0.792 1.57
280 100 6787 67.87 67.87 | 4.43E-04 0.845 1.64
300 200 9005 45.03 45.03 | 2.94E-04 0.893 1.76
350 300 4486 14.95 14.95 | 9.77E-05 0.993 1.55
400 600 3139 5.23 5.23 | 3.42E-05 1.068 1.70
Pb-210 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2
Calibration Date Source Location center
Initial Activity Scintillator Location on axis

Current Activity
Slope [mV/MeV]
Intercept [mV]

200.72 | VEIEHE]

I ALY R O-slope [mV/MeV]

o-Intercept [mV]

polypropylene/polypropylene

R? o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts E Net Cts. (C—B) MeV Disc.

(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
20 100 10700 107.00 2.83 104.17 | 5.19k-01 0.001 28.20
40 100 8906 89.06 1.39 87.67 | 4.37E-01 0.085 13.30
60 200 14028 70.14 0.65 69.49 | 3.46E-01 0.167 5.06
80 200 9866 49.33 0.35 48.98 | 2.44E-01 0.240 3.57
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100 300 10295 34.32 0.22 34.10 | 1.70E-01 0.302 2.46
120 300 6586 21.95 0.26 21.69 | 1.08E-01 0.372 2.12
140 300 4256 14.19 0.15 14.04 | 6.99E-02 0.433 1.60
160 300 2502 8.34 0.10 8.24 | 4.11E-02 0.502 1.32
Sr-90 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2
Calibration Date Source Location center
Initial Activity Scintillator Location on axis

Current Activity
Slope [mV/MeV]
Intercept [mV]

Material

EVER:Y) 0-slope [mV/MeV]
o-Intercept [mV]

polypropylene/polypropylene

R? o-Linear Fit (Std. Dev.) [mV]
Disc Time | Total Counts ~ BG ~ Net(ts. (C—B) Mev Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
20 40 9804 | 245.10 2.83 | 242.27 | 1.07E+00 0.058 18.23
40 50 10192 203.84 1.39 | 202.45 | 8.94E-01 0.144 8.63
60 60 9654 | 160.90 0.65 160.25 | 7.08E-01 0.209 3.86
80 70 8428 120.40 0.35 120.05 | 5.30E-01 0.269 2.36
100 90 7532 83.69 0.22 83.47 | 3.69E-01 0.335 2.11
120 200 12287 61.44 0.26 61.18 | 2.70E-01 0.391 1.39
140 200 8875 44,38 0.15 44.23 | 1.95E-01 0.458 1.69
160 300 10137 33.79 0.10 33.69 | 1.49E-01 0.523 1.60
180 300 7995 26.65 0.08 26.57 | 1.17E-01 0.585 1.32
200 300 6112 20.37 0.08 20.29 | 8.96E-02 0.658 1.18
Proof of Concept - Case 4 (Mylar)
Sr-90 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2
Calibration Date Source Location center
Initial Activity Scintillator Location on axis

Current Activity
Slope [mV/MeV]
Intercept [mV]

Material

322.84 R T IA N\ AV
o-Intercept [mV]

Mylar Wrap

R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts ~ BG ~ Net(ts. (C—B) Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Error %
20 50 11619 232.38 2.83 229.55 | 1.02E+00 0.065 24.71
40 100 20006 200.06 1.39 198.67 | 8.83E-01 0.142 8.95
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60 100 15860 158.60 0.65 157.95 | 7.02E-01 0.208 3.59

80 100 11538 115.38 0.35 115.03 | 5.11E-01 0.272 2.76
100 200 16858 84.29 0.22 84.07 | 3.74E-01 0.330 2.02
120 200 12327 61.64 0.26 61.38 | 2.73E-01 0.387 1.79
140 200 9153 45.77 0.15 45.62 | 2.03E-01 0.445 1.52
160 300 10182 33.94 0.10 33.84 | 1.50E-01 0.517 1.96
180 300 8084 26.95 0.08 26.87 | 1.19E-01 0.578 1.71
200 300 6332 21.11 0.08 21.03 | 9.35E-02 0.643 1.53
220 300 4893 16.31 0.00 16.31 | 7.25E-02 0.710 1.98
240 300 3983 13.28 0.00 13.28 | 5.90E-02 0.763 1.61
260 300 3105 10.35 0.00 10.35 | 4.60E-02 0.826 1.63
280 300 2442 8.14 0.00 8.14 | 3.62E-02 0.885 1.53
300 300 1884 6.28 0.00 6.28 | 2.79E-02 0.947 1.35

Bias Correlation - Case 1 (Beryllium/Beryllium)

Co60 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 1.9
Calibration Date Source Location center
Initial Activity Scintillator Location on axis
Current Activity Material beryllium/beryllium

Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

R o-Linear Fit (Std. Dev.) [mV]

Disc Time | Total Counts ~ BG ~ NetCts. (C—B) MeVv Disc.

(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
20 10 7706 770.60 1.49 769.11 | 5.60E-03 0.187 2.21
30 50 12036 240.72 0.73 239.99 | 1.75E-03 0.342 1.66
40 100 7793 77.93 0.34 77.59 | 5.65E-04 0.480 1.56
50 300 6206 20.69 0.17 20.52 | 1.49E-04 0.632 1.43

Co60 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2.0
Calibration Date Source Location center
Initial Activity Scintillator Location on axis
Current Activity Material
Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]

R’ R0l o-Linear Fit (Std. Dev.) [mV]

beryllium/beryllium
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Disc Time Total Counts BG  NetCts. (C—-B) Mev Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
20 10 11702 | 1170.20 2.82 | 1167.38 | 8.50E-03 0.133 2.84
30 20 11257 | 562.85 1.62 | 561.23 | 4.09E-03 0.230 2.05
40 50 13017 | 260.34 1.09 | 259.25| 1.89E-03 0.333 1.55
50 100 10929 109.29 0.52 108.77 | 7.92E-04 0.439 1.38
60 200 8406 42.03 0.23 41.80 | 3.04E-04 0.550 1.59
70 300 5090 16.97 16.97 | 1.24E-04 0.651 1.56
Co60 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2.1
Calibration Date Source Location center
Initial Activity Scintillator Location on axis
Current Activity Material beryllium/beryllium
Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]
R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts ﬁ Net Cts. (C —B) Disc.
(mV) (Sec.) Counts Sec. Sec. Sec. A, Error %
20 10 15220 | 1522.00 6.37 | 1515.63 | 1.10E-02 0.096 5.11
30 10 9525 | 952.50 2.60 | 949.90 | 6.92E-03 0.158 2.88
40 20 11196 | 559.80 1.84 | 557.96 | 4.06E-03 0.231 2.04
50 30 9620 | 320.67 1.01| 319.66 | 2.33E-03 0.304 1.76
60 50 8450 169.00 0.47 168.53 | 1.23E-03 0.386 1.48
70 100 8773 87.73 0.37 87.36 | 6.36E-04 0.465 1.62
80 200 8961 44,81 0.25 44,56 | 3.25E-04 0.544 1.67
90 300 7270 24.23 24.23 | 1.77E-04 0.613 1.94
Co60 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2.2
Calibration Date Source Location center
Initial Activity Scintillator Location on axis

Current Activity
Slope [mV/MeV]

137289 [ \EIEE!

beryllium/beryllium

yEOK:Pl o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

R o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts BG  NetCts. (C—B) Mev Disc.

(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
20 10 19326 | 1932.60 45.31 | 1887.29 | 1.37E-02 0.043 6.09
30 10 13170 | 1317.00 4.81 | 1312.19 | 9.56E-03 0.118 3.55
40 10 9022 902.20 3.64 898.56 | 6.55E-03 0.166 2.84
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50 20 12208 610.40 1.94 608.46 | 4.43E-03 0.219 1.99
60 30 11698 389.93 1.48 388.45 | 2.83E-03 0.280 1.75
70 40 10023 250.58 0.89 249.69 | 1.82E-03 0.337 1.47
80 90 13772 153.02 0.73 152.29 | 1.11E-03 0.397 1.59
90 100 10142 101.42 0.40 101.02 | 7.36E-04 0.447 1.43
100 100 6321 63.21 0.33 62.88 | 4.58E-04 0.502 4.05
110 200 10357 51.79 0.27 51.52 | 3.75E-04 0.528 0.90
120 300 6563 21.88 0.29 21.59 | 1.57E-04 0.627 0.96

Co60 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2.3
Calibration Date Source Location center
Initial Activity Scintillator Location on axis

Current Activity 137289 | \EEE]

beryllium/beryllium

Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]
R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG  NetCts. (C—B) Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Error %
20 10 22241 | 2224.10 189.94 | 2034.16 | 1.48E-02 0.018 9.46
40 10 12549 | 1254.90 5.08 | 1249.82 | 9.10E-03 0.125 3.38
60 20 13483 674.15 2.67 671.48 | 4.89E-03 0.203 2.47
80 30 10584 352.80 1.78 351.02 | 2.56E-03 0.292 1.83
100 50 9154 183.08 183.08 | 1.33E-03 0.376 1.78
120 100 9366 93.66 93.66 | 6.82E-04 0.456 1.93
140 200 9646 48.23 48.23 | 3.51E-04 0.536 1.69
160 300 7147 23.82 23.82 | 1.74E-04 0.616 1.86

Bias Correlation - Case 3 (Polypropylene/Polypropylene)

Cl-36 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 1.8
Calibration Date Source Location Center
Initial Activity Scintillator Location on axis
Current Activity Material Polypropylene/polypropylene
Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

R? Vol o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG Net Cts. (C —B) DI

(mV) (Sec.)  Counts Sec. Sec. Sec. A, Error %
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20 30 11994 | 399.80 1.21 398.59 | 5.15E-01 0.101 5.73

40 40 8152 | 203.80 0.39 203.41 | 2.63E-01 0.270 1.88

60 100 5942 59.42 0.16 59.26 | 7.66E-02 0.418 1.04

80 300 2699 9.00 0.12 8.88 | 1.15E-02 0.550 0.84

100 300 244 0.81 0.00 0.81 | 1.05E-03 0.647 0.44
Cl-36 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 1.9
Calibration Date Source Location Center
Initial Activity Scintillator Location on axis

Current Activity Material

Slope [mV/MeV]
Intercept [mV]

RZ

227.99 R CI IR\ 7A=Y
o-Intercept [mV]

LW o-Linear Fit (Std. Dev.) [mV]

Polypropylene/polypropylene

Disc Time Total Counts ~ BG | Net(ts. (C—B) Mev Disc.
(mV)  (Sec.) Counts Sec. Sec. Sec. A, Calc. Error %
20 30 12882 | 429.40 2.01| 427.39| 5.53E-01 0.074 8.96
40 40 11953 | 298.83 0.95 297.88 | 3.85E-01 0.191 3.34
60 60 10509 | 175.15 0.45 174.70 | 2.26E-01 0.293 1.46
80 100 7482 74.82 0.23 74.59 | 9.65E-02 0.395 1.03
100 200 5816 29.08 0.13 28.95 | 3.74E-02 0.478 0.77
120 300 2426 8.09 0.13 7.96 | 1.03E-02 0.557 0.79
140 300 362 1.21 0.06 1.15 | 1.48E-03 0.639 0.43
Cl-36 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2.1
Calibration Date Source Location Center
Initial Activity Scintillator Location on axis

Current Activity Material

Slope [mV/MeV]
Intercept [mV]

RZ

ISLAl o-slope [mV/MeV]
o-Intercept [mV]

VRIS o-Linear Fit (Std. Dev.) [mV]

Polypropylene/polypropylene

Disc Time Total Counts ﬁ Net Cts. (C—B) MeV Disc.
(mV)  (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 20 9306 465.30 3.99 461.31 5.97E-01 0.040 29.84
40 30 12414 413.80 2.07 411.73 5.32E-01 0.089 9.54
60 40 14106 352.65 0.90 351.75 | 4.55E-01 0.144 431
80 40 11127 278.18 0.62 277.56 3.59E-01 0.208 3.53
100 50 11142 222.84 0.53 222.31 2.88E-01 0.254 2.19
120 60 9914 165.23 0.45 164.78 2.13E-01 0.301 1.45
140 80 9119 113.99 0.28 113.71 1.47E-01 0.349 1.04
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160 100 7278 72.78 0.30 72.48 | 9.37E-02 0.398 0.70
180 200 7576 37.88 0.25 37.63 | 4.87E-02 0.456 0.58
200 300 4934 16.45 0.13 16.32 | 2.11E-02 0.517 1.26
250 300 1760 5.87 0.00 5.87 | 7.59E-03 0.576 0.79

Cl-36 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2.2
Calibration Date Source Location Center
Initial Activity Scintillator Location on axis
Current Activity Material Polypropylene/polypropylene

Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]
R? o-Linear Fit (Std. Dev.) [mV]
Disc Time  Total Counts ~ BG | Net(Cts. (C—B) Mev Disc.
(mV)  (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 20 10363 | 518.15 17.25 500.90 | 6.48E-01 | #N/A #N/A
40 30 13382 | 446.07 3.04 | 443.03 | 5.73E-01 0.051 12.76
60 30 11961 | 398.70 1.62 397.08 | 5.14E-01 0.095 8.23
80 40 14154 | 353.85 1.10 352.75 | 4.56E-01 0.137 4.94
100 40 12248 | 306.20 0.81 305.39 | 3.95E-01 0.179 3.91
120 40 10542 | 263.55 0.67 262.88 | 3.40E-01 0.216 2.24
140 50 10438 | 208.76 0.63 208.13 | 2.69E-01 0.262 2.18
160 60 10214 | 170.23 0.39 169.84 | 2.20E-01 0.294 1.40
180 70 9099 | 129.99 0.37 129.62 | 1.68E-01 0.332 1.41
200 90 9126 | 101.40 0.33 101.07 | 1.31E-01 0.362 1.22
250 200 9029 45.15 0.00 45.15 | 5.84E-02 0.440 0.70
300 300 4553 15.18 0.00 15.18 | 1.96E-02 0.521 0.71
350 300 1228 4.09 0.00 4.09 | 5.29E-03 0.590 0.41

Cl-36 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2.3
Calibration Date Source Location Center
Initial Activity Scintillator Location on axis
Current Activity Material Polypropylene/polypropylene
Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

R? WKL o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG NetCts. (C—B) MeV DI

(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
6.21E-01
40 30 14044 468.13 4.57 463.56 6.00E-01 0.037 17.41
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60 30 12865 | 428.83 2.53 426.30 | 5.51E-01 0.075 8.42
80 30 11476 | 382.53 1.69 380.84 | 4.93E-01 0.117 10.38
100 40 14279 | 356.98 1.35 355.63 | 4.60E-01 0.140 6.12
120 40 13034 | 325.85 0.94 | 324.91| 4.20E-01 0.167 4.31
140 40 11691 | 292.28 0.91 291.37 | 3.77E-01 0.196 4.04
160 50 13168 | 263.36 0.58 262.78 | 3.40E-01 0.220 2.06
180 50 11031 | 220.62 0.43 220.19 | 2.85E-01 0.256 2.37
200 60 11520 | 192.00 0.51 191.49 | 2.48E-01 0.279 1.73
250 80 9510 | 118.88 0.00 118.88 | 1.54E-01 0.344 1.11
300 200 12825 64.13 0.00 64.13 | 8.29E-02 0.410 0.70
350 300 7936 26.45 0.00 26.45 | 3.42E-02 0.485 0.68
400 300 3561 11.87 0.00 11.87 | 1.54E-02 0.537 0.79
450 300 1667 5.56 0.00 5.56 | 7.19E-03 0.578 0.64

1 and %2 mm Scintillator
Co-60 Source ‘ Scintillator Thickness (mm) 1/4
Collected Data Detector Bias (-kV) 2
Calibration Date Source Location Center
Initial Activity Scintillator Location on axis

Current Activity 148506 [ |\V/Ej=iEl

Slope [mV/MeV]
Intercept [mV]

X2 o-slope [mV/MeV]
XY o ntercept [mV]

Polypropylene/polypropylene

R ‘ o-Linear Fit (Std. Dev.) [mV]
Disc Time  Total Counts ~ BG ~ Net(Cts. (C—-B) Mev Disc.
(mV)  (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 5 10150 | 2030.00 2.26 | 2027.74 | 1.39E-02 0.052 12.73
40 10 9186 | 918.60 0.80 | 917.80 | 6.31E-03 0.123 7.34
60 20 8644 | 432.20 0.29 | 43191 | 2.97E-03 0.203 7.59
80 50 10215 | 204.30 0.14 | 204.16 | 1.40E-03 0.277 7.12
100 100 10068 | 100.68 0.10 | 100.59 | 6.92E-04 0.345 7.13
120 200 10315 51.58 0.00 51.58 | 3.55E-04 0.411 9.17
140 300 7227 24.09 0.00 24.09 | 1.66E-04 0.486 10.62
160 300 3476 11.59 0.00 11.59 | 7.97E-05 0.550 9.09
180 300 1593 5.31 0.00 5.31 | 3.65E-05 0.644 20.77
200 300 749 2.50 0.00 2.50 | 1.72E-05 0.704 14.38
Sr-90 Source  Scintillator Thickness (mm) 1/4
Collected Data Detector Bias (-kV) 2
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Calibration Date 3/15/94 | Selilde= Kooz rilol; Center
Initial Activity Scintillator Location on axis
Current Activity 225.43 | Vel Polypropylene/polypropylene

Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]
R o-Linear Fit (Std. Dev.) [mV]
Disc Time  Total Counts ~ BG ~ Net(Cts. (C—B) Mev Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 100 15588 | 155.88 2.26 153.62 | 6.81E-01 0.090 4.82
40 200 17021 85.11 0.80 84.31 | 3.74E-01 0.148 2.15
60 200 8954 44.77 0.29 4448 | 1.97E-01 0.212 2.02
80 300 7256 24.19 0.14 24.05 | 1.07E-01 0.276 1.69
100 500 7026 14.05 0.10 13.96 | 6.19E-02 0.333 1.49
120 600 5183 8.64 0.00 8.64 | 3.83E-02 0.386 1.32
140 600 3205 5.34 0.00 5.34 | 2.37E-02 0.443 1.06

Co-60 Source Scintillator Thickness (mm) 1/4
Collected Data Detector Bias (-kV) 2.3
Calibration Date Source Location Center
Initial Activity Scintillator Location on axis

Current Activity 135764 | |\YERERE]

beryllium/beryllium

Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

R o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts BG  NetCts. (C—B) MeV Disc.

(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 20 12413 620.65 33.82 586.83 | 4.32E-03 0.063 2.57
30 50 10467 209.34 4.08 205.26 | 1.51E-03 0.148 3.37
40 90 10369 115.21 2.42 112.79 | 8.31E-04 0.204 2.60
50 200 11846 59.23 1.84 57.39 | 4.23E-04 0.269 2.31
60 200 5853 29.27 1.27 28.00 | 2.06E-04 0.334 2.07
70 300 3917 13.06 0.90 12.16 | 8.95E-05 0.403 241

Co-60 Source Scintillator Thickness (mm) 1/2
Collected Data Detector Bias (-kV) 2
Calibration Date Source Location Center
Initial Activity Scintillator Location on axis
Current Activity Material Polypropylene/polypropylene
Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

WESLEM o-Linear Fit (Std. Dev.) [mV]
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Disc Time Total Counts BG NetCts. (C—B) MeV DI

(mV)  (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 5 13979 | 2795.80 3.04 | 2792.76 | 2.00E-02 0.062 12.89
40 5 10029 | 2005.80 1.09 | 2004.71 | 1.43E-02 0.129 4.54
60 10 13047 | 1304.70 0.37 | 1304.33 | 9.32E-03 0.192 2.96
80 10 8560 856.00 0.16 855.84 | 6.11E-03 0.256 2.87

100 20 11465 573.25 0.00 573.25 | 4.10E-03 0.316 2.39
120 30 11807 393.57 0.00 393.57 | 2.81E-03 0.371 1.96
140 40 10537 263.43 0.00 263.43 | 1.88E-03 0.427 1.80
160 50 8823 176.46 0.00 176.46 | 1.26E-03 0.481 1.60
180 80 9109 113.86 0.00 113.86 | 8.13E-04 0.538 1.54
200 100 7318 73.18 0.00 73.18 | 5.23E-04 0.593 1.65
220 200 9645 48.23 0.00 48.23 | 3.44E-04 0.643 1.62
240 300 9333 31.11 0.00 31.11 | 2.22E-04 0.693 1.54
260 300 5671 18.90 0.00 18.90 | 1.35E-04 0.748 1.77
280 300 3477 11.59 0.00 11.59 | 8.28E-05 0.801 2.16
300 300 2155 7.18 0.00 7.18 | 5.13E-05 0.843 2.29

Sr-90 Source Scintillator Thickness (mm) 1/2
Collected Data Detector Bias (-kV) 2
Calibration Date Source Location Center
Initial Activity Scintillator Location on axis

Current Activity Material Polypropylene/polypropylene

Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]
R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG  Net(ts. (C—B) MeV Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 50 12027 240.54 3.04 237.50 | 1.06E+00 0.062 12.42
40 60 10243 170.72 1.09 169.63 7.57E-01 0.134 3.65
60 80 8201 102.51 0.37 102.14 4.56E-01 0.205 2.75
80 200 12491 62.46 0.16 62.30 2.78E-01 0.272 1.86
100 200 7759 38.80 0.00 38.80 | 1.73E-01 0.336 1.58
120 300 7318 24.39 0.00 24.39 1.09E-01 0.404 1.68
140 300 4855 16.18 0.00 16.18 7.22E-02 0.476 1.91
160 300 3513 11.71 0.00 11.71 5.23E-02 0.536 1.63
180 300 2432 8.11 0.00 8.11 3.62E-02 0.605 1.77
200 300 1683 5.61 0.00 5.61 2.50E-02 0.675 1.44
Co-60 Source Scintillator Thickness (mm) 1/2
Collected Data ‘ Detector Bias (-kV) 2.3
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Calibration Date YAYp0 o[l Source Location Center
Initial Activity eIl Scintillator Location on axis
Current Activity 136893 | |\YER=lE] beryllium/beryllium

Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]
R o-Linear Fit (Std. Dev.) [mV]
Disc Time  Total Counts ~ BG ~ Net(ts. (C—B) | Mev Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 10 17378 | 1737.80 15.31 | 1722.49 | 1.26E-02 0.067 4.78
30 10 11036 | 1103.60 3.29 | 1100.31 | 8.04E-03 0.140 2.91
40 20 14689 734.45 2.03 732.42 | 5.35E-03 0.193 2.33
50 20 10188 509.40 1.24 508.16 | 3.71E-03 0.242 1.62
60 40 12658 | 316.45 0.65| 315.80 | 2.31E-03 0.305 1.63
70 50 10188 203.76 0.39 203.37 | 1.49E-03 0.362 1.37
80 90 11422 126.91 0.36 126.55 | 9.24E-04 0.421 1.31
90 100 8153 81.53 81.53 | 5.96E-04 0.473 1.34
100 200 10659 53.30 53.30 | 3.89E-04 0.523 1.20
110 300 10156 33.85 33.85 | 2.47E-04 0.577 1.03

Source Location - Case 1 (Beryllium/Beryllium)

Co-60 Source Scintillator Thickness (mm) 1

Collected Data LYPXJAV Detector Bias (-kV) 2
Calibration Date 8/1/2006 | Sleiligel= Kofeciilely Top
Initial Activity EE[YN ol Scintillator Location on axis

Current Activity 141762 |V ERERE] beryllium/beryllium

Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]
R? o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts E Net Cts. (C —B) | MeV Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 5 10892 | 2178.40 16.08 | 2162.32 | 1.53E-02 0.087 6.19
40 10 9732 973.20 2.03 971.17 | 6.85E-03 0.295 2.26
60 30 10132 337.73 0.96 336.77 | 2.38E-03 0.488 1.69
80 100 11337 113.37 0.50 112.87 | 7.96E-04 0.660 1.81
100 200 7927 39.64 0.25 39.39 | 2.78E-04 0.804 2.06
120 300 3758 12.53 0.00 12.53 | 8.84E-05 0.922 2.48
140 300 1126 3.75 0.00 3.75 | 2.65E-05 1.023 2.31

Co-60 Source Scintillator Thickness (mm) 1
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Collected Data

Initial Activity

Calibration Date YAYp 003l Source Location Bottom
EEIaloomEScintillator Location on axis

Current Activity
Slope [mV/MeV]
Intercept [mV]
RZ

LYPYJAVM Detector Bias (-kV) 2

141762 | VELIEEL

beryllium/beryllium

Wil o-slope [mV/MeV]
o-Intercept [mV]
VLol o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts ﬁ Net Cts. (C —B) | MeV Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 10 10913 | 1091.30 16.08 | 1075.22 | 7.58E-03 0.273 3.40
40 40 8784 219.60 2.03 217.57 | 1.53E-03 0.558 1.97
60 200 8008 40.04 0.96 39.08 | 2.76E-04 0.807 2.38
80 300 2013 6.71 0.50 6.21 | 4.38E-05 0.980 3.60
100 300 361 1.20 0.25 0.95 | 6.72E-06 1.094 8.64
Source Location - Case 2 (Beryllium/Polypropylene)
Cl-36 Source Scintillator Thickness (mm) 1
Collected Data 5/23/14 [ Lol HESEAY) 2
Calibration Date 10/31/77 | Sleltigel=r Helek|ilel Top
Initial Activity YAEREN Scintillator Location on axis

Current Activity
Slope [mV/MeV]
Intercept [mV]

773 RYERSIE]

kL. X8 o-slope [mV/MeV]
SEW.EN o-Intercept [mV]

beryllium/polypropylene

RZ

ODEEEN o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts BG  NetCts. (C—B) MeV Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 30 12708 | 423.60 2.83 | 420.77 | 5.44E-01 0.080 7.79
40 40 10951 | 273.78 1.39 272.39 | 3.52E-01 0.212 2.92
60 80 11594 | 144.93 0.65 144.28 | 1.87E-01 0.320 1.42
80 200 12052 60.26 0.35 59.91 | 7.75E-02 0.416 0.98
100 300 6792 22.64 0.22 22.42 | 2.90E-02 0.494 0.72
120 300 2133 7.11 0.26 6.85 | 8.86E-03 0.566 1.10
140 300 676 2.25 0.15 2.10 | 2.72E-03 0.619 0.87
Cl-36 Source Scintillator Thickness (mm) 1
Collected Data LYPETAV M Detector Bias (<kV) 2
Calibration Date Source Location Bottom
Initial Activity Scintillator Location on axis

Current Activity
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beryllium/polypropylene
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Slope [mV/MeV]
Intercept [mV]

RZ

140.18 KISV
o-Intercept [mV]
(WEYEW o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts BG Net Cts. (C—B) MeV Disc.

(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 40 13905 347.63 2.83 344.80 | 4.46E-01 0.150 4.21
40 80 10360 129.50 1.39 128.11 | 1.66E-01 0.336 1.47
60 300 8933 29.78 0.65 29.13 | 3.77E-02 0.478 0.90
80 300 1324 441 0.35 4.06 | 5.25E-03 0.594 2.63

Source Location - Case 3 (Polypropylene/Polypropylene)

Sr-90 Source Scintillator Thickness (mm) 1

Collected Data

PV Detector Bias (~kV/) 2

Calibration Date 3/15/94 | Selilde= Kole=filol; Top
Initial Activity Scintillator Location on axis

Current Activity Material

Slope [mV/MeV] 385.57 eI LR\ 7A=Y
Intercept [mV] SOEYN o-Intercept [mV]

polypropylene/polypropylene

R o-Linear Fit (Std. Dev.) [mV]

85

Disc Time Total Counts BG  Net(ts. (C—-B) MeV Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 50 12428 248.56 2.83 245.73 | 1.10E+00 0.064 23.95
40 80 17177 214.71 1.39 213.32 9.52E-01 0.132 11.08
60 80 14417 180.21 0.65 179.56 8.02E-01 0.187 5.37
80 80 11555 144.44 0.35 144.09 6.43E-01 0.237 3.30
100 100 11162 111.62 0.22 111.40 4.97E-01 0.287 2.33
120 100 8424 84.24 0.26 83.98 3.75E-01 0.338 2.23
140 100 6560 65.60 0.15 65.45 2.92E-01 0.384 1.93
160 200 10099 50.50 0.10 50.40 2.25E-01 0.434 1.49
180 200 7789 38.95 0.08 38.87 1.73E-01 0.492 1.96
200 300 9436 31.45 0.08 31.37 | 1.40E-01 0.547 1.73
220 300 7649 25.50 0.00 25.50 1.14E-01 0.603 1.82
240 300 6361 21.20 0.00 21.20 9.47E-02 0.653 1.64
260 300 5221 17.40 0.00 17.40 7.77E-02 0.704 1.66
280 300 4325 14.42 0.00 14.42 6.44E-02 0.753 1.45
300 300 3495 11.65 0.00 11.65 | 5.20E-02 0.807 1.30
Sr-90 Source Scintillator Thickness (mm) 1
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Collected Data (¥ JAVN Detector Bias (=kV) 2
Calibration Date LYARYLV N Source Location Bottom
Initial Activity Scintillator Location on axis

Current Activity Material polypropylene/polypropylene

Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]
R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts ﬁ Net Cts. (C—B) @ MeV Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 50 11409 228.18 2.83 225.35 1.01E+00 0.107 13.27
40 60 9911 165.18 1.39 163.79 7.31E-01 0.210 4.12
60 70 7255 103.64 0.65 102.99 4.60E-01 0.301 2.75
80 100 6335 63.35 0.35 63.00 | 2.81E-01 0.390 1.84
100 200 7863 39.32 0.22 39.10 1.75E-01 0.490 1.73
120 300 8114 27.05 0.26 26.79 1.20E-01 0.590 1.70
140 300 5511 18.37 0.15 18.22 8.13E-02 0.692 1.80
160 300 3907 13.02 0.10 12.92 5.77E-02 0.780 1.56
180 300 2742 9.14 0.08 9.06 4.04E-02 0.870 1.40
200 300 1817 6.06 0.08 5.98 2.67E-02 0.971 1.15

Source Location - Case 4 (Mylar)

Sr-90 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2
Calibration Date Source Location Top
Initial Activity Scintillator Location on axis
Current Activity Material Mylar wrap

Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]
R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG  NetCts. (C—B) MeV Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 50 12378 247.56 2.83 244,73 | 1.09E+00 0.005 37.73
40 60 13282 221.37 1.39 219.98 | 9.78E-01 0.091 13.23
60 70 13435 191.93 0.65 191.28 | 8.50E-01 0.156 5.91
80 70 11046 157.80 0.35 157.45 | 7.00E-01 0.208 4.02
100 80 10099 126.24 0.22 126.02 | 5.60E-01 0.254 3.16
120 100 10001 100.01 0.26 99.75 | 4.43E-01 0.297 2.15
140 200 15484 77.42 0.15 77.27 | 3.43E-01 0.344 1.79
160 200 12157 60.79 0.10 60.69 | 2.70E-01 0.389 1.70
180 200 9656 48.28 0.08 48.20 | 2.14E-01 0.434 1.61
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200 300 11514 38.38 0.08 38.30 | 1.70E-01 0.486 1.77
220 300 9564 31.88 0.00 31.88 | 1.42E-01 0.532 1.76
240 300 7984 26.61 0.00 26.61 | 1.18E-01 0.580 1.66
260 300 6623 22.08 0.00 22.08 | 9.81E-02 0.630 1.72
280 300 5566 18.55 0.00 18.55 | 8.25E-02 0.676 1.73
300 300 4689 15.63 0.00 15.63 | 6.95E-02 0.721 1.59

Sr-90 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2
Calibration Date Source Location Bottom
Initial Activity Scintillator Location on axis

Current Activity 224.96 | \V/ERiEED

Slope [mV/MeV] I 3Rl O-slope [mV/MeV]

Mylar wrap

Intercept [mV] o-Intercept [mV]
R o-Linear Fit (Std. Dev.) [mV]
Disc Time  Total Counts ~ BG ~ Net(Cts. (C—B) MeVv Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 50 11687 233.74 2.83 230.91 | 1.03E+00 0.061 17.62
40 50 9311 186.22 1.39 184.83 | 8.22E-01 0.166 6.29
60 100 13596 135.96 0.65 135.31 | 6.01E-01 0.240 2.86
80 100 9147 91.47 0.35 91.12 | 4.05E-01 0.315 2.32
100 200 12181 60.91 0.22 60.69 | 2.70E-01 0.389 1.75
120 200 8506 42.53 0.26 42.27 | 1.88E-01 0.462 1.85
140 300 9054 30.18 0.15 30.03 | 1.33E-01 0.547 1.71
160 300 6752 22.51 0.10 22.41 | 9.96E-02 0.626 1.77
180 300 5070 16.90 0.08 16.82 | 7.48E-02 0.701 1.53
200 300 3737 12.46 0.08 12.38 | 5.50E-02 0.780 1.60
220 300 2742 9.14 0.00 9.14 | 4.06E-02 0.854 1.74
240 300 2034 6.78 0.00 6.78 | 3.01E-02 0.928 1.73
260 300 1518 5.06 0.00 5.06 | 2.25E-02 0.997 1.51

Source Location - % and Y2 mm scintillator

Sr-90 Source Scintillator Thickness (mm) \ 1/4

Collected Data EYPXYAVM Detector Bias (-kV) ‘ 2

Calibration Date Source Location \ Top

Initial Activity Scintillator Location ‘ on axis
|

Current Activity 225.43 | \VEREED

Slope [mV/MeV] V%Il o-slope [mV/MeV]
Intercept [mV] YV o-Intercept [mV]

polypropylene/polypropylene
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R? VRSl o-Linear Fit (Std. Dev.) [mV] 1.77

Disc Time Total Counts E Net Cts. (C—B) MeV Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 50 8470 | 169.40 226 | 167.14| 7.41E-01 0.083 9.94
40 100 11971 | 119.71 0.80 | 11891 | 5.27E-01 0.115 3.74
60 200 14953 74.77 0.29 74.48 | 3.30E-01 0.161 2.59
80 200 9595 47.98 0.14 47.84 | 2.12E-01 0.203 2.30
100 300 9583 31.94 0.10 31.85 | 1.41E-01 0.245 1.56
120 400 8660 21.65 0.00 21.65 | 9.60E-02 0.286 1.44
140 600 8926 14.88 0.00 14.88 | 6.60E-02 0.326 1.61
160 600 6549 10.92 0.00 10.92 | 4.84E-02 0.358 1.39
180 600 4536 7.56 0.00 7.56 | 3.35E-02 0.399 0.96
Sr-90 Source Scintillator Thickness (mm) ‘ 1/4
Collected Data Detector Bias (-kV) \ 2
Calibration Date Source Location ‘ Bottom
Initial Activity Scintillator Location \ on axis

|

polypropylene/polypropylene

Current Activity 225.43 | \VEREED

Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]
R o-Linear Fit (Std. Dev.) [mV]
Disc Time  Total Counts ~ BG ~ NetCts. (C—B) Mev Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 100 14205 | 142.05 2.26 139.79 | 6.20E-01 0.097 3.91
40 200 13617 68.09 0.80 67.29 | 2.98E-01 0.172 2.42
60 300 10357 34.52 0.29 34.24 | 1.52E-01 0.239 1.58
80 400 6904 17.26 0.14 17.12 | 7.60E-02 0.310 1.63
100 600 5551 9.25 0.10 9.16 | 4.06E-02 0.380 1.60
120 600 3306 5.51 0.00 5.51 | 2.44E-02 0.439 1.43
140 600 1961 3.27 0.00 3.27 | 1.45E-02 0.502 1.44

Sr-90 Source Scintillator Thickness (mm) 1/2
Collected Data Detector Bias (-kV) 2
Calibration Date Source Location Top
Initial Activity Scintillator Location on axis
Current Activity Material polypropylene/polypropylene
Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

R? M)Vl o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts BG Net Cts. (C — B) Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Error %
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20 50 12439 | 248.78 3.04 245.74 | 1.10E+00 0.052 19.49
40 60 12406 | 206.77 1.09 205.68 | 9.18E-01 0.103 6.43
60 80 12477 | 155.96 0.37 155.59 | 6.95E-01 0.146 3.09
80 100 10939 | 109.39 0.16 109.23 | 4.88E-01 0.196 2.40
100 200 15633 78.17 0.00 78.17 | 3.49E-01 0.242 1.79
120 200 11122 55.61 0.00 55.61 | 2.48E-01 0.287 1.54

140 200 7832 39.16 0.00 39.16 1.75E-01 0.335 1.84
160 300 8988 29.96 0.00 29.96 1.34E-01 0.374 1.41
180 300 6551 21.84 0.00 21.84 | 9.75E-02 0.424 1.54
200 300 4971 16.57 0.00 16.57 | 7.40E-02 0.472 1.87
220 300 3977 13.26 0.00 13.26 | 5.92E-02 0.512 1.51
240 300 3012 10.04 0.00 10.04 | 4.48E-02 0.564 1.79
260 300 2385 7.95 0.00 7.95 | 3.55E-02 0.608 1.64

Sr-90 Source Scintillator Thickness (mm) 1/2
Collected Data Detector Bias (-kV) 2
Calibration Date Source Location Bottom
Initial Activity Scintillator Location on axis
Current Activity Material polypropylene/polypropylene

Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]
R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts ﬁ Net Cts. (C—B) @ MeV Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 50 11766 235.32 3.04 232.28 | 1.04E+00 0.069 10.44
40 60 9082 151.37 1.09 150.28 6.71E-01 0.151 3.35
60 80 7131 89.14 0.37 88.77 3.96E-01 0.225 2.40
80 100 5077 50.77 0.16 50.61 2.26E-01 0.298 1.84
100 300 9105 30.35 0.00 30.35 1.35E-01 0.372 1.62
120 300 5797 19.32 0.00 19.32 8.63E-02 0.444 141
140 300 3744 12.48 0.00 12.48 5.57E-02 0.524 1.67
160 300 2506 8.35 0.00 8.35 3.73E-02 0.598 1.60
180 300 1695 5.65 0.00 5.65 2.52E-02 0.672 1.48

View Factor - Case 3 Geometry (Polypropylene/Polypropylene)

Co-60 Source ‘ Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2
Calibration Date Source Location Center
Initial Activity Scintillator Location 2 mm off axis
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Current Activity 148506 | |\Y/ER=E]

Slope [mV/MeV]
Intercept [mV]

EXLW{:@ o-slope [mV/MeV]
LWl o-Intercept [mV]

polypropylene/polypropylene

R o-Linear Fit (Std. Dev.) [mV]
Disc Time  Total Counts BG  NetCts. (C—B) MeV Disc.
(mV)  (Sec) Counts Sec. Sec. Sec. A, Calc. Error %
20 3 10757 | 3585.67 2.83 | 3582.84 | 2.41E-02 0.101 19.85
40 5 14762 | 2952.40 1.39 | 2951.01 | 1.99E-02 0.176 7.63
60 5 11448 | 2289.60 0.65 | 2288.95 | 1.54E-02 0.244 4.35
80 8 13774 | 1721.75 0.35 | 172140 | 1.16E-02 0.308 3.11
100 8 10062 | 1257.75 0.22 | 1257.53 | 8.47E-03 0.374 2.70
120 10 9342 | 934.20 0.26 | 933.94 | 6.29E-03 0.433 2.16
140 20 13599 | 679.95 0.15 679.80 | 4.58E-03 0.493 1.64
160 30 14425 | 480.83 0.10 | 480.73 | 3.24E-03 0.556 1.68
180 30 10233 | 341.10 0.08 | 341.02 | 2.30E-03 0.618 1.55
200 40 9583 | 239.58 0.08 239.50 | 1.61E-03 0.676 1.46
220 60 10073 167.88 167.88 | 1.13E-03 0.733 1.33
240 80 9172 114.65 114.65 | 7.72E-04 0.790 1.32
260 100 7779 77.79 77.79 | 5.24E-04 0.841 1.40
280 200 10554 52.77 52.77 | 3.55E-04 0.884 1.47
300 300 10732 35.77 35.77 | 2.41E-04 0.920 1.98
320 300 7327 24.42 24.42 | 1.64E-04 0.949 1.68
Co-60 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2
Calibration Date Source Location Center

Initial Activity

Current Activity 148506 | |\Y/ER=E]

Slope [mV/MeV]
Intercept [mV]

ELlSuloomEScintillator Location

Y ) o-slope [mV/MeV]
-26.26 | exllarisiiesene

4 mm off axis

polypropylene/polypropylene

R o-Linear Fit (Std. Dev.) [mV]
Disc Time  Total Counts ~ BG ~ NetCts. (C—B) MeV Disc.
(mV)  (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 3 10940 | 3646.67 2.83 | 3643.84 | 2.45E-02 0.100 15.86
40 5 14384 | 2876.80 1.39 | 2875.41 | 1.94E-02 0.191 7.29
60 5 10958 | 2191.60 0.65 | 2190.95 | 1.48E-02 0.260 4.11
80 8 12739 | 1592.38 0.35 | 1592.03 | 1.07E-02 0.331 3.10
100 10 11701 | 1170.10 0.22 | 1169.88 | 7.88E-03 0.394 2.25
120 20 16652 832.60 0.26 832.34 | 5.60E-03 0.460 1.90
140 20 11580 | 579.00 0.15 578.85 | 3.90E-03 0.530 1.79
160 30 12304 410.13 0.10 410.03 | 2.76E-03 0.592 1.45
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180 40 11209 280.23 0.08 280.15 | 1.89E-03 0.655 1.56
200 50 9570 191.40 0.08 191.32 | 1.29E-03 0.717 1.49
220 80 10424 130.30 130.30 | 8.77E-04 0.774 1.45
240 100 8865 88.65 88.65 | 5.97E-04 0.826 1.39
260 200 11635 58.18 58.18 | 3.92E-04 0.877 1.48
280 300 11583 38.61 38.61 | 2.60E-04 0.919 1.87
300 300 7499 25.00 25.00 | 1.68E-04 0.952 2.21
Co-60 Source Scintillator Thickness (mm) 1
Collected Data 1/14/14 | pleii=iors HESEA) 2
Calibration Date [EEJAWPISIW Source Location Center

Initial Activity

Current Activity
Slope [mV/MeV]
Intercept [mV]

3
1

48506

Material

eIyl omEScintillator Location

‘ KLl O-slope [mV/MeV]
‘ -24.06 | o llgrisiesene e

6 mm off axis

polypropylene/polypropylene

R ‘ o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG  NetCts. (C—-B) MeV Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 3 10856 | 3618.67 2.83 | 3615.84 | 2.43E-02 0.104 16.35
40 5 14181 | 2836.20 1.39 | 2834.81 | 1.91E-02 0.196 6.81
60 5 10553 | 2110.60 0.65 | 2109.95 | 1.42E-02 0.269 3.89
80 8 12043 | 1505.38 0.35 | 1505.03 | 1.01E-02 0.342 2.70
100 10 10573 | 1057.30 0.22 | 1057.08 | 7.12E-03 0.414 2.35
120 20 14809 | 740.45 0.26 | 740.19 | 4.98E-03 0.483 1.69
140 20 9928 | 496.40 0.15 | 496.25 | 3.34E-03 0.558 1.87
160 30 10338 | 344.60 0.10 | 344.50 | 2.32E-03 0.622 1.48
180 40 9112 | 227.80 0.08 227.72 | 1.53E-03 0.689 1.40
200 60 8984 | 149.73 0.08 149.65 | 1.01E-03 0.751 1.35
220 90 8974 99.71 99.71 | 6.71E-04 0.808 1.42
240 200 12471 62.36 62.36 | 4.20E-04 0.867 1.53
260 300 12176 40.59 40.59 | 2.73E-04 0.914 1.85
280 300 7537 25.12 25.12 | 1.69E-04 0.950 1.49
300 300 4794 15.98 15.98 | 1.08E-04 0.992 1.58
Co-60 Source Scintillator Thickness (mm) 1
Collected Data Detector Bias (-kV) 2
Calibration Date Source Location Center

Initial Activity EEIYKo 0l Scintillator Location

Current Activity
Slope [mV/MeV]
Intercept [mV]

ol LaN ZJL?.L

148506

Material

X o-slope [mV/MeV]
‘ -18.00 | orland=ide=rone Ll

8 mm off axis

polypropylene/polypropylene
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R? PR o-Linear Fit (std. Dev.) [mV] 5.59
Disc Time  Total Counts ~ BG ~ NetCts. (C—B) Mev Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 11039 | 3679.67 2.83 | 3676.84 | 2.48E-02 0.097 15.30
40 8637 | 2879.00 1.39 | 2877.61 | 1.94E-02 0.190 6.54
60 10312 | 2062.40 0.65 | 2061.75 | 1.39E-02 0.273 3.65
80 10 14323 | 1432.30 0.35 | 1431.95| 9.64E-03 0.351 2.38
100 10 9728 | 972.80 0.22 972.58 | 6.55E-03 0.429 2.21
120 20 13313 | 665.65 0.26 | 665.39 | 4.48E-03 0.500 1.59
140 20 8796 | 439.80 0.15 | 439.65 | 2.96E-03 0.577 1.61
160 30 8612 | 287.07 0.10 286.97 | 1.93E-03 0.648 1.36
180 50 9209 184.18 0.08 184.10 | 1.24E-03 0.720 1.39
200 100 11546 115.46 0.08 115.38 | 7.77E-04 0.788 1.36
220 200 14709 73.55 73.55 | 4.95E-04 0.847 1.27
240 200 8936 44.68 44.68 | 3.01E-04 0.904 1.91
260 300 8332 27.77 27.77 | 1.87E-04 0.945 1.55
280 300 5128 17.09 17.09 | 1.15E-04 0.987 2.02
300 300 3250 10.83 10.83 | 7.29E-05 1.024 1.95
View Factor - Case 1 Geometry (Beryllium/Beryllium)
Co-60 Source Scintillator Thickness (mm) 1
Collected Data ‘ Detector Bias (-kV) 2
Calibration Date ‘ Source Location Center

Initial Activity ‘ EE[YN ol Scintillator Location

2 mm off axis

Current Activity ‘ 141762 |V ERERE]

Slope [mV/MeV] IR:Ll o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]

Beryllium/beryllium

R’ WKCEEN o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts E Net Cts. (C = B) MeV Disc.
(mV)  (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 10 15538 | 1553.80 16.08 | 1537.72 | 1.08E-02 0.215 4.18
40 20 9687 484.35 2.03 482.32 | 3.40E-03 0.439 2.03
60 100 11993 119.93 0.96 118.97 | 8.39E-04 0.668 1.78
80 200 5452 27.26 0.50 26.76 | 1.89E-04 0.863 2.22
100 300 1647 5.49 0.25 5.24 | 3.70E-05 1.003 4.81
120 300 342 1.14 0.00 1.14 | 8.04E-06 1.085 1.91
Co-60 Source Scintillator Thickness (mm) 1
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Collected Data LYPEVAVM Detector Bias (-kV) 2

Calibration Date YAYp 003l Source Location Center

Initial Activity EE[YN ol Scintillator Location 4 mm off axis

141762 F\VEEEE]
iX-yQ o-slope [mV/MeV]
o-Intercept [mV]

Current Activity Beryllium/beryllium
Slope [mV/MeV]

Intercept [mV]

R o-Linear Fit (Std. Dev.) [mV]

Disc Time  Total Counts ~ BG ~ Net(ts. (C—B) | Mev Disc.

(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 10 15101 | 1510.10 16.08 | 1494.02 | 1.05E-02 0.222 3.78
40 20 7944 397.20 2.03 395.17 | 2.79E-03 0.475 2.06
60 100 8299 82.99 0.96 82.03 | 5.79E-04 0.723 1.83
80 300 4461 14.87 0.50 14.37 | 1.01E-04 0.926 2.41

100 300 712 2.37 0.25 2.12 | 1.50E-05 1.063 1.97
BLC Geometry

Co-60 Source

Scintillator Thickness (mm)

4 pieces/1 mm

Collected Data EYpZYAV M Detector Bias (=kV/) 2
Calibration Date YAYp0 o[l Source Location Top
Initial Activity R[N ol Scintillator Location BLC Geometry

Current Activity
Slope [mV/MeV]
Intercept [mV]

144859

Material

byy&W¥R o-slope [mV/MeV]
YR BEcslnterceptimV

Beryllium/polypropylene

R o-Linear Fit (Std. Dev.) [mV]
Disc Time  Total Counts ~ BG ~ Net(ts. (C—B) | Mev Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 2 15460 | 7730.00 16.23 | 7713.77 | 5.32E-02 0.086 8.88
40 2 9925 | 4962.50 5.56 | 4956.94 | 3.42E-02 0.225 4.69
60 5 16316 | 3263.20 2.22 | 3260.98 | 2.25E-02 0.311 2.95
80 5 10586 | 2117.20 1.07 | 2116.13 | 1.46E-02 0.394 2.20
100 10 13781 | 1378.10 0.54 | 1377.56 | 9.51E-03 0.473 1.86
120 20 17964 898.20 0.39 897.81 | 6.20E-03 0.546 1.45
140 20 11665 583.25 0.00 583.25 | 4.03E-03 0.619 1.50
160 30 11401 380.03 0.00 380.03 | 2.62E-03 0.685 1.26
180 40 9494 237.35 0.00 237.35 | 1.64E-03 0.751 1.33
200 60 8714 145.23 0.00 145.23 | 1.00E-03 0.817 1.33
220 100 8988 89.88 0.00 89.88 | 6.20E-04 0.872 1.29
240 200 10771 53.86 0.00 53.86 | 3.72E-04 0.923 1.54
260 300 9719 32.40 0.00 32.40 | 2.24E-04 0.963 1.66
280 300 5800 19.33 0.00 19.33 | 1.33E-04 1.007 2.02
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300 |

300 |

3575

| 1192]  0.00]

11.92 | 8.23€-05

1.044 | 158

Co-60 Source

Collected Data

Initial Activity
Current Activity
Slope [mV/MeV]
Intercept [mV]
RZ

Scintillator Thickness (mm)

LYPXVAV Detector Bias (<kV)

Calibration Date YAYp 003l Source Location

EEIaloomEScintillator Location
144859 [ \ELEdE!

166.09 Rl LRI\ ZAV &
SIVEIER o-Intercept [mV]

WEFEW o-Linear Fit (Std. Dev.) [mV]

4 pieces/1 mm

2

Bottom

BLC Geometry

Beryllium/polypropylene

Disc Time Total Counts E Net Cts. (C —B) | MeV Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 2 12177 | 6088.50 16.23 | 6072.27 | 4.19E-02 0.172 6.41
40 5 14940 | 2988.00 5.56 | 2982.44 | 2.06E-02 0.329 2.69
60 10 14045 | 1404.50 2.22 | 1402.28 | 9.68E-03 0.469 1.81
80 20 12525 626.25 1.07 625.18 | 4.32E-03 0.606 1.69
100 40 12009 300.23 0.54 299.68 | 2.07E-03 0.720 1.48
120 60 8575 142.92 0.39 142.53 | 9.84E-04 0.820 1.53
140 100 6711 67.11 0.00 67.11 | 4.63E-04 0.901 2.03
160 200 6665 33.33 0.00 33.33 | 2.30E-04 0.960 3.14
180 300 6260 20.87 0.00 20.87 | 1.44E-04 0.998 1.65
200 300 2774 9.25 0.00 9.25 | 6.38E-05 1.057 1.91

Co-60 Source

Collected Data

Initial Activity
Current Activity
Slope [mV/MeV]
Intercept [mV]
RZ

Scintillator Thickness (mm)

2/25/14 [bleieield HEEAY)

Calibration Date YAYp0 o[l Source Location

RS smScintillator Location

146275 [\ EHEEE]

WOHKER o-slope [mV/MeV]
SENER o-Intercept [mV]

o-Linear Fit (Std. Dev.) [mV]

4 pieces/1 mm

2

Center

BLC Geometry

Beryllium/polypropylene

Disc Time Total Counts BG  NetCts. (C—B) | Mev Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 2 13050 | 6525.00 16.23 | 6508.77 | 4.45E-02 0.176 6.37
40 5 16139 | 3227.80 5.56 | 3222.24 | 2.20E-02 0.332 2.70
60 12361 | 1545.13 2.22 | 154291 | 1.05E-02 0.470 2.00
80 20 15026 751.30 1.07 750.23 | 5.13E-03 0.594 1.26
100 30 9343 311.43 0.54 310.89 | 2.13E-03 0.732 1.53
120 50 7743 154.86 0.39 154.47 | 1.06E-03 0.826 1.64
140 100 7927 79.27 0.00 79.27 | 5.42E-04 0.898 1.62
160 200 8173 40.87 0.00 40.87 | 2.79E-04 0.954 2.07
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180 300

6260

20.87

0.00

20.87

1.43E-04

1.012

2.34

200 300

3318

11.06

0.00

11.06

7.56E-05

1.057

2.36

Co-60 Source

Collected Data

Initial Activity
Current Activity
Slope [mV/MeV]
Intercept [mV]
RZ

Scintillator Thickness (mm)

2/25/14 [ Lol d HEREAY)

Calibration Date 8/1/2006 | Sleilifel= Koleciilely

RS OmEScintillator Location
146275 [ \V/EHEGE]

k1 AkY o-slope [mV/MeV]
YRR o-Intercept [mV]
(WCEEM o-Linear Fit (Std. Dev.) [mV]

4 pieces/1 mm

2

Center

BLC Geometry

Beryllium/polypropylene

BLC geometry - 10 3.175 mm layers

Co-60 Source

Collected Data

Initial Activity
Current Activity
Slope [mV/MeV]
Intercept [mV]
RZ
Disc
(mV)

Time
(Sec.)

141456 | WEEEEE]

Total
Counts

Scintillator Thickness (mm)

LYPLYAY: M Detector Bias (-kV)
Calibration Date 8/1/2006 | Se¥ige=t Kooz rilo)!

Lol ScintillatorLocation

117.39 Rl LRI\ ZAE
o-Intercept [mV]
WGIYM o-Linear Fit (Std. Dev.) [mV]

Counts
Sec.
4034.40

BG
Sec.

Net Cts.

Sec.
3917.94

Disc Time Total Counts E Net Cts. (C—B) | MeV Disc.
(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
20 13791 | 6895.50 2.83 | 6892.67 | 4.71E-02 0.159 6.63
40 5 17625 | 3525.00 1.39 | 3523.61 | 2.41E-02 0.314 2.94
60 5 8906 | 1781.20 0.65 | 1780.55 | 1.22E-02 0.443 2.06
80 10 9006 900.60 0.35 900.25 | 6.15E-03 0.564 1.87
100 30 14329 477.63 0.22 477.41 | 3.26E-03 0.667 1.45
120 40 9719 242.98 0.26 242.72 | 1.66E-03 0.767 1.49
140 100 12623 126.23 0.15 126.08 | 8.62E-04 0.849 1.26
160 200 12526 62.63 0.10 62.53 | 4.27E-04 0.922 1.53
180 300 9237 30.79 0.08 30.71 | 2.10E-04 0.981 1.74
200 300 4671 15.57 0.08 15.49 | 1.06E-04 1.036 2.15
220 300 2359 7.86 0.00 7.86 | 5.38E-05 1.076 2.30
Detector #2

10 pieces/0.3175 mm

1.6

#13

BLC Geometry

(C—-B)

Ao
2.77E-02

MeV
Calc.

Beryllium

Disc.
Error %

475.65

29.55

446.10

3.15E-03

0.946

1.35
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150
200

40
300

1082
1569

27.05
5.23

8.43
4.63

18.62
0.60

1.32E-04
4.24E-06

1.166
1.252

3.34
10.59

Co-60 Source 10 pieces/0.3175 mm

Scintillator Thickness (mm)

Collected Data Detector Bias (-kV) 1.7
Calibration Date Source Location #13
Initial Activity Scintillator Location BLC Geometry
Current Activity Material Beryllium

Slope [mV/MeV]
Intercept [mV]

207.62 KA LAY
o-Intercept [mV]

RZ

Disc Time

Total

Counts

o-Linear Fit (Std. Dev.) [mV]

BG

Net Cts.

(C-B)

MeV

Disc.

(mV) (Sec.)  Counts Sec. Sec. Sec. A, Calc. Error %
50 15990 | 7995.00 198.07 | 7796.93 | 5.51E-02 0.242 4.92

100 5 18511 | 3702.20 106.35 | 3595.85 | 2.54E-02 0.517 2.28
150 10 14375 | 1437.50 55.48 | 1382.02 | 9.77E-03 0.772 1.42
200 20 8740 437.00 26.75 410.25 | 2.90E-03 0.956 1.11
250 50 5371 107.42 13.82 93.60 | 6.62E-04 1.088 0.93
300 200 5048 25.24 8.16 17.08 | 1.21E-04 1.170 3.23
350 200 2639 13.20 5.59 7.61 | 5.38E-05 1.196 2.08

Co-60 Source

Scintillator Thickness (mm)

10 pieces/0.3175 mm

Collected Data Detector Bias (-kV) 1.8
Calibration Date Source Location #13
Initial Activity Scintillator Location BLC Geometry
Current Activity Material Beryllium

Slope [mV/MeV]
Intercept [mV]

-9l o-slope [mV/MeV]
o-Intercept [mV]

R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 1 11635 | 11635.00 464.56 | 11170.44 | 7.90E-02 0.122 8.26
100 2 14971 7485.50 188.70 7296.80 | 5.16E-02 0.266 4.58
150 4 20256 5064.00 137.81 4926.19 | 3.48E-02 0.410 2.83
200 4 13296 3324.00 99.88 322412 | 2.28E-02 0.551 2.04
250 4 8175 2043.75 70.50 1973.25 | 1.39E-02 0.689 1.55
300 10 11810 1181.00 47.81 1133.19 | 8.01E-03 0.812 1.20
350 20 12877 643.85 32.27 611.58 | 4.32E-03 0.910 0.94
400 40 13019 325.48 22.36 303.12 | 2.14E-03 0.989 0.71
450 80 12219 152.74 15.32 137.42 | 9.71E-04 1.061 0.80
500 100 6878 68.78 10.72 58.06 | 4.10E-04 1.115 1.02
96

www.manharaa.com



550 200 6378 31.89 8.63 23.26 | 1.64E-04 1.154 1.57
600 300 4950 16.50 6.21 10.29 | 7.27E-05 1.189 1.53
700 300 1919 6.40 4.73 1.67 | 1.18E-05 1.241 3.70

Co-60 Source

Collected Data

Initial Activity

Current Activity
Slope [mV/MeV]
Intercept [mV]

138780 [ \/ELE=dE!

Scintillator Thickness (mm)

YZPAVAY N Detector Bias (-kV/)
Calibration Date YaYp 003l Source Location

EElaloomEScintillator Location

369.79 R TIA N\ 74V
-10.78 | e llaiiiie=eri Laph

10 pieces/0.3175 mm

1.8

#13

BLC Geometry

Beryllium

R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts E Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 5 52334 | 10466.80 270.93 | 10195.88 | 7.35E-02 0.143 6.48
100 5 33496 6699.20 180.97 6518.23 | 4.70E-02 0.300 3.94
150 5 22387 4477.40 129.53 4347.87 | 3.13E-02 0.447 2.49
200 5 14129 2825.80 94.37 2731.43 | 1.97E-02 0.596 1.83
250 5 8419 1683.80 64.60 1619.20 | 1.17E-02 0.733 1.45
300 10 9168 916.80 43.83 872.97 | 6.29E-03 0.855 1.24
350 20 9605 480.25 28.19 452.06 | 3.26E-03 0.943 0.83
400 40 9331 233.28 19.44 213.84 | 1.54E-03 1.022 0.86
450 100 11014 110.14 13.16 96.98 | 6.99E-04 1.084 0.72
500 200 10052 50.26 9.81 40.45 | 2.91E-04 1.133 0.56

Cs-137 Source

Collected Data

Initial Activity

Current Activity
Slope [mV/MeV]
Intercept [mV]

245013 | WEEERE]

Scintillator Thickness (mm)

7/21/14 [ Lol HEEAY)

Calibration Date 3/1/1994 | Seitige= Foleciilely

VLYl ScintillatorLocation

10 pieces/0.3175 mm

1.8

#13

BLC Geometry

348.84 LAV
m o-Intercept [mV]

Beryllium

R? o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts E Net Cts. (C = B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 2 10588 | 5294.00 270.93 | 5023.08 | 2.05E-02 0.156 4.45
100 5 10615 | 2123.00 180.97 | 1942.03 | 7.93E-03 0.323 2.19
150 20 14774 738.70 129.53 609.17 | 2.49E-03 0.443 1.24
200 50 11464 229.28 94.37 134.91 | 5.51E-04 0.500 0.93
250 100 8138 81.38 64.60 16.78 | 6.85E-05 0.557 4.60
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Co-60 Source

Collected Data

Initial Activity
Current Activity
Slope [mV/MeV]
Intercept [mV]
RZ

Scintillator Thickness (mm)

5/29/14 [ blei=eield HEREAY)

Calibration Date 8/1/2006 | Sleitifel= Koleciilely

LT[0l ScintillatorLocation
141456 [ WV/EEEEE!

(YWY o-slope [mV/MeV]
o-Intercept [mV]
(el o-Linear Fit (Std. Dev.) [mV]

10 pieces/0.3175 mm

1.9

#13

BLC Geometry

Beryllium

Disc Time Total Counts E Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 1 16402 | 16402.00 | 2805.90 | 13596.10 | 9.61E-02 0.074 19.87
100 2 21430 | 10715.00 309.30 | 10405.70 | 7.36E-02 0.142 6.84
150 2 17109 8554.50 204.86 8349.64 | 5.90E-02 0.217 5.28
200 2 13869 6934.50 171.51 6762.99 | 4.78E-02 0.294 4.01
250 3 16940 5646.67 147.35 5499.32 | 3.89E-02 0.371 2.89
300 3 13385 4461.67 121.25 4340.42 | 3.07E-02 0.454 2.74
350 5 17954 3590.80 103.05 3487.75 | 2.47E-02 0.527 1.92
400 5 13935 2787.00 85.34 2701.66 | 1.91E-02 0.604 1.71
450 5 10658 2131.60 68.21 2063.39 | 1.46E-02 0.678 1.53
500 10 16274 1627.40 57.76 1569.64 | 1.11E-02 0.744 1.06
550 10 11675 1167.50 44.82 1122.68 | 7.94E-03 0.814 1.05
600 10 8322 832.20 38.07 794.13 | 5.61E-03 0.873 1.11
700 30 12097 403.23 24.41 378.82 | 2.68E-03 0.965 0.85
800 60 10741 179.02 16.09 162.93 | 1.15E-03 1.047 0.68
900 100 7365 73.65 11.25 62.40 | 4.41E-04 1.110 1.03
1000 100 3090 30.90 8.33 22.57 | 1.60E-04 1.156 1.20

Co-60 Source

Collected Data

Initial Activity
Current Activity
Slope [mV/MeV]
Intercept [mV]
RZ

138780 [\ ==kl

Scintillator Thickness (mm)

YJPAVAY M Detector Bias (-kV)

Calibration Date 8/1/2006 | Sleitigel= Kofecinlely

RS OmEScintillator Location

[y X il o-slope [mV/MeV]
SV PR o-Intercept [mV]

(RISl o-Linear Fit (Std. Dev.) [mV]

10 pieces/0.3175 mm

1.9

#13

BLC Geometry

Beryllium

Disc Time Total Counts E Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 5 71135 | 14227.00 455.15 | 13771.85 | 9.92E-02 0.067 7.92
100 5 48820 9764.00 246.10 9517.90 | 6.86E-02 0.165 6.72
150 5 38937 7787.40 200.50 7586.90 | 5.47E-02 0.244 4.33
200 5 31023 6204.60 167.69 6036.91 | 4.35E-02 0.329 3.57
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250 5 24919 4983.80 143.29 4840.51 | 3.49E-02 0.409 2.76
300 5 19614 3922.80 119.17 3803.63 | 2.74E-02 0.492 2.17
350 5 15223 3044.60 97.38 2947.22 | 2.12E-02 0.573 1.88
400 5 11652 2330.40 80.91 2249.49 | 1.62E-02 0.650 1.46
450 10 17100 1710.00 66.36 1643.64 | 1.18E-02 0.729 1.29
500 10 12608 1260.80 53.64 1207.16 | 8.70E-03 0.796 1.11
550 10 9036 903.60 42.32 861.28 | 6.21E-03 0.857 1.15
600 20 12932 646.60 33.72 612.88 | 4.42E-03 0.907 0.98
700 30 8722 290.73 21.74 268.99 | 1.94E-03 0.998 0.77
800 100 12465 124.65 14.64 110.01 | 7.93E-04 1.076 0.78
900 100 5236 52.36 9.61 42.75 | 3.08E-04 1.130 0.96
1000 100 2266 22.66 6.80 15.86 | 1.14E-04 1.173 1.09

Cs-137 Source Scintillator Thickness (mm) 10 pieces/0.3175 mm
Collected Data Detector Bias (-kV) 1.9
Calibration Date Source Location #13
Initial Activity Scintillator Location BLC Geometry
Current Activity Material Beryllium
Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] YN o-Intercept [mV]

R? WL o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts BG Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %

50 1 8331 | 8331.00 | 455.15| 7875.85| 3.21E-02 0.084 6.10
100 3 14033 | 4677.67 246.10 | 4431.57 | 1.81E-02 0.180 3.55
150 5 14941 | 2988.20 200.50 | 2787.70 | 1.14E-02 0.264 2.13
200 8 13872 | 1734.00 167.69 | 1566.31 | 6.39E-03 0.353 1.67
250 10 9862 986.20 143.29 842.91 | 3.44E-03 0.420 1.28
300 20 10505 525.25 119.17 406.08 | 1.66E-03 0.466 1.20
350 50 13363 267.26 97.38 169.88 | 6.93E-04 0.495 0.72
400 80 11231 140.39 80.91 59.48 | 2.43E-04 0.532 1.74
450 100 8547 85.47 66.36 19.11 | 7.80E-05 0.551 1.29
500 200 11529 57.65 53.64 4.01 | 1.63E-05 0.592 2.78

Co-60 Source Scintillator Thickness (mm) 10 pieces/0.3175 mm

Collected Data Detector Bias (-kV) 2.0
Calibration Date Source Location #13
Initial Activity Scintillator Location BLC Geometry
Current Activity Material Beryllium
Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] YN o-Intercept [mV]

TR
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R? IO o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts BG NetCts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 1 20993 | 20993.00 | 5270.40 | 15722.60 | 1.11E-01 0.047 54.66
100 1 14674 | 14674.00 | 1801.60 | 12872.40 | 9.10E-02 0.086 23.18
150 1 11679 | 11679.00 417.27 | 11261.73 | 7.96E-02 0.120 8.35
200 2 20111 | 10055.50 244.22 9811.28 | 6.94E-02 0.161 6.15
250 2 17614 8807.00 212.27 8594.73 | 6.08E-02 0.206 5.80
300 2 15715 7857.50 191.42 7666.08 | 5.42E-02 0.247 4,78
350 2 14097 7048.50 172.57 6875.93 | 4.86E-02 0.288 3.79
400 2 12475 6237.50 157.03 6080.47 | 4.30E-02 0.334 3.43
500 3 14504 4834.67 128.49 4706.18 | 3.33E-02 0.426 2.69
600 3 11207 3735.67 105.67 3630.00 | 2.57E-02 0.514 2.28
700 5 14222 2844.40 85.97 2758.43 | 1.95E-02 0.598 1.62
800 5 10455 2091.00 67.63 2023.37 | 1.43E-02 0.683 1.44
900 10 15038 1503.80 53.60 1450.20 | 1.03E-02 0.762 1.19
1000 10 10536 1053.60 41.59 1012.01 | 7.15E-03 0.833 0.83

Co-60 Source Scintillator Thickness (mm) 10 pieces/0.3175 mm
Collected Data Detector Bias (-kV) 2.0
Calibration Date Source Location #13
Initial Activity Scintillator Location BLC Geometry

Current Activity 138780 | \YERE=IE]

Beryllium

Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

R o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts BG Net Cts. (C—B) MeV Disc.

(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %

50 5 85471 | 17094.20 664.75 | 16429.45 | 1.18E-01 0.041 8.69

100 5 63931 | 12786.20 375.60 | 12410.60 | 8.94E-02 0.090 6.63
150 5 52163 | 10432.60 268.33 | 10164.28 | 7.32E-02 0.144 6.71
200 5 45557 9111.40 231.88 8879.53 | 6.40E-02 0.189 5.37
250 5 39891 7978.20 205.64 7772.56 | 5.60E-02 0.236 4.76
300 5 35281 7056.20 185.47 6870.73 | 4.95E-02 0.281 3.84
350 5 31001 6200.20 169.69 6030.51 | 4.35E-02 0.330 3.57
400 5 27435 5487.00 150.27 5336.73 | 3.85E-02 0.375 3.23
450 5 24345 4869.00 138.76 4730.24 | 3.41E-02 0.418 2.50
500 5 21134 4226.80 123.16 4103.64 | 2.96E-02 0.467 2.59
550 5 18666 3733.20 114.62 3618.58 | 2.61E-02 0.509 1.85
600 5 15828 3165.60 100.66 3064.94 | 2.21E-02 0.561 2.10
700 5 11923 2384.60 80.35 2304.25 | 1.66E-02 0.644 1.43
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800 10 16493 1649.30 63.66 1585.64 | 1.14E-02 0.737 1.22
900 10 11427 1142.70 49.22 1093.48 | 7.88E-03 0.815 1.15
1000 10 7748 774.80 38.46 736.34 | 5.31E-03 0.882 0.80

Cs-137 Source

Collected Data

Initial Activity

Current Activity
Slope [mV/MeV]
Intercept [mV]

RZ
Disc

G

Total

Scintillator Thickness (mm)

YZPAVAY N Detector Bias (-kV/)
Calibration Date 3/1/1994 | Sleltiel= Holer|ilely

ElyLysl Scintillator Location
245013 | \WEIERE]

sWyg KW o-slope [mV/MeV]

Counts

Y yR1 R NoslnterceptimVi

10 pieces/0.3175 mm

2.0

#13

BLC Geometry

o-Linear Fit (Std. Dev.) [mV]

BG

Net Cts.

(C-B)

MeV

Beryllium

Disc.

(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 10 108945 | 10894.50 664.75 | 10229.75 | 4.18E-02 0.048 5.93
100 10 73801 7380.10 375.60 7004.50 | 2.86E-02 0.099 3.67
150 10 53980 5398.00 268.33 5129.68 | 2.09E-02 0.152 3.57
200 10 41529 4152.90 231.88 3921.03 | 1.60E-02 0.201 2.52
250 10 32507 3250.70 205.64 3045.06 | 1.24E-02 0.248 1.83
300 10 24391 2439.10 185.47 2253.63 | 9.20E-03 0.299 1.51
350 10 17987 1798.70 169.69 1629.01 | 6.65E-03 0.348 1.34
400 10 13100 1310.00 150.27 1159.73 | 4.73E-03 0.391 1.26
450 10 9459 945.90 138.76 807.14 | 3.29E-03 0.424 1.09
500 20 12859 642.95 123.16 519.79 | 2.12E-03 0.451 1.05
550 30 13232 441.07 114.62 326.45 | 1.33E-03 0.476 1.05
600 40 12290 307.25 100.66 206.59 | 8.43E-04 0.491 0.79
700 60 8564 142.73 80.35 62.38 | 2.55E-04 0.530 1.82
800 100 8189 81.89 63.66 18.23 | 7.44E-05 0.553 4,93
900 200 10521 52.61 49.22 3.39 | 1.38E-05 0.594 3.06

Co-60 Source

Collected Data

Initial Activity

Current Activity

Intercept [mV]

RZ
Disc

(mV)

Time
(Sec.)

138780 [\ ==kl

Slope [mV/MeV]

Total

Counts

Scintillator Thickness (mm)

YJPAVAY M Detector Bias (-kV)

Calibration Date 8/1/2006 | Sleitigel= Kofecinlely

RS OmEScintillator Location

10 pieces/0.3175 mm

2.1

#13

BLC Geometry

Beryllium

EEPRYY o-slope [mV/MeV]
o-Intercept [mV]

o-Linear Fit (Std. Dev.) [mV]

Counts
Sec.
19170.60

BG
Sec.

Net Cts.
Sec.
18325.00

(C-B)

Ao
1.32E-01

MeV

Calc.

Disc.
Error %
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100 5 78460 | 15692.00 525.75 | 15166.25 | 1.09E-01 0.048 6.66
150 5 66252 | 13250.40 367.83 | 12882.57 | 9.28E-02 0.082 7.53
200 5 58353 | 11670.60 298.13 | 11372.47 | 8.19E-02 0.111 7.53
250 5 52801 | 10560.20 264.10 | 10296.10 | 7.42E-02 0.140 6.36
300 5 48455 9691.00 246.50 9444.50 | 6.81E-02 0.168 7.10
350 5 45163 9032.60 225.20 8807.40 | 6.35E-02 0.191 4.40
400 5 41248 8249.60 211.42 8038.18 | 5.79E-02 0.224 5.36
450 5 38464 7692.80 197.82 7494.98 | 5.40E-02 0.249 4.34
500 5 35812 7162.40 187.72 6974.68 | 5.03E-02 0.276 4.58
550 5 33534 6706.80 177.45 6529.35 | 4.70E-02 0.299 3.25
600 5 30963 6192.60 166.32 6026.28 | 4.34E-02 0.330 3.30
700 5 26517 5303.40 148.44 5154.96 | 3.71E-02 0.387 3.14
800 5 23044 4608.80 131.94 4476.86 | 3.23E-02 0.437 2.22
900 5 19293 3858.60 117.81 3740.79 | 2.70E-02 0.497 2.30
1000 5 16541 3308.20 104.39 3203.81 | 2.31E-02 0.547 1.90

Co-60 Source Scintillator Thickness (mm) 10 pieces/0.3175 mm
Collected Data Detector Bias (-kV) 2.1
Calibration Date Source Location #13
Initial Activity Scintillator Location BLC Geometry
Current Activity Material Beryllium
Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

R? sM 0ol o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts BG Net Cts. (C—B) MeV Disc.

(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 1 23146 | 23146.00 | 5325.00 | 17821.00 | 1.26E-01 0.034 | 173.44
100 1 18185 | 18185.00 | 3328.60 | 14856.40 | 1.05E-01 0.053 55.74
200 1 12881 | 12881.00 567.15 | 12313.85 | 8.71E-02 0.095 8.36
300 1 10554 | 10554.00 258.80 | 10295.20 | 7.28E-02 0.145 7.19
400 2 18184 9092.00 217.44 8874.56 | 6.27E-02 0.195 5.48
500 2 15820 7910.00 189.37 7720.63 | 5.46E-02 0.245 4.49
600 2 13751 6875.50 171.03 6704.47 | 4.74E-02 0.297 3.81
700 2 11936 5968.00 152.75 5815.25 | 4.11E-02 0.350 3.61
800 5 26151 5230.20 134.61 5095.59 | 3.60E-02 0.398 2.43
900 5 22326 4465.20 119.17 4346.03 | 3.07E-02 0.453 2.82
1000 5 19617 3923.40 105.75 3817.65 | 2.70E-02 0.497 2.24

Cs-137 Source Scintillator Thickness (mm) 10 pieces/0.3175 mm

Collected Data Y/PAVAY N Detector Bias (-kV/) 2.1
Calibration Date 3/1/1994 | Sle)tigel= Holer|ilel #13
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Initial Activity
Current Activity
Slope [mV/MeV]
Intercept [mV]

REYLY il Scintillator Location
245013 | \WELHERE]
JCLYA:EY o-slope [mV/MeV]

ARYE o-Intercept [mV]

BLC Geometry

Beryllium

R o-Linear Fit (Std. Dev.) [mV]

Disc Time | Total Counts BG  Net(ts. (C—B) Mev Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 5 64543 | 12908.60 | 845.60 | 12063.00 | 4.92E-02 0.033 10.52
100 5 48408 9681.60 | 525.75 9155.85 | 3.74E-02 0.063 6.47
150 5 38537 7707.40 | 367.83 7339.57 | 3.00E-02 0.093 4.17
200 5 31851 6370.20 | 298.13 6072.07 | 2.48E-02 0.124 4.19
250 5 26964 5392.80 | 264.10 5128.70 | 2.09E-02 0.152 3.55
300 5 23001 | 4600.20 | 246.50 | 4353.70 | 1.78E-02 0.183 3.06
350 5 19819 3963.80 | 225.20 3738.60 | 1.53E-02 0.211 2.51
400 5 16775 3355.00 | 211.42 3143.58 | 1.28E-02 0.242 2.22
450 5 14345 2869.00 | 197.82 2671.18 | 1.09E-02 0.271 2.12
500 10 24436 2443.60 | 187.72 2255.88 | 9.21E-03 0.299 1.46
550 10 20441 2044.10 | 177.45 1866.65 | 7.62E-03 0.329 1.46
600 10 17083 1708.30 | 166.32 1541.98 | 6.29E-03 0.356 1.40
700 10 11415 1141.50 | 148.44 993.06 | 4.05E-03 0.406 1.35
800 20 15431 771.55 131.94 639.61 | 2.61E-03 0.440 0.88
900 30 14645 488.17 | 117.81 370.36 | 1.51E-03 0.470 1.05
1000 30 9455 315.17 | 104.39 210.78 | 8.60E-04 0.490 0.70

Spatial, BLC geometry -10 0.3175 mm layers

Co-60 Source

Collected Data

Initial Activity
Current Activity
Slope [mV/MeV]
Intercept [mV]

143612 [ WEIEEE!

Scintillator Thickness (mm)

4/17/14 BTt Id: I E )

Calibration Date 8/1/2006 | Sleitigel= Kofeciilely

LTx[ol ScintillatorLocation

10 pieces/0.3175 mm

1.8

#1

BLC Geometry

VY X' o-slope [mV/MeV]
-22.88 | o llatisiiesere e

Beryllium

R? o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG  NetCts. (C—B) Mev Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 1 9061 | 9061.00 418.87 | 8642.13 | 6.02E-02 0.110 9.10
100 2 11441 | 5720.50 181.55 | 5538.95 | 3.86E-02 0.260 5.47
150 3 11844 | 3948.00 132.19 | 3815.81 | 2.66E-02 0.395 3.32
200 4 10694 | 2673.50 94.36 | 2579.14 | 1.80E-02 0.526 2.56
250 5 8786 | 1757.20 66.13 | 1691.08 | 1.18E-02 0.649 191
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300 10 10945 | 1094.50 44,96 | 1049.54 | 7.31E-03 0.765 1.74
350 20 12918 645.90 30.01 615.89 | 4.29E-03 0.862 1.57
400 30 10903 363.43 20.67 342.77 | 2.39E-03 0.939 1.28
450 40 8140 203.50 14.54 188.96 | 1.32E-03 1.004 1.61
500 60 5935 98.92 10.11 88.80 | 6.18E-04 1.069 1.71
550 100 4723 47.23 7.68 39.55 | 2.75E-04 1.115 3.32
600 300 7000 23.33 5.99 17.34 | 1.21E-04 1.148 1.62
650 300 3492 11.64 5.37 6.27 | 4.36E-05 1.198 4.46
700 300 2477 8.26 4.40 3.86 | 2.69E-05 1.218 34.88
750 300 1791 5.97 4.35 1.62 | 1.13E-05 1.240 92.88
800 300 1521 5.07 4.12 0.95 | 6.59E-06 1.246 85.16

Co-60 Source

Collected Data

Current Activity
Slope [mV/MeV]
Intercept [mV]

Scintillator Thickness (mm)

YaWasV A Detector Bias (=kV)

Calibration Date YAYp 00l Source Location
Initial Activity

LT[ ol ScintillatorLocation
143612 [WEREEE!

yLREY o-slope [mV/MeV]
SNWVE o-Intercept [mV]

10 pieces/0.3175 mm

1.8

#3

BLC Geometry

Beryllium

R o-Linear Fit (Std. Dev.) [mV]
Disc Time | Total Counts BG Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 1 11064 | 11064.00 | 418.87 | 10645.13 | 7.41E-02 0.091 6.82
100 2 13420 6710.00 181.55 6528.45 | 4.55E-02 0.247 5.23
150 3 14340 4780.00 132.19 4647.81 | 3.24E-02 0.371 3.36
200 4 12917 3229.25 94.36 3134.89 | 2.18E-02 0.504 2.69
250 5 10659 2131.80 66.13 2065.68 | 1.44E-02 0.631 1.92
300 10 13321 1332.10 44.96 1287.14 | 8.96E-03 0.749 1.38
350 20 15345 767.25 30.01 737.24 | 5.13E-03 0.854 1.44
400 20 8074 403.70 20.67 383.03 | 2.67E-03 0.941 1.10
450 40 8208 205.20 14.54 190.66 | 1.33E-03 1.015 1.47
500 60 6058 100.97 10.11 90.85 | 6.33E-04 1.075 1.47
550 100 4601 46.01 7.68 38.33 | 2.67E-04 1.124 2.82
600 300 6886 22.95 5.99 16.96 | 1.18E-04 1.156 3.31
650 300 3838 12.79 5.37 7.42 | 5.17E-05 1.197 3.80
Co-60 Source Scintillator Thickness (mm) 10 pieces/0.3175 mm
Collected Data Detector Bias (-kV) 1.8
Calibration Date Source Location #5
Initial Activity Scintillator Location BLC Geometry
Current Activity Material Beryllium
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Slope [mV/MeV] 400.43 | o aleiers L LA

Intercept [mV] DNEYE o-Intercept [mV]

R’ OKEEN o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts ~ BG  NetCts. (C—B) MeV  [Disc.
(mV) (Sec.) Counts Sec. Sec. Sec. A, Calc. Error %

50 1 9113 | 9113.00 | 418.87 | 8694.13 | 6.05E-02 0.107 8.10
100 2 10829 | 5414.50 181.55 | 5232.95| 3.64E-02 0.280 4.74
150 3 10703 | 3567.67 132.19 | 343548 | 2.39E-02 0.429 3.13
200 4 9213 | 2303.25 94.36 | 2208.89 | 1.54E-02 0.571 2.42
250 5 7089 | 1417.80 66.13 | 1351.68 | 9.41E-03 0.703 2.31
300 10 8569 856.90 44.96 811.94 | 5.65E-03 0.811 1.88
350 20 9839 491.95 30.01 461.94 | 3.22E-03 0.900 1.25
400 30 7826 260.87 20.67 240.20 | 1.67E-03 0.974 1.40
450 40 5128 128.20 14.54 113.66 | 7.91E-04 1.044 1.39
500 100 6171 61.71 10.11 51.60 | 3.59E-04 1.096 1.43
550 200 5807 29.04 7.68 21.36 | 1.49E-04 1.141 2.08
600 300 4485 14.95 5.99 8.96 | 6.24E-05 1.181 4.31
650 300 2904 9.68 5.37 4.31 | 3.00E-05 1.206 23.98
700 300 1987 6.62 4.40 2.23 | 1.55E-05 1.228 45.35
750 300 1727 5.76 4.35 1.40 | 9.77E-06 1.237 65.57
800 300 1508 5.03 4.12 0.90 | 6.29E-06 1.243 59.92

Co-60 Source Scintillator Thickness (mm) 10 pieces/0.3175 mm
Collected Data LYAWIAYM Detector Bias (-kV) 1.8
Calibration Date 8/1/2006 | Sleitigel= Kofeciilely #11
Initial Activity LTl ScintillatorLocation BLC Geometry
Current Activity 14361

yM Material Beryllium

Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

R? o-Linear Fit (Std. Dev.) [mV]

Disc Time | Total Counts BG  NetCts. (C—B) Mev Disc.

(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %

50 1 10005 | 10005.00 418.87 | 9586.13 | 6.67E-02 0.133 7.80

100 2 12271 6135.50 181.55 | 5953.95 | 4.15E-02 0.299 4.49
150 3 12151 4050.33 132.19 | 3918.14 | 2.73E-02 0.447 3.02
200 4 10573 2643.25 94.36 | 2548.89 | 1.77E-02 0.583 2.10
250 5 7866 1573.20 66.13 | 1507.08 | 1.05E-02 0.720 1.80
300 10 8753 875.30 44.96 830.34 | 5.78E-03 0.839 1.51
350 20 9746 487.30 30.01 457.29 | 3.18E-03 0.924 1.34
400 30 7282 242.73 20.67 222.07 | 1.55E-03 0.998 1.14
450 100 11493 114.93 14.54 100.39 | 6.99E-04 1.067 1.63
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500 200 10345 51.73 10.11 41.61 | 2.90E-04 1.120 2.70
550 300 7612 25.37 7.68 17.70 | 1.23E-04 1.155 4.08
600 300 4117 13.72 5.99 7.73 | 5.38E-05 1.192 3.37
650 300 2625 8.75 5.37 3.38 | 2.35E-05 1.219 25.44
700 300 1938 6.46 4.40 2.06 | 1.44E-05 1.233 28.70
750 300 1637 5.46 4.35 1.10 | 7.68E-06 1.243 | 110.58
800 300 1502 5.01 4.12 0.88 | 6.15E-06 1.245 | 102.78

Co-60 Source

Scintillator Thickness (mm)

10 pieces/0.3175 mm

Collected Data LYAWIAVE Detector Bias (-kV) 1.8
Calibration Date 8/1/2006 | Sleilifel= Kolecinlely #13
Initial Activity CTlsll Scintillator Location BLC Geometry
Current Activity 43612 [ WIELHEHE Beryllium

Slope [mV/MeV]
Intercept [mV]

LY o-slope [mV/MeV]
o-Intercept [mV]

R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG Net Cts. (C—B) MeV DI
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 1 11838 | 11838.00 418.87 | 11419.13 | 7.95E-02 0.120 8.20
100 2 15215 7607.50 181.55 7425.95 | 5.17E-02 0.265 4.65
150 3 15551 5183.67 132.19 5051.48 | 3.52E-02 0.406 2.84
200 4 13381 3345.25 94.36 3250.89 | 2.26E-02 0.553 2.00
250 5 10181 2036.20 66.13 1970.08 | 1.37E-02 0.694 1.48
300 10 11786 1178.60 44.96 1133.64 | 7.89E-03 0.815 1.14
350 20 12416 620.80 30.01 590.79 | 4.11E-03 0.917 0.92
400 30 9352 311.73 20.67 291.07 | 2.03E-03 0.994 0.74
450 100 14900 149.00 14.54 134.46 | 9.36E-04 1.064 0.80
500 200 13695 68.48 10.11 58.36 | 4.06E-04 1.115 0.99
550 300 9567 31.89 7.68 24.21 | 1.69E-04 1.152 1.50
600 300 5016 16.72 5.99 10.73 | 7.47E-05 1.188 1.45
650 300 3025 10.08 5.37 4.71 | 3.28E-05 1.212 8.32
700 300 2214 7.38 4.40 2.98 | 2.08E-05 1.229 7.43
750 300 1741 5.80 4.35 1.45| 1.01E-05 1.243 16.54
800 300 1496 4.99 4.12 0.86 | 6.01E-06 1.249 15.21

Co-60 Source
Collected Data

Scintillator Thickness (mm) 10 pieces/0.3175 mm
LYAWIAVE Detector Bias (-kV) 1.8

Calibration Date YAYp 003l Source Location #15
Initial Activity LIl ScintillatorLocation BLC Geometry
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Current Activity
Slope [mV/MeV]

Intercept [mV]

143612 | WIERSRELD
TV W o-slope [mV/MeV]
o-Intercept [mV]

Beryllium

R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG  NetCts. (C—B) Mev Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 1 9941 | 9941.00 418.87 | 9522.13 | 6.63E-02 0.135 7.91
100 2 12329 | 6164.50 181.55 | 5982.95 | 4.17E-02 0.296 4.32
150 3 12043 | 4014.33 132.19 | 3882.14 | 2.70E-02 0.450 291
200 4 10208 | 2552.00 94.36 | 2457.64 | 1.71E-02 0.593 2.05
250 5 7481 | 1496.20 66.13 | 1430.08 | 9.96E-03 0.734 1.76
300 10 8367 836.70 44.96 791.74 | 5.51E-03 0.848 1.43
350 20 9060 453.00 30.01 422.99 | 2.95E-03 0.936 1.19
400 30 6635 221.17 20.67 200.50 | 1.40E-03 1.017 1.54
450 100 10450 104.50 14.54 89.96 | 6.26E-04 1.081 1.46
500 200 9524 47.62 10.11 37.51 | 2.61E-04 1.128 2.47
550 300 6884 22.95 7.68 15.27 | 1.06E-04 1.165 3.77
600 300 3825 12.75 5.99 6.76 | 4.71E-05 1.199 3.02
650 300 2514 8.38 5.37 3.01 | 2.09E-05 1.228 28.46
700 300 1824 6.08 4.40 1.68 | 1.17E-05 1.239 53.14
750 300 1628 5.43 4.35 1.07 | 7.47E-06 1.244 | 109.75
800 300 1478 4.93 4.12 0.80 | 5.59E-06 1.247 | 102.21

Co-60 Source
Collected Data

Scintillator Thickness (mm)

Calibration Date YaYp 003l Source Location

Initial Activity
Current Activity
Slope [mV/MeV]
Intercept [mV]

10 pieces/0.3175 mm

Detector Bias (-kV) 1.8

#21
Scintillator Location BLC Geometry
Material Beryllium

kIS ¥: W o-slope [mV/MeV]
o-Intercept [mV]

R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 1 8440 | 8440.00 418.87 | 8021.13 | 5.59E-02 0.139 8.57
100 3 16014 | 5338.00 181.55 | 5156.45 | 3.59E-02 0.295 4.70
150 3 10915 | 3638.33 132.19 | 3506.14 | 2.44E-02 0.434 2.91
200 5 11329 | 2265.80 94.36 | 2171.44 | 1.51E-02 0.587 2.08
250 10 13361 1336.10 66.13 1269.98 | 8.84E-03 0.727 1.66
300 20 14804 740.20 44.96 695.24 | 4.84E-03 0.844 1.36
350 20 7821 391.05 30.01 361.04 | 2.51E-03 0.933 1.32
400 40 7842 196.05 20.67 175.38 | 1.22E-03 1.008 1.70
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450 90 8278 91.98 14.54 77.44 | 5.39E-04 1.077 1.56
500 200 8070 40.35 10.11 30.24 | 2.11E-04 1.131 1.96
550 300 5622 18.74 7.68 11.06 | 7.70E-05 1.175 5.12
600 300 3112 10.37 5.99 4.38 | 3.05E-05 1.200 3.37
650 300 2132 7.11 5.37 1.73 | 1.21E-05 1.232 26.28
700 300 1573 5.24 4.40 0.85 | 5.90E-06 1.244 22.70

Co-60 Source Scintillator Thickness (mm) 10 pieces/0.3175 mm
Collected Data Detector Bias (-kV) 1.8
Calibration Date Source Location #23
Initial Activity Scintillator Location BLC Geometry
Current Activity Material Beryllium
Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

R o-Linear Fit (Std. Dev.) [mV]

Disc Time | Total Counts BG  NetCts. (C—=B) Mev Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 1 9886 | 9886.00 418.87 | 9467.13 | 6.59E-02 0.130 8.66
100 2 12719 | 6359.50 181.55 | 6177.95 | 4.30E-02 0.278 4.61
150 3 12610 | 4203.33 132.19 | 4071.14 | 2.83E-02 0.429 3.09
200 4 10903 | 2725.75 94.36 | 2631.39 | 1.83E-02 0.570 2.27
250 5 8235 | 1647.00 66.13 | 1580.88 | 1.10E-02 0.708 1.80
300 10 8888 888.80 44.96 843.84 | 5.88E-03 0.838 1.44
350 20 9415 470.75 30.01 440.74 | 3.07E-03 0.929 1.22
400 40 9120 228.00 20.67 207.33 | 1.44E-03 1.011 1.53
450 100 10481 104.81 14.54 90.27 | 6.29E-04 1.080 1.44
500 200 9352 46.76 10.11 36.65 | 2.55E-04 1.130 2.02
550 300 6552 21.84 7.68 14.16 | 9.86E-05 1.173 3.80
600 300 3531 11.77 5.99 5.78 | 4.02E-05 1.203 12.49
650 300 2262 7.54 5.37 2.17 | 1.51E-05 1.236 31.81
700 300 1680 5.60 4.40 1.20 | 8.38E-06 1.245 28.29

Co-60 Source Scintillator Thickness (mm) 10 pieces/0.3175 mm
Collected Data Detector Bias (-kV) 1.8
Calibration Date Source Location #25
Initial Activity Scintillator Location BLC Geometry
Current Activity Material Beryllium
Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

R? o-Linear Fit (Std. Dev.) [mV]
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Disc Time Total Counts BG Net Cts. (C—B) MeV Disc.

(mV) (Sec.) Counts Sec. Sec. Sec. A, Calc. Error %

50 1 8693 | 8693.00 | 418.87 | 8274.13 | 5.76E-02 0.130 7.93
100 2 10503 | 5251.50 181.55 | 5069.95 | 3.53E-02 0.301 5.26
150 3 10408 | 3469.33 132.19 | 3337.14 | 2.32E-02 0.451 2.96
200 5 11027 | 2205.40 94.36 | 2111.04 | 1.47E-02 0.596 2.08
250 10 12996 | 1299.60 66.13 | 1233.48 | 8.59E-03 0.735 1.53
300 20 13802 690.10 44.96 645.14 | 4.49E-03 0.861 1.65
350 30 10702 356.73 30.01 326.72 | 2.28E-03 0.946 1.13
400 50 8619 172.38 20.67 151.71 | 1.06E-03 1.030 1.44
450 100 7963 79.63 14.54 65.09 | 4.53E-04 1.090 1.46
500 300 10727 35.76 10.11 25.64 | 1.79E-04 1.139 1.94
550 300 5233 17.44 7.68 9.77 | 6.80E-05 1.181 4.04
600 300 2941 9.80 5.99 3.81 | 2.66E-05 1.210 11.83
650 300 2028 6.76 5.37 1.39 | 9.66E-06 1.240 29.54
700 300 1528 5.09 4.40 0.70 | 4.85E-06 1.248 26.47

Single Layer Geometry - 3.175 mm scintillator

Co-60 Source Scintillator Thickness (mm) 0.3175
Collected Data yZpt AV Detector Bias (-kV) 1.8
Calibration Date 8/1/2006 | Sleitifel= Koleciilely #13
Initial Activity Lol ScintillatorLocation On axis
Current Activity 138431 | WEIEGE] Beryllium

Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

R? o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts BG Net Cts. (C—B) MeV Disc.

(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %

50 10 11897 | 1189.70 45.34 | 114436 | 8.27E-03 0.100 6.67

100 20 14891 744.55 26.65 717.90 | 5.19E-03 0.235 5.00
150 20 10455 522.75 20.75 502.00 | 3.63E-03 0.355 3.68
200 30 10704 356.80 16.07 340.73 | 2.46E-03 0.479 2.36
250 40 9150 228.75 12.11 216.64 | 1.56E-03 0.607 1.94
300 60 8064 134.40 8.38 126.02 | 9.10E-04 0.731 1.35
350 100 7177 71.77 5.74 66.03 | 4.77E-04 0.843 1.06
400 300 9850 32.83 4.30 28.53 | 2.06E-04 0.941 0.65

Cs-137 Source Scintillator Thickness (mm) 0.3175

Collected Data Detector Bias (-kV) 1.8
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Calibration Date 3/1/1994 | Seltiel= Holer|ilely

#13

Initial Activity VLYl ScintillatorLocation

On axis

Current Activity
Slope [mV/MeV]
Intercept [mV]

244905 | \VEHEEE]
Yol o-slope [mV/MeV]
m o-Intercept [mV]

Beryllium

R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 20 11771 588.55 45.34 543.21 | 2.22E-03 0.128 4.67
100 40 10500 262.50 26.65 235.85 | 9.63E-04 0.260 2.64
150 100 10731 107.31 20.75 86.56 | 3.53E-04 0.388 1.50
200 300 9757 32.52 16.07 16.45 | 6.72E-05 0.478 1.15
Co-60 Source Scintillator Thickness (mm) 0.3175
Collected Data Detector Bias (-kV) 1.9
Calibration Date Source Location #13
Initial Activity Scintillator Location On axis
Current Activity Material Beryllium

Slope [mV/MeV]
Intercept [mV]

741.24 SR AVEY
o-Intercept [mV]

R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG Net Cts. (C—B) MeV Disc.
(mV) (Sec.) Counts Sec. Sec. Sec. A, Calc. Error %
50 10 18011 | 1801.10 131.03 | 1670.07 | 1.21E-02 0.043 5.75
100 10 10835 | 1083.50 37.23 | 1046.27 | 7.56E-03 0.123 7.48
150 10 8519 851.90 29.34 822.56 | 5.94E-03 0.191 6.11
200 20 14025 701.25 25.45 675.80 | 4.88E-03 0.255 5.12
300 30 14274 475.80 19.16 456.64 | 3.30E-03 0.386 1.86
400 40 9143 228.58 14.36 214.22 | 1.55E-03 0.610 4.64
500 50 8843 176.86 10.25 166.61 | 1.20E-03 0.673 1.63
600 100 9422 94.22 6.70 87.52 | 6.32E-04 0.798 1.08
700 200 8193 40.97 4.38 36.59 | 2.64E-04 0.918 1.22
800 300 5055 16.85 2.76 14.09 | 1.02E-04 1.007 1.23
Cs-137 Source Scintillator Thickness (mm) 0.3175
Collected Data Detector Bias (-kV) 1.9
Calibration Date Source Location #13
Initial Activity Scintillator Location On axis

Current Activity
Slope [mV/MeV]
Intercept [mV]

244905 | \VEHEEE]
702.90 S LRIAVIEY
m o-Intercept [mV]
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R? o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts E Net Cts. (C—B) MeV Disc.
(mV) (Sec.) Counts Sec. Sec. Sec. A, Calc. Error %
50 10 10043 | 1004.30 131.03 873.27 | 3.57E-03 0.067 7.03
100 20 10747 537.35 37.23 500.12 | 2.04E-03 0.140 3.75
150 30 10367 345.57 29.34 316.23 | 1.29E-03 0.213 3.03
200 40 8970 224.25 25.45 198.80 | 8.12E-04 0.286 2.20
300 100 7504 75.04 19.16 55.88 | 2.28E-04 0.423 1.78
400 300 6833 22.78 14.36 8.42 | 3.44E-05 0.492 1.35

Co-60 Source

Collected Data

Initial Activity

Current Activity
Slope [mV/MeV]
Intercept [mV]

e JAv M Detector Bias (-kV) 2.0
Calibration Date 8/1/2006 | Sleitigel= Kofeciilely #13

LT[0l ScintillatorLocation On axis
138431 [ W/ELEHE!

Scintillator Thickness (mm) 0.3175

Beryllium

ib2:Nic) o-slope [mV/MeV]
P AR o-Intercept [mV]

R’ R0l o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts E Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 10 24724 | 2472.40 264.97 | 2207.43 | 1.59E-02 0.022 9.85
100 10 15547 1554.70 86.77 1467.93 | 1.06E-02 0.052 9.08
200 10 10045 1004.50 32.36 972.14 | 7.02E-03 0.142 6.56
300 10 7776 777.60 26.90 750.70 | 5.42E-03 0.221 6.48
400 20 12710 635.50 23.43 612.07 | 4.42E-03 0.289 3.59
500 20 9946 497.30 20.87 476.43 | 3.44E-03 0.373 3.30
600 30 11782 392.73 17.82 37491 | 2.71E-03 0.448 2.48
700 40 12308 307.70 15.36 292.34 | 2.11E-03 0.525 1.81
800 40 8934 223.35 12.21 211.14 | 1.53E-03 0.614 1.99
900 50 8380 167.60 10.28 157.32 | 1.14E-03 0.686 1.37
1000 100 11508 115.08 7.55 107.53 | 7.77E-04 0.761 1.12

Cs-137 Source Scintillator Thickness (mm) 0.3175
Collected Data Detector Bias (-kV) 2.0
Calibration Date Source Location #13
Initial Activity Scintillator Location On axis
Current Activity Material Beryllium
Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

o-Linear Fit (Std. Dev.) [mV]
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Disc Time Total Counts BG Net Cts. (C—B) MeV Disc.

(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 10 14536 | 1453.60 264.97 | 1188.63 | 4.85E-03 0.044 6.12

100 10 8360 836.00 86.77 749.23 | 3.06E-03 0.085 6.99
200 20 9569 478.45 32.36 446.09 | 1.82E-03 0.156 4.01
300 30 8698 289.93 26.90 263.03 | 1.07E-03 0.243 2.46
400 60 10447 174.12 23.43 150.69 | 6.15E-04 0.325 1.72
500 100 9301 93.01 20.87 72.14 | 2.95E-04 0.404 1.49
600 200 8742 43.71 17.82 25.89 | 1.06E-04 0.462 2.72
700 300 6783 22.61 15.36 7.25 | 2.96E-05 0.494 1.67

Co-60 Source Scintillator Thickness (mm) 0.3175
Collected Data Detector Bias (-kV) 2.1
Calibration Date Source Location #13
Initial Activity Scintillator Location On axis
Current Activity Material Beryllium

Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]
R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG  NetCts. (C-B) Disc.
(mV) (Sec.) Counts Sec Sec Sec A, Error %
50 10 30603 | 3060.30 | 389.56 | 2670.74 | 1.93E-02 0.004 | 11.97
100 10 21120 | 2112.00 | 174.88 | 1937.12 | 1.40E-02 0.033 7.50
200 10 13265 | 1326.50 47.66 | 1278.84 | 9.24E-03 0.080 7.75
300 10 10669 | 1066.90 34.38 | 1032.52 | 7.46E-03 0.127 7.61
400 10 9138 913.80 29.60 884.20 | 6.39E-03 0.169 6.63
500 20 15881 794.05 27.15 766.90 | 5.54E-03 0.213 5.51
600 20 13956 697.80 24.49 673.31 | 4.86E-03 0.256 3.98
700 20 11962 598.10 22.97 575.13 | 4.15E-03 0.310 4.47
800 20 10586 529.30 20.57 508.73 | 3.67E-03 0.351 3.46
900 20 9313 465.65 18.77 446.88 | 3.23E-03 0.393 2.66
1000 30 12011 400.37 17.58 382.79 | 2.77E-03 0.442 2.15

Cs-137 Source Scintillator Thickness (mm) 0.3175
Collected Data Detector Bias (-kV) 2.1
Calibration Date Source Location #13
Initial Activity Scintillator Location On axis
Current Activity Material Beryllium
Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

VRVl o-Linear Fit (Std. Dev.) [mV]
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Disc Time | Total Counts ~ BG ~ NetCts. (C—B) Mev Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 5 9254 | 1850.80 389.56 | 1461.24 | 5.97E-03 0.035 13.45
100 10 12219 | 1221.90 174.88 | 1047.02 | 4.28E-03 0.049 5.79
200 20 14221 711.05 47.66 663.39 | 2.71E-03 0.097 4.13
300 20 10108 505.40 34.38 471.02 | 1.92E-03 0.148 4.04
400 30 11746 391.53 29.60 361.93 | 1.48E-03 0.191 2.78
500 40 11764 294.10 27.15 266.95 | 1.09E-03 0.241 2.37
600 50 11078 221.56 24.49 197.07 | 8.05E-04 0.287 1.77
700 60 9591 159.85 22.97 136.88 | 5.59E-04 0.337 1.50
800 80 8863 110.79 20.57 90.22 | 3.68E-04 0.384 1.26
900 100 7281 72.81 18.77 54.04 | 2.21E-04 0.425 1.20
1000 200 9311 46.56 17.58 28.98 | 1.18E-04 0.456 1.71

BLC geometry - 10 0.5 mm layers

Co-60 Source

Collected Data

Initial Activity

Current Activity
Slope [mV/MeV]
Intercept [mV]

Scintillator Thickness (mm)

(FaXykV: W Detector Bias (~k\V/)

Calibration Date LYAVPL 0[Sl Source Location

LT[0l ScintillatorLocation
140846 [ W/ EIEHE!

pLIEEY o-slope [mV/MeV]
SRR NG lnterceptimV

10 pieces/0.5 mm

1.8

#13

BLC Geometry

Beryllium

R? o-Linear Fit (Std. Dev.) [mV]
Disc Time | Total Counts ~ BG ~ NetCts. (C—B) Mev Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 10 12496 | 1249.60 67.93 | 1181.67 | 8.39E-03 0.215 3.15
100 20 4292 214.60 16.61 197.99 | 1.41E-03 0.421 2.35
150 100 4957 49.57 7.16 42.41 | 3.01E-04 0.581 2.03
200 200 2927 14.64 3.78 10.86 | 7.71E-05 0.705 341
250 300 1607 5.36 2.32 3.04 | 2.16E-05 0.809 3.94
300 300 694 2.31 1.73 0.58 | 4.14E-06 0.922 5.32

Co-60 Source

Collected Data

Initial Activity

Current Activity
Slope [mV/MeV]
Intercept [mV]

140846 | W/ EIEEE]

Scintillator Thickness (mm)

(Fa AV Detector Bias (=kV)

Calibration Date EYAVPL 0[Sl Source Location

LT[0l ScintillatorLocation

LR34 o-slope [mV/MeV]
Y XWi: W o-Intercept [mV]

113

10 pieces/0.5 mm

1.9

#13

BLC Geometry
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R? o-Linear Fit (Std. Dev.) [mV]
Disc Time | Total Counts BG  NetCts. (C—B) Mev Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 5 14719 | 2943.80 208.47 | 2735.33 | 1.94E-02 0.118 3.98
100 10 9629 962.90 55.39 907.51 | 6.44E-03 0.246 2.27
150 20 7504 375.20 25.55 349.65 | 2.48E-03 0.357 2.16
200 50 8018 160.36 13.92 146.44 | 1.04E-03 0.451 1.39
250 100 7086 70.86 8.76 62.10 | 4.41E-04 0.542 1.49
300 200 6857 34.29 5.56 28.73 | 2.04E-04 0.619 2.02
350 300 5548 18.49 4.21 14.28 | 1.01E-04 0.684 1.85
400 300 2944 9.81 3.00 6.81 | 4.84E-05 0.746 1.99
450 300 1733 5.78 2.65 3.13 | 2.22E-05 0.806 4.96
500 300 1025 3.42 1.84 1.58 | 1.12E-05 0.853 5.65

Co-60 Source

Collected Data

Initial Activity
Current Activity
Slope [mV/MeV]
Intercept [mV]
R2

Disc Time
(mV) (Sec.)

(Fa AV Detector Bias (=kV) 2.0

Calibration Date YAV 00l Source Location #13
Lol ScintillatorLocation BLC Geometry

140846 [\ EIEHE!

Total
Counts

Scintillator Thickness (mm) 10 pieces/0.5 mm

Beryllium

Wyl o-slope [mV/MeV]
v NyANo-InterceptimV]
WLl o-Linear Fit (Std. Dev.) [mV]

Counts BG Net Cts. (C—B) WMeV Disc.
Sec. Sec. Sec. A, Calc. Error %

50 9374 | 4687.00 392.20 | 4294.80 | 3.05E-02 0.054 7.30
100 11800 | 2360.00 155.44 | 2204.56 | 1.57E-02 0.141 2.98
150 10 12670 | 1267.00 69.76 | 1197.24 | 8.50E-03 0.213 2.51
200 20 14614 730.70 42.40 688.30 | 4.89E-03 0.280 1.86
250 30 13040 434.67 26.74 407.93 | 2.90E-03 0.340 1.54
300 40 10628 265.70 19.87 245.83 | 1.75E-03 0.396 1.47
350 60 10217 170.28 14.19 156.09 | 1.11E-03 0.445 1.23
400 80 8437 105.46 11.05 94.41 | 6.70E-04 0.497 1.25
450 100 6762 67.62 8.42 59.20 | 4.20E-04 0.546 1.23
500 200 8617 43.09 6.67 36.42 | 2.59E-04 0.594 1.50
550 300 9196 30.65 5.53 25.12 | 1.78E-04 0.632 1.45
600 300 6095 20.32 4.17 16.15 | 1.15E-04 0.673 2.11
700 300 3084 10.28 3.09 7.19 | 5.10E-05 0.742 2.45
800 300 1705 5.68 2.19 3.49 | 2.48E-05 0.798 2.23
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Co-60 Source Scintillator Thickness (mm) 10 pieces/0.5 mm
Collected Data Detector Bias (-kV) 2.1
Calibration Date Source Location #13
Initial Activity Scintillator Location BLC Geometry
Current Activity Material Beryllium

Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]
R? o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts E Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 2 11643 | 5821.50 | 534.95| 5286.55 | 3.75E-02 0.033 9.58
100 3 11780 | 3926.67 284.24 | 3642.43 | 2.59E-02 0.081 5.06
150 4 10400 | 2600.00 155.33 | 2444.67 | 1.74E-02 0.131 3.30
200 5 8892 | 1778.40 95.59 | 1682.81 | 1.19E-02 0.173 3.20
250 10 12960 | 1296.00 66.74 | 1229.26 | 8.73E-03 0.210 2.42
300 20 18584 929.20 49.61 879.59 | 6.25E-03 0.249 1.62
350 20 13413 670.65 39.32 631.33 | 4.48E-03 0.289 1.74
400 20 10062 503.10 29.82 473.28 | 3.36E-03 0.323 1.60
450 30 10957 365.23 24.33 340.90 | 2.42E-03 0.360 1.77
500 40 11041 276.03 19.58 256.45 | 1.82E-03 0.392 1.36
550 50 10468 209.36 15.72 193.64 | 1.37E-03 0.423 1.44
600 60 9468 157.80 14.27 143.53 | 1.02E-03 0.453 1.79
700 100 9232 92.32 9.76 82.56 | 5.86E-04 0.512 1.66
800 100 5501 55.01 6.81 48.20 | 3.42E-04 0.568 1.85
900 100 3496 34.96 5.54 29.42 | 2.09E-04 0.616 1.96
1000 100 2217 22.17 4.61 17.56 | 1.25E-04 0.666 1.88

Single Layer Geometry - 0.5 mm scintillator

Co-60 Source Scintillator Thickness (mm) 0.5
Collected Data Detector Bias (-kV) 2.0
Calibration Date Source Location #13
Initial Activity Scintillator Location On axis
Current Activity Material Beryllium
Slope [mV/MeV] o-slope [mV/MeV]

Intercept [mV] o-Intercept [mV]

R o-Linear Fit (Std. Dev.) [mV]

Disc Time Total Counts BG Net Cts. (C—B) MeV Disc.
(mV)  (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
5.29E-03
100 30 10203 340.10 60.54 279.56 | 2.02E-03 0.103 3.29
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150 100 13063 130.63 14.42 116.21 | 8.40E-04 0.197 2.21
200 100 6676 66.76 6.94 59.82 | 4.32E-04 0.274 2.63
250 200 7390 36.95 4.26 32.69 | 2.36E-04 0.339 2.53
300 300 6726 22.42 2.50 19.92 | 1.44E-04 0.391 2.11
350 300 4037 13.46 2.22 11.24 | 8.12E-05 0.450 1.78
Cs-137 Source Scintillator Thickness (mm) 0.5
Collected Data Detector Bias (-kV) 2.0
Calibration Date Source Location #13
Initial Activity Scintillator Location On axis

Current Activity
Slope [mV/MeV]
Intercept [mV]

244889 | \V/EHEEE]

yLY YW o-slope [mV/MeV]
LWIN o-Intercept [mV]

Beryllium

R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG Net Cts. (C —B) Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Error %
50 30 11738 391.27 | 217.24 174.03 | 7.11E-04 0.061 7.39
75 50 11581 231.62 124.68 106.94 | 4.37E-04 0.110 5.37
100 80 10232 127.90 60.54 67.36 | 2.75E-04 0.155 4.87
125 100 7423 74.23 28.25 45.98 | 1.88E-04 0.191 3.07
150 200 9081 45.41 14.42 30.99 | 1.27E-04 0.224 3.11
175 300 8762 29.21 8.74 20.47 | 8.36E-05 0.251 1.94
200 300 6011 20.04 6.94 13.10 | 5.35E-05 0.283 2.02
Co-60 Source Scintillator Thickness (mm) 0.5
Collected Data Detector Bias (-kV) 2.1
Calibration Date Source Location #13
Initial Activity Scintillator Location On axis

Current Activity
Slope [mV/MeV]
Intercept [mV]

138381 [ W/ ELIEHE!

WY RIW o-slope [mV/MeV]
o-Intercept [mV]

Beryllium

R o-Linear Fit (Std. Dev.) [mV]
Disc Time | Total Counts BG  NetCts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 10 13711 | 1371.10 353.66 | 1017.44 | 7.35E-03 | #N/A #N/A
100 20 13829 691.45 145.95 545.50 | 3.94E-03 0.029 3.26
150 30 10300 343.33 55.80 287.53 | 2.08E-03 0.100 2.84
200 50 9514 190.28 21.27 169.01 | 1.22E-03 0.154 3.51
250 100 12422 124.22 10.91 113.31 | 8.19E-04 0.200 2.13
300 100 8477 84.77 7.46 77.31 | 5.59E-04 0.245 2.30
350 200 12127 60.64 5.50 55.14 | 3.98E-04 0.283 2.28
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400 200 8811 44.06 4.49 39.57 | 2.86E-04 0.318 2.75
450 300 9610 32.03 3.54 28.49 | 2.06E-04 0.351 2.95
500 300 6885 22.95 2.74 20.21 | 1.46E-04 0.389 1.77
Cs-137 Source Scintillator Thickness (mm) 0.5
Collected Data Detector Bias (-kV) 2.1
Calibration Date Source Location #13
Initial Activity Scintillator Location On axis
Current Activity Material Beryllium

Slope [mV/MeV]
Intercept [mV]

1306.96 | & oo A
XyWAW o-Intercept [mV]

R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts ﬁ Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 20 11911 595.55 353.66 241.89 | 9.88E-04 0.042 7.75
75 30 11953 398.43 233.29 165.14 | 6.74E-04 0.067 10.26
100 40 11107 277.68 145.95 131.73 | 5.38E-04 0.090 5.40
125 50 9573 191.46 89.98 101.48 | 4.14E-04 0.116 6.41
150 80 11138 139.23 55.80 83.43 | 3.41E-04 0.136 3.52
175 100 9953 99.53 34.51 65.02 | 2.66E-04 0.159 3.96
200 100 7336 73.36 21.27 52.09 | 2.13E-04 0.181 2.90
225 200 10984 54.92 14.98 39.94 | 1.63E-04 0.201 4.00
250 200 8777 43.89 10.91 32.98 | 1.35E-04 0.219 2.90
275 300 10391 34.64 8.70 25.94 | 1.06E-04 0.237 2.29
300 300 8201 27.34 7.46 19.88 | 8.12E-05 0.253 3.65
350 300 5341 17.80 5.50 12.30 | 5.02E-05 0.287 2.13

BLC geometry - 10 0.25 mm layers

Co-60 Source

Scintillator Thickness (mm)

10 pieces/0.25 mm

Collected Data (FauYAVM Detector Bias (-kV)

1.8

Calibration Date 8/1/2006 | Sleitigel= Kofeciilely

#13

Initial Activity LTl ScintillatorLocation

BLC Geometry

Current Activity
Slope [mV/MeV]
Intercept [mV]
RZ

Disc
(mV)

140795 | WELEEL
204.00 AT AR
o-Intercept [mV]

Total Counts

Counts

Time
(Sec.)

BG
Sec.

Net Cts.
Sec. Sec.

1007.60

VYW o-Linear Fit (Std. Dev.) [mV]
(C - B)

4,
6.01E-03

MeV

Calc.

Beryllium

Disc.
Error %
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50 50 7266 145.32 19.67 125.65 | 8.92E-04 0.299 2.10
75 100 3716 37.16 5.60 31.56 | 2.24E-04 0.408 3.40
100 100 1318 13.18 2.54 10.64 | 7.56E-05 0.492 3.25
125 200 1155 5.78 1.81 3.97 | 2.82E-05 0.565 5.10
150 300 888 2.96 141 1.55 | 1.10E-05 0.641 3.42

Cs-137 Source

Collected Data

Current Activity

Intercept [mV]

Scintillator Thickness (mm)

7/18/14 [ bleieield HESEAY)
Calibration Date 3/1/1994 | Seltiel= Holer|ilely

Initial Activity

ElyLysl Scintillator Location
245060 | \V/ELEEE]

Slope [mV/MeV]

pLyX:0ll o-slope [mV/MeV]
SVWER o-Intercept [mV]

10 pieces/0.25 mm

1.8

#13

BLC Geometry

Beryllium

R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG  NetCts. (C-B) Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Error %
25 20 8115 405.75 162.00 243.75 | 9.95E-04 0.161 4.46
50 200 10122 50.61 19.67 30.94 | 1.26E-04 0.279 2.94
75 300 3314 11.05 5.60 5.45 | 2.22E-05 0.355 8.32
100 300 1276 4.25 2.54 1.71 | 6.99E-06 0.399 3.93

Co-60 Source
Collected Data

Initial Activity

Current Activity
Slope [mV/MeV]
Intercept [mV]

140795 | WELEE]

Scintillator Thickness (mm)

(YANVAY:S Detector Bias (-kV)
Calibration Date 8/1/2006 | Sfol¥ge=t Kooz rilo)!

LIl ScintillatorLocation

Iy XYW o-slope [mV/MeV]
Sy o-Intercept [mV]

10 pieces/0.25 mm

1.9

#13

BLC Geometry

Beryllium

R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG  NetCts. (C-B) Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Error %
25 10 22075 | 2207.50 34493 | 1862.57 | 1.32E-02 0.084 3.74
50 10 7156 715.60 110.28 605.32 | 4.30E-03 0.172 2.65
75 30 7274 242.47 32.66 209.81 | 1.49E-03 0.258 2.29
100 60 5771 96.18 12.77 83.41 | 5.92E-04 0.335 2.12
125 100 4828 48.28 7.20 41.08 | 2.92E-04 0.390 2.10
150 100 2612 26.12 4.36 21.76 | 1.55E-04 0.438 2.73
175 200 3065 15.33 2.49 12.84 | 9.12E-05 0.478 2.96
200 200 1949 9.75 2.15 7.60 | 5.39E-05 0.517 3.59
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Cs-137 Source

Collected Data

Initial Activity

Current Activity
Slope [mV/MeV]
Intercept [mV]

245060 | \/ELEEE]

Scintillator Thickness (mm)

A7V Detector Bias (=kV)

Calibration Date 3/1/1994 | Seitige= Foleciilely

REYLYl Scintillator Location

FTxX)] o-slope [mV/MeV]
YAl o-Intercept [mV]

10 pieces/0.25 mm

1.9

#13

BLC Geometry

Beryllium

R? o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts E Net Cts. (C—B) WMeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
25 10 9250 925.00 344.93 580.07 | 2.37E-03 0.101 5.66
50 40 11184 279.60 110.28 169.32 | 6.91E-04 0.185 2.73
75 100 8808 88.08 32.66 55.42 | 2.26E-04 0.246 2.09
100 200 6447 32.24 12.77 19.47 | 7.94E-05 0.298 2.19
125 300 4435 14.78 7.20 7.58 | 3.09E-05 0.344 3.44
150 300 2428 8.09 4.36 3.73 | 1.52E-05 0.375 4.25

Co-60 Source

Collected Data

Initial Activity

Current Activity
Slope [mV/MeV]
Intercept [mV]

140795 [ WV/EIEHE!

Scintillator Thickness (mm)

(FaVAY W Detector Bias (-kV/)

Calibration Date 8/1/2006 | Sleitigel= Kofecinlely

LT[ ol ScintillatorLocation

582.37 RS LRIZAVEN
-16.08 | o llarisiie=ere e

10 pieces/0.25 mm

2.0

#13

BLC Geometry

Beryllium

R? o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts E Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
25 10 34816 | 3481.60 505.40 | 2976.20 | 2.11E-02 0.049 5.96
50 10 17351 | 1735.10 270.06 | 1465.04 | 1.04E-02 0.097 2.58
75 10 9034 903.40 138.10 765.30 | 5.44E-03 0.149 2.11
100 20 9293 464.65 66.79 397.86 | 2.83E-03 0.204 2.33
125 30 7567 252.23 31.60 220.63 | 1.57E-03 0.252 2.28
150 60 8802 146.70 16.38 130.32 | 9.26E-04 0.297 1.55
175 100 9211 92.11 10.38 81.73 | 5.80E-04 0.337 1.88
200 100 6265 62.65 7.09 55.56 | 3.95E-04 0.367 2.76
250 100 3254 32.54 4.34 28.20 | 2.00E-04 0.418 2.81
300 100 1724 17.24 3.27 13.97 | 9.92E-05 0.471 2.55

Cs-137 Source

Collected Data

Scintillator Thickness (mm)

Y7t A Detector Bias (-kV/)

Calibration Date 3/1/1994 | Sleltiel= Holer|ilely

10 pieces/0.25 mm

2.0

#13

www.manharaa.com



Initial Activity

Current Activity
Slope [mV/MeV]
Intercept [mV]

REYLY il Scintillator Location
245060 | \VELEEE]
yry & o-slope [mV/MeV]

L YNYE o-Intercept [mV]

BLC Geometry

Beryllium

R o-Linear Fit (Std. Dev.) [mV]
Disc Time | Total Counts BG  NetCts. (C—=B) Mev Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
25 10 15540 | 1554.00 | 505.40 | 1048.60 | 4.28E-03 0.063 8.63
50 20 13523 676.15 270.06 406.09 | 1.66E-03 0.129 4.53
75 30 10655 355.17 138.10 217.07 | 8.86E-04 0.170 331
100 50 8814 176.28 66.79 109.49 | 4.47E-04 0.208 3.08
125 100 9199 91.99 31.60 60.39 | 2.46E-04 0.242 1.74
150 200 9601 48.01 16.38 31.63 | 1.29E-04 0.278 2.84
175 300 8769 29.23 10.38 18.85 | 7.69E-05 0.299 1.94
200 300 5687 18.96 7.09 11.87 | 4.84E-05 0.326 3.75
250 300 2744 9.15 4.34 4.81 | 1.96E-05 0.363 4.70

Co-60 Source

Collected Data

Initial Activity

Current Activity
Slope [mV/MeV]
Intercept [mV]

140795 [ WV/EIEHE!

Scintillator Thickness (mm)

(FaVAY W Detector Bias (-kV/)

Calibration Date 8/1/2006 | Sleitigel= Kofecinlely

LT[ ol ScintillatorLocation

CEYASY o-slope [mV/MeV]
YRR NGInterceptimVl

10 pieces/0.25 mm

2.1

#13

BLC Geometry

Beryllium

www.manharaa.com

R? o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts E Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
25 2 12801 | 6400.50 | 1179.10 | 5221.40 | 3.71E-02 | #N/A #N/A
50 4 11529 | 2882.25 42435 | 2457.90 | 1.75E-02 0.065 5.34
75 6 10880 | 1813.33 271.98 | 1541.36 | 1.09E-02 0.094 2.64
100 8 9323 | 1165.38 167.35 998.03 | 7.09E-03 0.130 2.80
125 10 7842 784.20 102.51 681.69 | 4.84E-03 0.160 2.42
150 20 10330 516.50 63.24 453.26 | 3.22E-03 0.194 1.64
175 40 14002 350.05 39.08 310.97 | 2.21E-03 0.227 191
200 50 12372 247.44 25.14 222.30 | 1.58E-03 0.251 2.55
250 60 8443 140.72 12.89 127.83 | 9.08E-04 0.298 1.67
300 80 6711 83.89 8.49 75.40 | 5.36E-04 0.342 1.99
350 100 5527 55.27 5.96 49.31 | 3.50E-04 0.377 2.51
400 100 3764 37.64 4.85 32.79 | 2.33E-04 0.405 3.60
500 100 1838 18.38 2.90 15.48 | 1.10E-04 0.462 4.16
600 100 1003 10.03 1.97 8.06 | 5.72E-05 0.512 4.18
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Cs-137 Source

Collected Data 7/18/14 [ bleieield HESEAY) 2.1
Calibration Date Source Location #13
Initial Activity Scintillator Location BLC Geometry
Current Activity Material Beryllium

Slope [mV/MeV]
Intercept [mV]
RZ

Scintillator Thickness (mm)

1139.10 | & sleiers L LAV
AR R NG Interceptimv
W0l o-Linear Fit (Std. Dev.) [mV]

10 pieces/0.25 mm

Disc Time Total Counts ﬁ Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
25 5 27892 | 5578.40 | 1179.10 | 4399.30 | 1.80E-02 | #N/A #N/A
50 10 11881 | 1188.10 424.35 763.75 | 3.12E-03 0.086 7.18
75 20 14583 729.15 271.98 457.18 | 1.87E-03 0.121 4.50
100 30 13831 461.03 167.35 293.68 | 1.20E-03 0.148 2.53
125 40 11953 298.83 102.51 196.31 | 8.01E-04 0.176 2.81
150 50 9849 196.98 63.24 133.74 | 5.46E-04 0.196 1.78
175 80 10309 128.86 39.08 89.78 | 3.66E-04 0.222 2.40
200 100 8763 87.63 25.14 62.49 | 2.55E-04 0.241 2.10
250 200 9025 45.13 12.89 32.24 | 1.32E-04 0.277 1.29
300 300 4900 16.33 8.49 7.84 | 3.20E-05 0.342 4.39
350 300 3243 10.81 5.96 4.85 | 1.98E-05 0.362 6.67
Single Layer Geometry - 0.25 mm scintillator
Co-60 Source Scintillator Thickness (mm) 0.25
Collected Data Detector Bias (-kV) 2.0
Calibration Date Source Location #13
Initial Activity Scintillator Location On axis
Current Activity Material Beryllium
Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]
R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG Net Cts. (C—B) MeV Disc.
(mV) (Sec.) Counts Sec. Sec. Sec. A, Calc. Error %
50 20 13107 655.35 216.45 438.90 | 3.17E-03 0.012 4.05
75 30 10052 335.07 112.97 222.10 | 1.61E-03 0.066 2.90
100 60 9181 153.02 48.02 105.00 | 7.59E-04 0.114 2.09
125 200 12910 64.55 19.04 45,51 | 3.29E-04 0.183 1.74
150 300 8647 28.82 7.58 21.24 | 1.54E-04 0.241 2.10
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175 300 4678 15.59 3.75 11.84 | 8.56E-05 0.286 2.78
200 300 2936 9.79 2.60 7.19 | 5.20E-05 0.325 3.33
Cs-137 Source Scintillator Thickness (mm) 0.25
Collected Data Detector Bias (-kV) 2.0
Calibration Date Source Location #13
Initial Activity Scintillator Location On axis

Current Activity
Slope [mV/MeV]
Intercept [mV]

244874 | \VEHEEE]
1002.27 RN\ ZAYAY
-100.18 | o piaifecion L.

Beryllium

R? o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts E Net Cts. (C = B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 40 10348 258.70 | 216.45 42.25 | 1.72E-04 0.120 12.88
75 80 10463 130.79 112.97 17.82 | 7.27E-05 0.175 16.64
100 100 5835 58.35 48.02 10.33 | 4.22E-05 0.201 12.62
125 300 7948 26.49 19.04 7.45 | 3.04E-05 0.224 6.93
150 300 3538 11.79 7.58 4.21 | 1.72E-05 0.250 4.10
Co-60 Source Scintillator Thickness (mm) 0.25
Collected Data Detector Bias (-kV) 2.1
Calibration Date Source Location #13
Initial Activity Scintillator Location On axis
Current Activity Material Beryllium

Slope [mV/MeV]
Intercept [mV]

y¥ (WYl o-slope [mV/MeV]
LY o-Intercept [mV]

14.37

R o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts BG Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 10 10284 1028.40 334.48 693.92 | 5.02E-03 | #N/A #N/A
75 20 13071 653.55 213.16 440.39 | 3.18E-03 0.012 3.65
100 30 11953 398.43 127.24 271.19 | 1.96E-03 0.049 2.22
125 50 12029 240.58 76.58 164.00 | 1.19E-03 0.086 2.10
150 70 9896 141.37 40.17 101.20 | 7.32E-04 0.118 1.84
175 100 7872 78.72 21.86 56.86 | 4.11E-04 0.164 2.27
200 200 9318 46.59 12.27 34.32 | 2.48E-04 0.201 1.66
225 300 8902 29.67 6.95 22.72 | 1.64E-04 0.236 2.43
250 300 6200 20.67 4.55 16.12 | 1.17E-04 0.261 4.42
300 300 3554 11.85 2.69 9.16 | 6.62E-05 0.302 5.23
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Cs-137 Source Scintillator Thickness (mm) 0.25
Collected Data Detector Bias (-kV) 2.1
Calibration Date Source Location #13
Initial Activity Scintillator Location On axis
Current Activity Material Beryllium

Slope [mV/MeV] o-slope [mV/MeV]
Intercept [mV] o-Intercept [mV]
R? o-Linear Fit (Std. Dev.) [mV]
Disc Time Total Counts E Net Cts. (C—B) MeV Disc.
(mV) (Sec.) | Counts Sec. Sec. Sec. A, Calc. Error %
50 20 8839 441.95 334.48 107.47 | 4.39E-04 0.056 9.49
75 50 12953 259.06 213.16 45.90 | 1.87E-04 0.114 13.59
100 80 12531 156.64 127.24 29.40 | 1.20E-04 0.143 5.68
125 100 9147 91.47 76.58 14.89 | 6.08E-05 0.185 44.92
150 200 10763 53.82 40.17 13.65 | 5.57E-05 0.189 5.92
175 300 9341 31.14 21.86 9.28 | 3.79E-05 0.209 6.91
200 300 5651 18.84 12.27 6.57 | 2.68E-05 0.231 4.87
225 300 2592 8.64 4.55 4.09 | 1.67E-05 0.251 3.36
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Appendix B MCNP Results

Detector #1

Proof of Concept - Case 1 (Beryllium/Beryllium)

Co-60 Source

Scintillator Thickness (mm) 1
Scintillator Location on axis
Source Location Center
Material Beryllium/Beryllium
Ener dN /cts dN dN olN
e | arlom) ol M) =
0.000 1.67E-05 2.58E-06
0.001 3.98E-01 3.18E-04 2.09E-02 6.45E-05
0.051 1.43E-03 2.40E-05 1.80E-02 5.99E-05
0.101 1.14E-03 2.15E-05 1.57E-02 5.59E-05
0.151 9.92E-04 1.98E-05 1.37E-02 5.23E-05
0.201 1.10E-03 2.09E-05 1.15E-02 | 4.79E-05
0.251 1.18E-03 2.17E-05 9.16E-03 4.27E-05
0.301 1.01E-03 2.00E-05 7.14E-03 3.78E-05
0.351 8.10E-04 1.80E-05 5.52E-03 3.32E-05
0.401 6.64E-04 1.63E-05 4.19E-03 2.89E-05
0.451 5.08E-04 1.42E-05 3.18E-03 2.52E-05
0.501 3.89E-04 1.24E-05 2.40E-03 2.19E-05
0.551 3.08E-04 1.11E-05 1.78E-03 1.89E-05
0.601 2.39E-04 9.76E-06 1.31E-03 1.62E-05
0.651 1.84E-04 8.59E-06 9.37E-04 1.37E-05
0.701 1.36E-04 7.37E-06 6.67E-04 1.15E-05
0.751 9.88E-05 6.28E-06 4.69E-04 | 9.68E-06
0.800 7.52E-05 5.49E-06 3.19E-04 | 7.98E-06
0.850 5.50E-05 4.68E-06 2.09E-04 | 6.46E-06
0.900 3.98E-05 3.99E-06 1.29E-04 | 5.08E-06
0.950 2.97E-05 3.44E-06 7.00E-05 3.74E-06
1.000 1.53E-05 2.47E-06 3.94E-05 2.81E-06
1.050 9.90E-06 1.99E-06 1.96E-05 1.98E-06
1.100 7.60E-06 1.74E-06 4.40E-06 | 9.37E-07
1.150 2.10E-06 9.16E-07
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Cs-137 Source

Scintillator Thickness (mm) 1
Scintillator Location on axis
Source Location Center
Material Beryllium/beryllium
Ener dN /cts dN dN ol[N
e a5 ol v Xa)
0.000 4.60E-06 6.78E-07
0.001 4.01E-01 1.61E-04 9.30E-03 2.92E-05
0.051 3.16E-03 1.77E-05 6.19E-03 2.38E-05
0.101 1.56E-03 1.24E-05 4.76E-03 2.09E-05
0.151 1.14E-03 1.06E-05 3.71E-03 1.85E-05
0.201 9.57E-04 9.76E-06 2.83E-03 1.61E-05
0.251 8.14E-04 9.04E-06 2.08E-03 1.38E-05
0.301 6.85E-04 8.29E-06 1.45E-03 1.15E-05
0.351 5.73E-04 7.56E-06 9.21E-04 | 9.20E-06
0.401 4.45E-04 6.67E-06 5.12E-04 | 6.86E-06
0.451 3.62E-04 6.01E-06 1.79E-04 | 4.06E-06
0.501 1.86E-04 4.32E-06 7.91E-06 | 8.53E-07
0.551 8.00E-06 8.94E-07 5.52E-07 2.25E-07
0.601 5.00E-07 2.24E-07 9.20E-08 | 9.20E-08
0.651 1.00E-07 1.00E-07 0.00E+00 | 0.00E+00
0.701 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00
0.751 0.00E+00 | 0.00E+00

Na-22 Source

Scintillator Thickness (mm) 1

Scintillator Location on axis

Source Location Center

Material Beryllium/Beryllium
Energy dN(cts)

(MeV) dE \bin

0.000 1.85E-05 4.13E-06

0.001 3.97E-01 4.77E-04 2.70E-02 6.41E-05
0.051 1.39E-03 1.18E-05 2.05E-02 5.50E-05
0.101 1.11E-03 1.05E-05 1.61E-02 4.80E-05
0.151 9.45E-04 9.72E-06 1.28E-02 4.22E-05
0.201 1.07E-03 1.03E-05 9.94E-03 3.66E-05
0.251 1.21E-03 1.10E-05 7.23E-03 3.07E-05
0.301 1.03E-03 1.02E-05 4.81E-03 2.41E-05
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0.351 8.09E-04 8.97E-06 2.84E-03 1.70E-05
0.401 6.68E-04 8.16E-06 2.14E-03 1.46E-05
0.451 5.22E-04 7.22E-06 1.61E-03 1.27E-05
0.501 3.92E-04 6.26E-06 1.22E-03 1.10E-05
0.551 3.04E-04 5.51E-06 9.16E-04 9.56E-06
0.601 2.40E-04 4.89E-06 6.76E-04 8.22E-06
0.651 1.85E-04 4.29E-06 4.91E-04 7.01E-06
0.701 1.37E-04 3.70E-06 3.55E-04 5.95E-06
0.750 1.00E-04 3.16E-06 2.55E-04 5.05E-06
0.800 7.63E-05 2.76E-06 1.78E-04 4.22E-06
0.850 5.99E-05 2.45E-06 1.19E-04 3.44E-06
0.900 4.39E-05 2.09E-06 7.48E-05 2.73E-06
0.950 3.11E-05 1.76E-06 4.37E-05 2.09E-06
1.000 2.49E-05 1.58E-06 1.88E-05 1.37E-06
1.050 1.88E-05 1.37E-06

Proof of Concept - Case 2 (Beryllium/Polypropylene)

Co-60 Source

Scintillator Thickness (mm) 1
Scintillator Location on axis
Source Location Center
Material Beryllium/Polypropylene
Energy dy (cts dN dp /cts dN dN o[N]
v arom) vlaEl  alw) olml M2 E)
0.000 2.37E-05 3.08E-06 | 0.00E+00 | 0.00E+00
0.001 4.70E-01 2.82E-04 1.33E-03 1.15E-05 3.10E-02 7.86E-05
0.051 1.73E-03 2.62E-05 9.77E-05 3.13E-06 2.75E-02 7.40E-05
0.101 1.53E-03 2.47E-05 3.30E-06 5.75E-07 2.44E-02 6.98E-05
0.151 1.39E-03 2.36E-05 4.50E-06 6.71E-07 2.16E-02 6.57E-05
0.201 1.53E-03 2.48E-05 9.70E-06 9.85E-07 1.86E-02 6.08E-05
0.251 1.76E-03 2.63E-05 1.52E-05 1.23E-06 1.51E-02 5.48E-05
0.301 1.53E-03 2.47E-05 1.30E-05 1.14E-06 1.20E-02 | 4.89E-05
0.351 1.27E-03 2.25E-05 9.60E-06 9.80E-07 9.44E-03 4.34E-05
0.401 1.05E-03 2.04E-05 1.05E-05 1.02E-06 7.33E-03 3.83E-05
0.451 8.41E-04 1.83E-05 8.00E-06 8.94E-07 5.64E-03 3.36E-05
0.501 6.54E-04 1.62E-05 6.00E-06 7.75E-07 4.33E-03 2.94E-05
0.551 5.13E-04 1.43E-05 4.30E-06 6.56E-07 3.30E-03 2.57E-05
0.601 4.08E-04 1.28E-05 4.40E-06 6.64E-07 2.48E-03 2.22E-05
0.651 3.08E-04 1.11E-05 1.80E-06 | 4.24E-07 1.86E-03 1.93E-05
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0.701 2.43E-04 9.87E-06 1.10E-06 3.32E-07 1.37E-03 1.66E-05
0.751 1.90E-04 8.72E-06 9.00E-07 3.00E-07 9.93E-04 1.41E-05
0.800 1.46E-04 7.66E-06 3.00E-07 1.73E-07 7.01E-04 1.18E-05
0.850 1.11E-04 6.66E-06 1.00E-07 1.00E-07 4.79E-04 9.78E-06
0.900 9.02E-05 6.00E-06 2.99E-04 7.72E-06
0.950 6.77E-05 5.20E-06 1.63E-04 5.71E-06
1.000 3.42E-05 3.70E-06 9.49E-05 4.36E-06
1.050 2.34E-05 3.06E-06 4.82E-05 3.10E-06
1.100 1.76E-05 2.65E-06 1.30E-05 1.61E-06
1.150 5.80E-06 1.52E-06 1.40E-06 5.29E-07
1.200 4.00E-07 4.00E-07 6.00E-07 3.46E-07
1.250 2.00E-07 2.83E-07 2.00E-07 2.00E-07
1.300 1.00E-07 2.00E-07 0.00E+00 | 0.00E+00
1.350 0.00E+00 | 0.00E+00 0.00E+00 | 0.00E+00
1.400 0.00E+00 | 0.00E+00

Cl-36 Source
Scintillator Thickness (mm) 1

Scintillator Location on axis

Source Location Center

Material Beryllium/Polypropylene

Ener dN /cts dN dN o[N

Mev) E(E) "E] N(BT E) =
0.000 3.19E-04 5.53E-06
0.001 1.93E-04 4 .31E-06 6.26E-01 2.41E-04
0.051 5.33E-02 6.80E-05 5.73E-01 2.31E-04
0.101 6.87E-02 8.09E-05 5.06E-01 2.16E-04
0.151 7.13E-02 7.69E-05 4.36E-01 2.02E-04
0.201 7.46E-02 8.05E-05 3.63E-01 1.85E-04
0.251 7.80E-02 8.42E-05 2.86E-01 1.65E-04
0.301 7.92E-02 8.54E-05 2.09E-01 1.41E-04
0.351 6.89E-02 8.11E-05 1.41E-01 1.16E-04
0.401 5.43E-02 6.93E-05 8.79E-02 9.27E-05
0.451 3.90E-02 6.13E-05 4 .96E-02 6.96E-05
0.501 2.49E-02 4 .88E-05 2.52E-02 4 .97E-05
0.551 1.45E-02 3.71E-05 1.09E-02 3.31E-05
0.601 7.38E-03 2.68E-05 3.69E-03 1.94E-05
0.651 2.98E-03 1.73E-05 7.69E-04 8.84E-06
0.701 7.54E-04 8.67E-06 2.94E-05 1.73E-06
0.751 3.00E-05 1.73E-06
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Sr-90 Source

Scintillator Thickness (mm) 1
Scintillator Location on axis
Source Location Center
Material Beryllium/Polypropylene
Ener dN /cts dN dN o[N
e a5 ol v Xa)
0.000 6.28E-03 5.02E-05
0.001 6.43E-03 7.08E-05 1.21E+00 | 6.70E-04
0.050 4.09E-02 1.72E-04 1.13E+00 | 6.48E-04
0.099 5.14E-02 1.95E-04 1.03E+00 | 6.18E-04
0.148 5.18E-02 1.97E-04 9.22E-01 5.85E-04
0.197 7.33E-02 2.35E-04 7.75E-01 5.36E-04
0.246 8.01E-02 2.40E-04 6.15E-01 | 4.79E-04
0.295 7.13E-02 2.28E-04 4.72E-01 | 4.22E-04
0.344 5.70E-02 2.05E-04 3.58E-01 3.68E-04
0.392 4.29E-02 1.80E-04 2.72E-01 3.21E-04
0.441 3.06E-02 1.53E-04 2.11E-01 2.83E-04
0.490 2.08E-02 1.25E-04 1.70E-01 2.54E-04
0.539 1.49E-02 1.07E-04 1.40E-01 2.30E-04
0.588 1.16E-02 9.51E-05 1.17E-01 2.09E-04
0.637 9.71E-03 8.55E-05 9.73E-02 1.91E-04
0.686 8.10E-03 7.94E-05 8.11E-02 1.74E-04
0.735 6.84E-03 7.25E-05 6.74E-02 1.58E-04
0.784 5.68E-03 6.59E-05 5.60E-02 1.43E-04
0.833 4.76E-03 6.00E-05 4.65E-02 1.30E-04
0.882 3.99E-03 5.50E-05 3.85E-02 1.18E-04
0.931 3.32E-03 5.05E-05 3.19E-02 1.07E-04
0.980 2.74E-03 4.61E-05 2.64E-02 9.64E-05
1.029 2.30E-03 4.19E-05 2.18E-02 | 8.68E-05
1.078 1.91E-03 3.83E-05 1.80E-02 7.79E-05
1.127 1.57E-03 3.49E-05 1.48E-02 6.97E-05
1.176 1.29E-03 3.16E-05 1.22E-02 6.21E-05
1.224 1.02E-03 2.80E-05 1.02E-02 5.54E-05
1.273 8.64E-04 2.57E-05 8.45E-03 | 4.91E-05
1.322 6.84E-04 2.30E-05 7.08E-03 | 4.33E-05
1.371 5.61E-04 2.08E-05 5.96E-03 3.80E-05
1.420 4.28E-04 1.82E-05 5.10E-03 3.34E-05
1.469 3.49E-04 1.64E-05 4.41E-03 2.91E-05
2.301 1.10E-03 9.50E-05
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Proof of Concept - Case 3 (Polypropylene/Polypropylene)

Co-60 Source

Scintillator Thickness (mm) 1
Scintillator Location on axis
Source Location Center
Material Polypropylene/Polypropylene
e ek ol wGw) wl@ rEXm)
in dE dE \bin dE dE)|
0.000 2.19E-05 2.96E-06 | 0.00E+00 | 0.00E+00
0.001 4.69E-01 2.81E-04 1.33E-03 1.15E-05 3.08E-02 7.81E-05
0.051 1.64E-03 2.56E-05 9.77E-05 3.13E-06 2.74E-02 7.38E-05
0.101 1.47E-03 2.41E-05 3.30E-06 5.75E-07 2.45E-02 6.97E-05
0.151 1.34E-03 2.30E-05 4.50E-06 6.71E-07 2.18E-02 6.58E-05
0.201 1.51E-03 2.44E-05 9.70E-06 | 9.85E-07 1.88E-02 6.11E-05
0.251 1.73E-03 2.63E-05 1.52E-05 1.23E-06 1.53E-02 5.51E-05
0.301 1.54E-03 2.46E-05 1.30E-05 1.14E-06 1.22E-02 | 4.93E-05
0.351 1.26E-03 2.24E-05 9.60E-06 | 9.80E-07 9.67E-03 | 4.39E-05
0.401 1.06E-03 2.05E-05 1.05E-05 1.02E-06 7.55E-03 3.88E-05
0.451 8.51E-04 1.84E-05 8.00E-06 | 8.94E-07 5.84E-03 3.41E-05
0.501 6.67E-04 1.63E-05 6.00E-06 7.75E-07 4.50E-03 3.00E-05
0.551 5.21E-04 1.45E-05 4.30E-06 6.56E-07 3.45E-03 2.63E-05
0.601 4.23E-04 1.30E-05 4.40E-06 6.64E-07 2.60E-03 2.28E-05
0.651 3.42E-04 1.17E-05 1.80E-06 | 4.24E-07 1.92E-03 1.96E-05
0.701 2.50E-04 1.00E-05 1.10E-06 3.32E-07 1.42E-03 1.68E-05
0.751 1.97E-04 8.86E-06 | 9.00E-07 3.00E-07 1.02E-03 1.43E-05
0.801 1.53E-04 7.80E-06 3.00E-07 1.73E-07 7.16E-04 1.20E-05
0.851 1.17E-04 6.85E-06 1.00E-07 1.00E-07 4.81E-04 | 9.80E-06
0.901 8.49E-05 5.82E-06 3.12E-04 | 7.89E-06
0.951 6.98E-05 5.27E-06 1.72E-04 | 5.86E-06
1.001 3.56E-05 3.77E-06 1.01E-04 | 4.49E-06
1.051 2.43E-05 3.11E-06 5.24E-05 3.24E-06
1.101 1.98E-05 2.81E-06 1.28E-05 1.60E-06
1.151 6.00E-06 1.55E-06 7.99E-07 | 4.00E-07
1.201 3.00E-07 3.46E-07 2.00E-07 2.00E-07
1.251 1.00E-07 2.00E-07

129

www.manharaa.com




Sr-90 Source

Scintillator Thickness (mm) 1
Scintillator Location on axis
Source Location Center
Material Polypropylene/Polypropylene
Energy d_N<E) a[d—N N(Br d_N) o[N]
(MeV) dE \bin dE dE )|
0.000 6.29E-03 5.03E-05
0.001 6.47E-03 5.04E-05 1.21E+00 | 4.83E-04
0.050 4.09E-02 1.23E-04 1.13E+00 | 4.68E-04
0.099 5.14E-02 1.44E-04 1.02E+00 | 4.45E-04
0.148 5.18E-02 1.45E-04 9.20E-01 4.21E-04
0.197 7.28E-02 1.60E-04 7.74E-01 3.89E-04
0.246 7.91E-02 1.74E-04 6.16E-01 3.48E-04
0.295 7.03E-02 1.69E-04 4.75E-01 3.04E-04
0.344 5.62E-02 1.46E-04 3.63E-01 2.67E-04
0.392 4.26E-02 1.28E-04 2.78E-01 2.34E-04
0.441 3.05E-02 1.10E-04 2.17E-01 2.07E-04
0.490 2.10E-02 9.25E-05 1.75E-01 1.85E-04
0.539 1.52E-02 7.59E-05 1.44E-01 1.69E-04
0.588 1.20E-02 6.93E-05 1.20E-01 1.54E-04
0.637 1.00E-02 6.21E-05 1.00E-01 1.41E-04
0.686 8.41E-03 5.72E-05 8.34E-02 1.29E-04
0.735 7.12E-03 5.27E-05 6.91E-02 1.17E-04
0.784 5.99E-03 4.91E-05 5.72E-02 1.07E-04
0.833 5.03E-03 4.42E-05 4.71E-02 9.69E-05
0.882 4.20E-03 4.11E-05 3.87E-02 8.77E-05
0.931 3.53E-03 3.75E-05 3.16E-02 7.94E-05
0.980 2.94E-03 3.41E-05 2.58E-02 7.17E-05
1.029 2.44E-03 3.13E-05 2.09E-02 6.45E-05
1.078 2.03E-03 2.84E-05 1.68E-02 5.79E-05
1.127 1.67E-03 2.57E-05 1.35E-02 5.19E-05
1.176 1.38E-03 2.35E-05 1.07E-02 4.63E-05
1.224 1.10E-03 2.10E-05 8.52E-03 4.12E-05
1.273 9.17E-04 1.91E-05 6.69E-03 3.66E-05
1.322 7.37E-04 1.71E-05 5.21E-03 3.23E-05
1.371 5.95E-04 1.55E-05 4.03E-03 2.84E-05
1.420 4.59E-04 1.36E-05 3.11E-03 2.49E-05
1.469 3.75E-04 1.22E-05 2.36E-03 2.17E-05
2.301 1.55E-03 8.25E-05
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Pb-210 Source

Scintillator Thickness (mm) 1.0
Scintillator Location on axis
Source Location Center
Material Polypropylene/Polypropylene
Energy dy (cts dN dp /cts dN dN o[N]
e arlm) vl wlw) wlE M ra)
0.000 2.45E-01 1.47E-04 2.30E-03 1.52E-05
0.001 5.93E-03 2.43E-05 4.16E-05 2.04E-06 5.19E-01 1.60E-04
0.051 7.31E-02 8.04E-05 7.01E-03 2.66E-05 4.65E-01 1.55E-04
0.101 2.00E-07 1.41E-07 1.21E-02 3.51E-05 4.24E-01 1.28E-04
0.151 1.52E-02 3.81E-05 3.69E-01 1.22E-04
0.201 1.99E-02 4.39E-05 2.98E-01 1.14E-04
0.251 2.58E-02 4.90E-05 2.29E-01 1.03E-04
0.301 2.50E-02 5.01E-05 1.71E-01 9.03E-05
0.351 2.12E-02 4.46E-05 1.24E-01 7.85E-05
0.401 1.72E-02 4.14E-05 8.69E-02 6.68E-05
0.451 1.34E-02 3.61E-05 6.04E-02 5.62E-05
0.501 9.66E-03 3.09E-05 4.13E-02 4.69E-05
0.551 6.92E-03 2.63E-05 2.77E-02 3.88E-05
0.601 4.96E-03 2.23E-05 1.82E-02 3.18E-05
0.651 3.46E-03 1.87E-05 1.15E-02 2.57E-05
0.701 2.45E-03 1.57E-05 7.03E-03 2.04E-05
0.751 1.63E-03 1.27E-05 4.14E-03 1.59E-05
0.801 1.05E-03 1.02E-05 2.27E-03 1.22E-05
0.851 6.78E-04 8.20E-06 1.16E-03 9.09E-06
0.901 4.06E-04 6.37E-06 5.46E-04 6.49E-06
0.951 2.24E-04 | 4.72E-06 2.27E-04 | 4.46E-06
1.001 1.16E-04 3.41E-06 8.15E-05 2.87E-06
1.051 5.28E-05 2.30E-06 2.09E-05 1.72E-06
1.101 2.21E-05 1.49E-06 5.77E-06 8.72E-07
1.151 5.50E-06 7.41E-07 1.37E-06 4.58E-07
1.201 1.60E-06 4.00E-07

Cl-36 Source
Scintillator Thickness (mm) 1.0

Scintillator Location on axis

Source Location Center

Material Polypropylene/polypropylene
crergy - dNcis) - jal Ny ol
dE \bin dE dE

N (Br
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0.000 3.35E-03 1.80E-05

0.001 1.93E-04 4.32E-06 6.26E-01 2.41E-04
0.051 5.33E-02 6.80E-05 5.73E-01 2.31E-04
0.101 6.87E-02 8.09E-05 5.06E-01 2.16E-04
0.151 7.13E-02 7.69E-05 4.36E-01 2.02E-04
0.201 7.45E-02 8.04E-05 3.63E-01 1.85E-04
0.251 7.77E-02 8.39E-05 2.87E-01 1.65E-04
0.301 7.88E-02 8.50E-05 2.09E-01 1.42E-04
0.351 6.87E-02 8.09E-05 1.42E-01 1.16E-04
0.401 5.45E-02 6.95E-05 8.86E-02 9.32E-05
0.451 3.93E-02 6.16E-05 5.01E-02 6.99E-05
0.501 2.51E-02 4.92E-05 2.54E-02 4.97E-05
0.551 1.47E-02 3.75E-05 1.10E-02 3.26E-05
0.601 7.46E-03 2.63E-05 3.72E-03 1.93E-05
0.651 3.00E-03 1.71E-05 7.74E-04 8.90E-06
0.701 7.58E-04 8.72E-06 3.05E-05 1.76E-06
0.751 3.11E-05 1.76E-06

Proof of Concept - Case 4 (Mylar Wrap)

Sr-90 Source

Scintillator Thickness (mm) 1
Scintillator Location on axis
Source Location Center
Material Mylar Wrap
Energy dN /cts
(MeV)  dE (m)
0.000 6.75E-03 1.63E-04
0.001 1.03E-04 2.03E-05 1.09E+00 1.44E-03
0.051 2.38E-02 3.05E-04 1.05E+00 1.41E-03
0.101 4.11E-02 3.95E-04 9.64E-01 1.36E-03
0.151 4.77E-02 4.29E-04 8.68E-01 1.29E-03
0.201 7.19E-02 5.18E-04 7.25E-01 1.18E-03
0.251 7.73E-02 5.41E-04 5.70E-01 1.05E-03
0.301 6.71E-02 4.96E-04 4.36E-01 | 9.20E-04
0.351 5.23E-02 4.49E-04 3.31E-01 | 8.02E-04
0.401 3.93E-02 3.85E-04 2.53E-01 7.04E-04
0.451 2.72E-02 3.26E-04 1.99E-01 6.24E-04
0.501 1.86E-02 2.71E-04 1.61E-01 5.62E-04
0.551 1.38E-02 2.34E-04 1.34E-01 5.11E-04
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0.601 1.12E-02 2.10E-04 1.12E-01 4.66E-04
0.651 9.32E-03 1.92E-04 9.30E-02 4.25E-04
0.701 7.79E-03 1.76E-04 7.74E-02 3.87E-04
0.751 6.62E-03 1.62E-04 6.41E-02 3.51E-04
0.801 5.55E-03 1.49E-04 5.30E-02 3.18E-04
0.851 4.63E-03 1.36E-04 4.38E-02 2.88E-04
0.901 3.76E-03 1.23E-04 3.63E-02 2.60E-04
0.951 3.20E-03 1.13E-04 2.99E-02 2.34E-04
1.001 2.61E-03 1.02E-04 2.46E-02 2.11E-04
1.051 2.19E-03 9.34E-05 2.03E-02 1.89E-04
1.101 1.74E-03 8.34E-05 1.68E-02 1.70E-04
1.151 1.45E-03 7.62E-05 1.39E-02 1.51E-04
1.201 1.23E-03 6.99E-05 1.14E-02 1.34E-04
1.251 9.40E-04 6.13E-05 9.56E-03 1.20E-04
1.301 7.95E-04 5.64E-05 7.97E-03 1.05E-04
1.351 6.46E-04 5.08E-05 6.68E-03 9.23E-05
1.401 5.11E-04 4.52E-05 5.66E-03 8.05E-05
1.451 4.16E-04 4.08E-05 4.82E-03 6.94E-05
2.301 1.21E-03 2.20E-04

%4 and ¥2 mm Scintillator

Co-60 Source

Scintillator Thickness (mm) 0.25
Scintillator Location on axis
Source Location Center
Material Polypropylene/Polypropylene
ey ) ol @) olE vEXm
(MeV) dE \bin dE \bin FldE dE)
0.000 4.73E-05 1.19E-05 1.80E-06 4.24E-07
0.001 4.60E-01 8.27E-04 1.53E-03 1.24E-05 1.76E-02 3.36E-04
0.051 1.73E-03 1.62E-04 7.66E-05 2.77E-06 1.41E-02 2.95E-04
0.101 3.22E-03 2.02E-04 7.54E-05 2.74E-06 7.56E-03 2.15E-04
0.151 1.41E-03 1.32E-04 2.17E-05 1.47E-06 4.72E-03 1.69E-04
0.201 8.46E-04 1.01E-04 1.46E-05 1.21E-06 3.01E-03 1.36E-04
0.251 6.21E-04 8.69E-05 8.20E-06 9.05E-07 1.76E-03 1.04E-04
0.301 3.40E-04 6.48E-05 5.80E-06 7.62E-07 1.08E-03 8.18E-05
0.351 2.18E-04 5.17E-05 3.40E-06 5.83E-07 6.40E-04 6.34E-05
0.401 1.27E-04 3.97E-05 2.10E-06 4.58E-07 3.84E-04 4.94E-05
0.451 7.28E-05 2.96E-05 1.40E-06 3.74E-07 2.37E-04 3.95E-05
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0.501 5.03E-05 2.56E-05 8.00E-07 2.83E-07 1.36E-04 3.01E-05
0.551 2.85E-05 1.86E-05 4.00E-07 2.00E-07 7.84E-05 2.37E-05
0.601 1.50E-05 1.55E-05 3.00E-07 1.73E-07 4.81E-05 1.79E-05
0.651 6.75E-06 9.54E-06 | 0.00E+00 | 0.00E+00 3.46E-05 1.52E-05
0.701 8.25E-06 1.03E-05 1.00E-07 1.00E-07 1.80E-05 1.11E-05
0.751 6.75E-06 1.08E-05 4.50E-06 2.60E-06
0.801 1.50E-06 2.12E-06 1.50E-06 1.50E-06
0.851 0.00E+00 | 0.00E+00

Sr-90 Source

Scintillator Thickness (mm) 0.25
Scintillator Location on axis
Source Location Center
Material Polypropylene/polypropylene
.| 2z ) | elz) | ey
(MeV) dE \bin dE dE)
0.000 6.81E-03 5.18E-05
0.001 1.27E-04 7.14E-06 1.17E+00 4.47E-04
0.051 8.37E-02 1.67E-04 1.00E+00 | 4.14E-04
0.101 2.05E-01 2.46E-04 5.91E-01 3.33E-04
0.151 1.16E-01 2.09E-04 3.59E-01 2.59E-04
0.201 7.18E-02 1.58E-04 2.15E-01 2.06E-04
0.251 4.18E-02 1.25E-04 1.32E-01 1.63E-04
0.301 2.53E-02 1.01E-04 8.12E-02 1.28E-04
0.351 1.51E-02 7.85E-05 5.10E-02 1.01E-04
0.401 9.02E-03 5.95E-05 3.30E-02 8.10E-05
0.451 5.59E-03 4.69E-05 2.18E-02 6.61E-05
0.501 3.56E-03 3.78E-05 1.47E-02 5.42E-05
0.551 2.37E-03 3.08E-05 9.95E-03 4.46E-05
0.601 1.60E-03 2.52E-05 6.76E-03 3.68E-05
0.651 1.09E-03 2.10E-05 4.58E-03 3.02E-05
0.701 7.43E-04 1.72E-05 3.09E-03 2.48E-05
0.751 5.08E-04 1.42E-05 2.08E-03 2.04E-05
0.801 3.38E-04 1.16E-05 1.40E-03 1.67E-05
0.851 2.39E-04 9.77E-06 9.20E-04 1.35E-05
0.901 1.58E-04 7.95E-06 6.05E-04 1.10E-05
0.951 1.04E-04 6.45E-06 3.98E-04 | 8.87E-06
1.001 6.91E-05 5.25E-06 2.59E-04 7.15E-06
1.051 4.17E-05 4.09E-06 1.76E-04 5.87E-06
1.101 3.07E-05 3.51E-06 1.15E-04 4.71E-06
1.151 1.96E-05 2.80E-06 7.54E-05 3.79E-06
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1.201 1.24E-05 2.23E-06 5.06E-05 3.07E-06
1.251 8.90E-06 1.89E-06 3.28E-05 2.42E-06
1.301 5.40E-06 1.47E-06 2.20E-05 1.92E-06
1.351 3.30E-06 1.15E-06 1.54E-05 1.54E-06
1.401 2.80E-06 1.06E-06 9.80E-06 1.11E-06
1.451 1.30E-06 7.21E-07 7.20E-06 8.48E-07
2.301 1.80E-06 1.97E-06

Co-60 Source

Scintillator Thickness (mm) 0.50
Scintillator Location on axis
Source Location Center
Material Polypropylene/Polypropylene
e atln) ol ) ol rEXEm
(MeV) dE \bin dE \bin £ ldE dE
0.000 3.14E-05 3.54E-06 5.00E-07 2.24E-07
0.001 4.73E-01 2.84E-04 1.50E-03 1.23E-05 2.34E-02 6.83E-05
0.051 1.29E-03 2.28E-05 7.05E-05 2.66E-06 2.07E-02 6.43E-05
0.101 1.74E-03 2.64E-05 3.17E-05 1.78E-06 1.72E-02 5.86E-05
0.151 2.55E-03 3.21E-05 5.62E-05 2.37E-06 1.21E-02 | 4.90E-05
0.201 1.68E-03 2.59E-05 2.32E-05 1.52E-06 8.70E-03 | 4.16E-05
0.251 1.19E-03 2.17E-05 1.69E-05 1.30E-06 6.30E-03 3.55E-05
0.301 8.94E-04 1.89E-05 1.26E-05 1.12E-06 4.50E-03 3.00E-05
0.351 6.50E-04 1.61E-05 1.05E-05 1.02E-06 3.19E-03 2.52E-05
0.401 4.77E-04 1.38E-05 7.40E-06 | 8.60E-07 2.23E-03 2.11E-05
0.451 3.36E-04 1.16E-05 5.10E-06 7.14E-07 1.55E-03 1.76E-05
0.501 2.41E-04 9.82E-06 | 4.90E-06 7.00E-07 1.07E-03 1.46E-05
0.551 1.70E-04 8.24E-06 2.40E-06 4.90E-07 7.25E-04 1.20E-05
0.601 1.20E-04 6.91E-06 1.60E-06 | 4.00E-07 4.84E-04 | 9.83E-06
0.651 8.25E-05 5.74E-06 6.00E-07 2.45E-07 3.19E-04 | 7.97E-06
0.701 5.68E-05 4.77E-06 1.10E-06 3.32E-07 2.04E-04 | 6.38E-06
0.751 3.63E-05 3.81E-06 2.00E-07 1.41E-07 1.31E-04 | 5.12E-06
0.801 2.42E-05 3.11E-06 2.00E-07 1.41E-07 8.26E-05 | 4.06E-06
0.851 1.85E-05 2.72E-06 1.00E-07 1.00E-07 4.56E-05 3.02E-06
0.901 1.00E-05 2.00E-06 2.56E-05 2.26E-06
0.951 6.30E-06 1.59E-06 1.30E-05 1.61E-06
1.001 3.60E-06 1.20E-06 5.80E-06 1.08E-06
1.051 1.50E-06 7.74E-07 2.80E-06 7.48E-07
1.101 1.20E-06 6.92E-07 4.00E-07 2.83E-07
1.151 2.00E-07 2.83E-07 0.00E+00 | 0.00E+00
1.201 0.00E+00 | 0.00E+00
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Sr-90 Source

Scintillator Thickness (mm) 0.50
Scintillator Location on axis
Source Location Center
Material Polypropylene/polypropylene
Energy d_N<E) > d_N] N(Br d_N) o[N]
(MeV) dE \bin dE dE)|
0.000 6.65E-03 8.90E-05
0.001 1.25E-04 1.23E-05 1.17E+00 | 8.05E-04
0.051 3.64E-02 2.04E-04 1.10E+00 | 7.78E-04
0.101 8.69E-02 3.13E-04 9.26E-01 7.13E-04
0.151 1.29E-01 3.60E-04 6.68E-01 6.15E-04
0.201 1.00E-01 3.21E-04 4.68E-01 5.24E-04
0.251 7.28E-02 2.91E-04 3.22E-01 | 4.36E-04
0.301 5.10E-02 2.45E-04 2.20E-01 3.61E-04
0.351 3.31E-02 1.99E-04 1.54E-01 3.01E-04
0.401 2.14E-02 1.58E-04 1.11E-01 2.57E-04
0.451 1.43E-02 1.29E-04 8.24E-02 2.22E-04
0.501 9.90E-03 1.09E-04 6.26E-02 1.93E-04
0.551 7.29E-03 9.33E-05 4.81E-02 1.69E-04
0.601 5.52E-03 8.18E-05 3.70E-02 1.48E-04
0.651 4.34E-03 7.20E-05 2.83E-02 1.30E-04
0.701 3.29E-03 6.26E-05 2.17E-02 1.14E-04
0.751 2.56E-03 5.52E-05 1.66E-02 | 9.93E-05
0.801 1.97E-03 4.86E-05 1.27E-02 | 8.66E-05
0.851 1.54E-03 4.30E-05 9.61E-03 7.52E-05
0.901 1.19E-03 3.79E-05 7.23E-03 6.49E-05
0.951 8.91E-04 3.26E-05 5.45E-03 5.61E-05
1.001 6.85E-04 2.86E-05 4.08E-03 | 4.83E-05
1.051 5.07E-04 2.47E-05 3.06E-03 | 4.15E-05
1.101 3.85E-04 2.15E-05 2.29E-03 3.55E-05
1.151 2.85E-04 1.85E-05 1.72E-03 3.03E-05
1.201 2.10E-04 1.59E-05 1.30E-03 2.58E-05
1.251 1.65E-04 1.41E-05 9.72E-04 2.17E-05
1.301 1.19E-04 1.19E-05 7.35E-04 1.81E-05
1.351 7.56E-05 9.53E-06 5.83E-04 1.54E-05
1.401 5.28E-05 7.97E-06 4.78E-04 1.31E-05
1.451 4.86E-05 7.64E-06 3.81E-04 1.07E-05
2.301 9.51E-05 3.16E-05
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Co-60 Source

Scintillator Thickness (mm) 0.50
Scintillator Location on axis
Source Location Center
Material Beryllium/Beryllium
Ener dN /cts dN dN a[N
Fe I o I e B GO 0% -
0.000 2.16E-05 1.47E-06
0.001 4.00E-01 1.60E-04 1.55E-02 2.79E-05
0.051 1.08E-03 1.04E-05 1.34E-02 2.59E-05
0.101 1.30E-03 1.15E-05 1.08E-02 2.32E-05
0.151 1.78E-03 1.33E-05 7.23E-03 1.90E-05
0.201 1.13E-03 1.07E-05 4.97E-03 1.58E-05
0.251 7.58E-04 8.71E-06 3.45E-03 1.31E-05
0.301 5.40E-04 7.34E-06 2.37E-03 1.09E-05
0.351 3.85E-04 6.20E-06 1.60E-03 8.96E-06
0.401 2.66E-04 5.16E-06 1.07E-03 7.33E-06
0.451 1.83E-04 4.29E-06 7.06E-04 5.94E-06
0.501 1.23E-04 3.50E-06 4.60E-04 4.80E-06
0.551 7.86E-05 2.81E-06 3.03E-04 3.89E-06
0.601 5.43E-05 2.33E-06 1.94E-04 3.12E-06
0.651 3.56E-05 1.89E-06 1.23E-04 2.48E-06
0.701 2.29E-05 1.51E-06 7.73E-05 1.97E-06
0.751 1.48E-05 1.22E-06 4.78E-05 1.55E-06
0.800 9.10E-06 9.54E-07 2.96E-05 1.22E-06
0.850 6.10E-06 7.81E-07 1.74E-05 9.33E-07
0.900 4.30E-06 6.56E-07 8.79E-06 6.63E-07
0.950 2.80E-06 5.29E-07 3.20E-06 4.00E-07
1.000 1.00E-06 3.16E-07 1.20E-06 2.45E-07
1.050 4.00E-07 2.00E-07 4.00E-07 1.41E-07
1.100 2.00E-07 1.41E-07

Co-60 Source

Scintillator Thickness (mm)
Scintillator Location
Source Location

Material

0.25

on axis

Center

Beryllium/Beryllium

Energy dN /cts dN dN O-[N]
=) el w(er) %)
(MeV) dE \bin dE dE)
0.000 3.42E-05 3.70E-06
0.001 4.01E-01 3.21E-04 1.28E-02 5.06E-05
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0.051 1.48E-03 2.43E-05 9.82E-03 4.44E-05
0.101 2.47E-03 3.16E-05 4.88E-03 3.12E-05
0.151 9.95E-04 1.99E-05 2.89E-03 2.41E-05
0.201 5.93E-04 1.54E-05 1.70E-03 1.85E-05
0.251 3.51E-04 1.19E-05 1.00E-03 1.41E-05
0.301 2.14E-04 9.25E-06 5.74E-04 1.07E-05
0.351 1.23E-04 7.02E-06 3.28E-04 8.09E-06
0.401 7.25E-05 5.38E-06 1.83E-04 6.05E-06
0.451 3.92E-05 3.96E-06 1.05E-04 4.57E-06
0.501 2.42E-05 3.11E-06 5.62E-05 3.35E-06
0.551 1.41E-05 2.37E-06 2.80E-05 2.37E-06
0.601 7.10E-06 1.68E-06 1.38E-05 1.66E-06
0.651 3.20E-06 1.13E-06 7.39E-06 1.22E-06
0.701 2.40E-06 9.79E-07 2.60E-06 7.21E-07
0.751 6.00E-07 4.89E-07 1.40E-06 5.29E-07
0.800 3.00E-07 3.46E-07 7.99E-07 4.00E-07
0.850 1.00E-07 2.00E-07 6.00E-07 3.46E-07
0.900 2.00E-07 2.83E-07 2.00E-07 2.00E-07
0.950 1.00E-07 2.00E-07

Source Location - Case 1(Beryllium/Beryllium)

Co-60 Source

Scintillator Thickness (mm) 1
Scintillator Location on axis
Source Location Top
Material Beryllium/Beryllium
Energy dN (cts
(MeV)  dE (m)
0.000 1.44E-05 2.40E-06
0.001 3.82E-01 3.06E-04 1.95E-02 6.23E-05
0.051 1.32E-03 2.29E-05 1.68E-02 5.79E-05
0.101 1.06E-03 2.05E-05 1.47E-02 5.42E-05
0.151 9.19E-04 1.91E-05 1.28E-02 5.07E-05
0.201 1.04E-03 2.04E-05 1.08E-02 4.64E-05
0.251 1.11E-03 2.11E-05 8.54E-03 4.13E-05
0.301 9.61E-04 1.96E-05 6.62E-03 3.64E-05
0.351 7.60E-04 1.75E-05 5.11E-03 3.19E-05
0.401 6.22E-04 1.58E-05 3.86E-03 2.78E-05
0.451 4.76E-04 1.38E-05 2.91E-03 2.41E-05
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0.501 3.62E-04 1.20E-05 2.19E-03 2.09E-05
0.551 2.86E-04 1.07E-05 1.62E-03 1.80E-05
0.601 2.21E-04 9.40E-06 1.18E-03 1.53E-05
0.651 1.68E-04 8.18E-06 8.42E-04 1.30E-05
0.701 1.22E-04 6.97E-06 5.98E-04 1.09E-05
0.751 8.92E-05 5.97E-06 4.20E-04 9.16E-06
0.800 6.75E-05 5.19E-06 2.85E-04 7.54E-06
0.850 5.01E-05 4.48E-06 1.85E-04 6.07E-06
0.900 3.70E-05 3.85E-06 1.11E-04 4.70E-06
0.950 2.60E-05 3.22E-06 5.88E-05 3.42E-06
1.000 1.22E-05 2.21E-06 3.44E-05 2.62E-06
1.050 8.90E-06 1.89E-06 1.66E-05 1.81E-06
1.100 6.10E-06 1.56E-06 4.40E-06 9.21E-07
1.150 2.10E-06 9.16E-07 2.00E-07 1.00E-07
1.200 0.00E+00 | 0.00E+00 2.00E-07 1.00E-07
1.250 0.00E+00 | 0.00E+00 2.00E-07 1.00E-07
1.300 0.00E+00 | 0.00E+00 2.00E-07 1.00E-07
1.350 0.00E+00 | 0.00E+00 2.00E-07 1.00E-07
1.400 1.00E-07 1.00E-07

Co-60 Source

Scintillator Thickness (mm) 1
Scintillator Location on axis
Source Location Bottom
Material Beryllium/Beryllium
Ener: dN /cts dN olN
vz (o) My T
0.000 1.63E-05 2.55E-06
0.001 3.83E-01 3.06E-04 1.95E-02 6.24E-05
0.051 1.27E-03 2.26E-05 1.69E-02 5.81E-05
0.101 9.99E-04 2.00E-05 1.49E-02 5.46E-05
0.151 8.87E-04 1.88E-05 1.31E-02 5.12E-05
0.201 9.13E-04 1.92E-05 1.13E-02 | 4.75E-05
0.251 1.07E-03 2.07E-05 9.16E-03 | 4.27E-05
0.301 9.52E-04 1.94E-05 7.26E-03 3.81E-05
0.351 7.80E-04 1.76E-05 5.70E-03 3.38E-05
0.401 6.33E-04 1.59E-05 4.43E-03 2.98E-05
0.451 5.11E-04 1.43E-05 3.41E-03 2.61E-05
0.501 3.91E-04 1.25E-05 2.63E-03 2.29E-05
0.551 3.14E-04 1.12E-05 2.00E-03 2.00E-05
0.601 2.49E-04 9.95E-06 1.51E-03 1.73E-05
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0.651 1.96E-04 8.84E-06 1.11E-03 1.49E-05
0.701 1.47E-04 7.66E-06 8.21E-04 1.28E-05
0.751 1.13E-04 6.71E-06 5.96E-04 1.09E-05
0.800 8.08E-05 5.68E-06 4.34E-04 9.32E-06
0.850 6.54E-05 5.11E-06 3.04E-04 7.79E-06
0.900 4.84E-05 4.40E-06 2.07E-04 6.42E-06
0.950 3.65E-05 3.82E-06 1.34E-04 5.17E-06
1.000 2.62E-05 3.24E-06 8.15E-05 4.03E-06
1.050 1.89E-05 2.75E-06 4.38E-05 2.95E-06
1.100 9.20E-06 1.92E-06 2.54E-05 2.24E-06
1.150 7.00E-06 1.67E-06 1.14E-05 1.50E-06
1.200 5.40E-06 1.47E-06 6.00E-07 2.83E-07
1.250 2.00E-07 2.83E-07 2.00E-07 | 0.00E+00
1.300 0.00E+00 | 0.00E+00 2.00E-07 | 0.00E+00
1.350 0.00E+00 | 0.00E+00 2.00E-07 | 0.00E+00
1.400 0.00E+00 | 0.00E+00

Source Location - Case 2(Beryllium/Polypropylene)

Cl-36 Source

Scintillator Thickness (mm) 1
Scintillator Location on axis
Source Location Top
Material Beryllium/Polypropylene
Ener dN /cts dN dN a[N
oy a5 ol vy
0.000 3.19E-04 5.54E-06
0.001 1.92E-04 4.29E-06 6.26E-01 2.41E-04
0.051 5.33E-02 6.80E-05 5.73E-01 2.31E-04
0.101 6.88E-02 8.09E-05 5.06E-01 2.16E-04
0.151 7.13E-02 7.69E-05 4.36E-01 2.02E-04
0.201 7.46E-02 8.05E-05 3.63E-01 1.85E-04
0.251 7.80E-02 8.42E-05 2.86E-01 1.65E-04
0.301 7.92E-02 8.54E-05 2.09E-01 1.41E-04
0.351 6.89E-02 8.11E-05 1.41E-01 1.16E-04
0.401 5.43E-02 6.93E-05 8.79E-02 9.27E-05
0.451 3.90E-02 6.13E-05 4.96E-02 6.95E-05
0.501 2.49E-02 4.88E-05 2.52E-02 4.96E-05
0.551 1.45E-02 3.71E-05 1.09E-02 3.29E-05
0.601 7.38E-03 2.68E-05 3.69E-03 1.91E-05
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0.651 2.98E-03 1.70E-05 7.69E-04 8.68E-06
0.701 7.54E-04 8.51E-06 2.94E-05 1.70E-06
0.751 3.00E-05 1.70E-06

Cl-36 Source

Scintillator Thickness (mm) 1
Scintillator Location on axis
Source Location Bottom
Material Beryllium/Polypropylene
Ener dN /cts dN dN o[N
po A e I £ B e O I
0.000 3.19E-04 5.54E-06
0.001 3.50E-03 1.82E-05 6.26E-01 2.41E-04
0.051 5.33E-02 6.80E-05 5.74E-01 2.31E-04
0.101 6.87E-02 8.09E-05 5.06E-01 2.16E-04
0.151 7.13E-02 7.69E-05 4.37E-01 2.02E-04
0.201 7.46E-02 8.05E-05 3.63E-01 1.85E-04
0.251 7.80E-02 8.42E-05 2.87E-01 1.65E-04
0.301 7.92E-02 8.54E-05 2.09E-01 1.41E-04
0.351 6.89E-02 8.11E-05 1.42E-01 1.16E-04
0.401 5.43E-02 6.93E-05 8.83E-02 9.29E-05
0.451 3.90E-02 6.13E-05 5.00E-02 6.99E-05
0.501 2.49E-02 4.88E-05 2.57E-02 5.00E-05
0.551 1.45E-02 3.71E-05 1.14E-02 3.36E-05
0.601 7.38E-03 2.68E-05 4.15E-03 2.02E-05
0.651 2.98E-03 1.70E-05 1.23E-03 1.11E-05
0.701 7.54E-04 8.51E-06 4.87E-04 7.07E-06
0.751 2.98E-05 1.73E-06

Source Location - Case 3(Polypropylene/Polypropylene)

Sr-90 Source

Scintillator Thickness (mm) 1

on axis
Bottom
Polypropylene/Polypropylene

Scintillator Location

Source Location

Material

dN (ct dN dN
Energy _(2) > _] N (Br _) o[N]
(MeV) dE \bin dE dE )|
0.000 9.80E-04 1.98E-05
0.001 6.33E-03 6.97E-05 1.21E+00 6.69E-04
141

www.manharaa.com




0.050 4.09E-02 1.72E-04 1.13E+00 6.47E-04
0.099 5.14E-02 1.95E-04 1.02E+00 6.16E-04
0.148 5.18E-02 1.97E-04 9.20E-01 5.84E-04
0.197 7.28E-02 2.33E-04 7.74E-01 5.36E-04
0.246 7.91E-02 2.37E-04 6.16E-01 4.80E-04
0.295 7.02E-02 2.25E-04 4.75E-01 4.24E-04
0.344 5.64E-02 2.03E-04 3.62E-01 3.73E-04
0.392 4.26E-02 1.79E-04 2.77E-01 3.27E-04
0.441 3.05E-02 1.53E-04 2.16E-01 2.89E-04
0.490 2.10E-02 1.26E-04 1.74E-01 2.60E-04
0.539 1.51E-02 1.09E-04 1.44E-01 2.36E-04
0.588 1.19E-02 9.55E-05 1.20E-01 2.16E-04
0.637 1.01E-02 8.84E-05 1.00E-01 1.97E-04
0.686 8.46E-03 8.12E-05 8.31E-02 1.80E-04
0.735 7.15E-03 7.44E-05 6.88E-02 1.63E-04
0.784 6.02E-03 6.86E-05 5.68E-02 1.48E-04
0.833 4.99E-03 6.19E-05 4.68E-02 1.35E-04
0.882 4.17E-03 5.68E-05 3.85E-02 1.22E-04
0.931 3.52E-03 5.21E-05 3.14E-02 1.11E-04
0.980 2.91E-03 4.77E-05 2.56E-02 9.99E-05
1.029 2.45E-03 4.35E-05 2.07E-02 8.99E-05
1.078 2.03E-03 3.98E-05 1.66E-02 8.06E-05
1.127 1.66E-03 3.59E-05 1.33E-02 7.22E-05
1.176 1.36E-03 3.26E-05 1.06E-02 6.44E-05
1.224 1.09E-03 2.93E-05 8.41E-03 5.73E-05
1.273 9.18E-04 2.68E-05 6.57E-03 5.06E-05
1.322 7.27E-04 2.38E-05 5.12E-03 4.47E-05
1.371 5.86E-04 2.13E-05 3.95E-03 3.92E-05
1.420 4.46E-04 1.87E-05 3.05E-03 3.45E-05
1.469 3.73E-04 1.71E-05 2.31E-03 3.00E-05
2.301 1.15E-03 9.70E-05

Sr-90 Source

Scintillator Thickness (mm) 1

Scintillator Location on axis
Source Location Top
Material Polypropylene/Polypropylene
dN /cts dN dN N

Energy aN (_) > [_ N (Br _) o[N]
dE \bin dE dE

0.000 9.78E-04 2.80E-05
0.001 6.30E-03 7.05E-05 1.13E+00 6.48E-04
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0.050 4.09E-02 1.80E-04 1.02E+00 6.18E-04
0.099 5.14E-02 1.95E-04 9.20E-01 5.86E-04
0.148 5.18E-02 1.97E-04 7.74E-01 5.38E-04
0.197 7.29E-02 2.33E-04 6.16E-01 4.83E-04
0.246 7.91E-02 2.37E-04 4.75E-01 4.27E-04
0.295 7.03E-02 2.25E-04 3.62E-01 3.76E-04
0.344 5.64E-02 2.03E-04 2.77E-01 3.30E-04
0.392 4.26E-02 1.79E-04 2.16E-01 2.93E-04
0.441 3.06E-02 1.53E-04 1.74E-01 2.63E-04
0.490 2.10E-02 1.30E-04 1.44E-01 2.39E-04
0.539 1.51E-02 1.09E-04 1.20E-01 2.18E-04
0.588 1.19E-02 9.78E-05 1.00E-01 1.99E-04
0.637 1.01E-02 8.85E-05 8.30E-02 1.82E-04
0.686 8.46E-03 8.12E-05 6.87E-02 1.65E-04
0.735 7.15E-03 7.58E-05 5.67E-02 1.50E-04
0.784 6.02E-03 6.86E-05 4.67E-02 1.36E-04
0.833 5.00E-03 6.30E-05 3.84E-02 1.24E-04
0.882 4.18E-03 5.76E-05 3.13E-02 1.12E-04
0.931 3.52E-03 5.28E-05 2.55E-02 1.01E-04
0.980 2.92E-03 4.84E-05 2.06E-02 9.06E-05
1.029 2.44E-03 4.43E-05 1.66E-02 8.13E-05
1.078 2.03E-03 4.01E-05 1.33E-02 7.27E-05
1.127 1.65E-03 3.63E-05 1.06E-02 6.49E-05
1.176 1.35E-03 3.28E-05 8.37E-03 5.79E-05
1.224 1.09E-03 2.94E-05 6.55E-03 5.12E-05
1.273 9.12E-04 2.70E-05 5.11E-03 4.52E-05
1.322 7.20E-04 2.40E-05 3.93E-03 3.97E-05
1.371 5.87E-04 2.16E-05 3.04E-03 3.49E-05
1.420 4.46E-04 1.89E-05 2.30E-03 3.03E-05
1.469 3.73E-04 1.73E-05 1.13E+00 6.48E-04
2.301 1.15E-03 9.86E-05

Source Location - Case 4(Mylar Wrap)

Sr-90 Source
Scintillator Thickness (mm) 1

Scintillator Location on axis

Source Location Top

Material Mylar Wrap

ew ) olE vEdYH) ™
 dE \bin ozl VB2 uE
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(Mev) | |

0.000 6.60E-03 1.62E-04

0.001 1.03E-04 2.03E-05 1.09E+00 1.44E-03
0.051 2.38E-02 3.05E-04 1.04E+00 1.41E-03
0.101 4.11E-02 3.95E-04 9.61E-01 1.36E-03
0.151 4.77E-02 4.29E-04 8.66E-01 1.29E-03
0.201 7.19E-02 5.18E-04 7.22E-01 1.18E-03
0.251 7.73E-02 5.41E-04 5.68E-01 1.05E-03
0.301 6.71E-02 4.96E-04 4.33E-01 9.20E-04
0.351 5.23E-02 4.50E-04 3.29E-01 8.02E-04
0.401 3.93E-02 3.85E-04 2.50E-01 7.04E-04
0.451 2.72E-02 3.26E-04 1.96E-01 6.24E-04
0.501 1.86E-02 2.71E-04 1.59E-01 5.62E-04
0.551 1.38E-02 2.34E-04 1.31E-01 5.11E-04
0.601 1.12E-02 2.10E-04 1.09E-01 4.66E-04
0.651 9.34E-03 1.92E-04 9.03E-02 4.24E-04
0.701 7.79E-03 1.76E-04 7.48E-02 3.86E-04
0.751 6.63E-03 1.62E-04 6.15E-02 3.50E-04
0.801 5.54E-03 1.49E-04 5.04E-02 3.17E-04
0.851 4.64E-03 1.35E-04 4.11E-02 2.87E-04
0.901 3.74E-03 1.22E-04 3.36E-02 2.59E-04
0.951 3.19E-03 1.13E-04 2.73E-02 2.34E-04
1.001 2.60E-03 1.02E-04 2.21E-02 2.10E-04
1.051 2.19E-03 9.36E-05 1.77E-02 1.88E-04
1.101 1.73E-03 8.31E-05 1.42E-02 1.69E-04
1.151 1.44E-03 7.60E-05 1.14E-02 1.51E-04
1.201 1.23E-03 7.03E-05 8.89E-03 1.33E-04
1.251 9.37E-04 6.13E-05 7.02E-03 1.19E-04
1.301 7.93E-04 5.63E-05 5.43E-03 1.04E-04
1.351 6.32E-04 5.03E-05 4.17E-03 9.13E-05
1.401 5.01E-04 4.48E-05 3.17E-03 7.96E-05
1.451 4.12E-04 4.06E-05 2.34E-03 6.85E-05
2.301 1.17E-03 2.17E-04

Sr-90 Source
Scintillator Thickness (mm) 1
Scintillator Location on axis

Source Location Bottom

Material Mylar Wrap

Energy dN(CtS) dN] N(Br 3—1;) a[N]

(MeV)  dE \bin %4E
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0.000 6.60E-03 6.07E-05

0.001 1.05E-04 1.62E-04 1.09E+00 1.44E-03
0.051 2.38E-02 2.05E-05 1.05E+00 1.41E-03
0.101 4.11E-02 3.05E-04 9.64E-01 1.36E-03
0.151 4.77E-02 3.95E-04 8.68E-01 1.29E-03
0.201 7.19E-02 4.29E-04 7.25E-01 1.18E-03
0.251 7.73E-02 5.18E-04 5.70E-01 1.05E-03
0.301 6.71E-02 5.41E-04 4.36E-01 9.20E-04
0.351 5.23E-02 4.96E-04 3.31E-01 8.02E-04
0.401 3.93E-02 4.50E-04 2.53E-01 7.04E-04
0.451 2.72E-02 3.85E-04 1.98E-01 6.24E-04
0.501 1.86E-02 3.26E-04 1.61E-01 5.62E-04
0.551 1.38E-02 2.71E-04 1.34E-01 5.11E-04
0.601 1.12E-02 2.34E-04 1.11E-01 4.66E-04
0.651 9.34E-03 2.10E-04 9.27E-02 4.24E-04
0.701 7.78E-03 1.92E-04 7.71E-02 3.86E-04
0.751 6.63E-03 1.76E-04 6.38E-02 3.50E-04
0.801 5.54E-03 1.62E-04 5.28E-02 3.17E-04
0.851 4.64E-03 1.48E-04 4.35E-02 2.87E-04
0.901 3.75E-03 1.35E-04 3.60E-02 2.59E-04
0.951 3.20E-03 1.22E-04 2.96E-02 2.33E-04
1.001 2.60E-03 1.13E-04 2.44E-02 2.10E-04
1.051 2.18E-03 1.02E-04 2.00E-02 1.88E-04
1.101 1.74E-03 9.32E-05 1.66E-02 1.69E-04
1.151 1.44E-03 8.34E-05 1.37E-02 1.51E-04
1.201 1.22E-03 7.59E-05 1.13E-02 1.33E-04
1.251 9.34E-04 6.98E-05 9.38E-03 1.19E-04
1.301 7.90E-04 6.11E-05 7.80E-03 1.04E-04
1.351 6.36E-04 5.62E-05 6.53E-03 9.14E-05
1.401 5.03E-04 5.04E-05 5.53E-03 7.96E-05
1.451 4.09E-04 4.49E-05 4.71E-03 6.86E-05
2.301 1.18E-03 2.17E-04

Source Location - % and Y2 mm Scintillator

Sr-90 Source
Scintillator Thickness (mm) 0.25
Scintillator Location on axis

Source Location Top
Material Polypropylene/polypropylene
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Energy dN (CtS) - [d_N - dN) o'[N]
dE l

(MeV) dE \bin dE

0.000 6.67E-03 5.20E-05

0.001 1.27E-04 7.13E-06 1.17E+00 4.47E-04
0.051 8.38E-02 1.68E-04 1.00E+00 4.14E-04
0.101 2.05E-01 2.46E-04 5.91E-01 3.33E-04
0.151 1.16E-01 2.09E-04 3.59E-01 2.59E-04
0.201 7.18E-02 1.58E-04 2.15E-01 2.05E-04
0.251 4.18E-02 1.25E-04 1.32E-01 1.63E-04
0.301 2.53E-02 1.01E-04 8.11E-02 1.27E-04
0.351 1.51E-02 7.85E-05 5.09E-02 1.00E-04
0.401 9.01E-03 5.95E-05 3.29E-02 8.09E-05
0.451 5.58E-03 4.69E-05 2.17E-02 6.59E-05
0.501 3.56E-03 3.77E-05 1.46E-02 5.40E-05
0.551 2.36E-03 3.07E-05 9.90E-03 4.44E-05
0.601 1.59E-03 2.51E-05 6.72E-03 3.67E-05
0.651 1.09E-03 2.09E-05 4. 54E-03 3.01E-05
0.701 7.40E-04 1.72E-05 3.06E-03 2.47E-05
0.751 5.04E-04 1.42E-05 2.05E-03 2.02E-05
0.801 3.36E-04 1.16E-05 1.38E-03 1.66E-05
0.851 2.36E-04 9.74E-06 9.06E-04 1.35E-05
0.901 1.57E-04 7.91E-06 5.92E-04 1.09E-05
0.951 1.03E-04 6.42E-06 3.87E-04 8.80E-06
1.001 6.87E-05 5.25E-06 2.49E-04 7.06E-06
1.051 4.13E-05 4.06E-06 1.67E-04 5.77E-06
1.101 3.02E-05 3.47E-06 1.06E-04 4.61E-06
1.151 1.85E-05 2.72E-06 6.92E-05 3.72E-06
1.201 1.21E-05 2.20E-06 4.50E-05 3.00E-06
1.251 8.70E-06 1.87E-06 2.76E-05 2.35E-06
1.301 5.10E-06 1.43E-06 1.74E-05 1.87E-06
1.351 3.20E-06 1.13E-06 1.10E-05 1.48E-06
1.401 2.60E-06 1.02E-06 5.80E-06 1.08E-06
1.451 1.20E-06 6.93E-07 3.40E-06 8.25E-07
2.301 1.60E-06 1.72E-06

Sr-90 Source
Scintillator Thickness (mm) 0.25
Scintillator Location on axis

Source Location Bottom
Material Polypropylene/polypropylene
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Energy dN (CtS) - [d_N - dN) o'[N]
dE l

(MeV) dE \bin dE

0.000 0.007 5.20E-05

0.001 0.000 7.11E-06 1.17E+00 4.47E-04
0.051 0.084 1.67E-04 1.00E+00 4.14E-04
0.101 0.205 2.46E-04 5.91E-01 3.33E-04
0.151 0.116 2.09E-04 3.59E-01 2.59E-04
0.201 0.072 1.58E-04 2.15E-01 2.06E-04
0.251 0.042 1.25E-04 1.32E-01 1.63E-04
0.301 0.025 1.01E-04 8.11E-02 1.27E-04
0.351 0.015 7.85E-05 5.09E-02 1.00E-04
0.401 0.009 5.95E-05 3.29E-02 8.09E-05
0.451 0.006 4.69E-05 2.17E-02 6.59E-05
0.501 0.004 3.77E-05 1.46E-02 5.41E-05
0.551 0.002 3.07E-05 9.91E-03 4.45E-05
0.601 0.002 2.51E-05 6.72E-03 3.67E-05
0.651 0.001 2.09E-05 4. 54E-03 3.01E-05
0.701 0.001 1.72E-05 3.06E-03 2.48E-05
0.751 0.001 1.42E-05 2.05E-03 2.03E-05
0.801 0.000 1.16E-05 1.38E-03 1.66E-05
0.851 0.000 9.77E-06 9.02E-04 1.34E-05
0.901 0.000 7.90E-06 5.90E-04 1.09E-05
0.951 0.000 6.40E-06 3.85E-04 8.78E-06
1.001 0.000 5.23E-06 2.49E-04 7.05E-06
1.051 4.06E-05 4.03E-06 1.67E-04 5.79E-06
1.101 3.01E-05 3.47E-06 1.07E-04 4.63E-06
1.151 1.91E-05 2.77E-06 6.90E-05 3.71E-06
1.201 1.20E-05 2.19E-06 4.50E-05 3.00E-06
1.251 8.40E-06 1.83E-06 2.82E-05 2.37E-06
1.301 5.10E-06 1.43E-06 1.80E-05 1.90E-06
1.351 3.20E-06 1.13E-06 1.16E-05 1.52E-06
1.401 2.90E-06 1.08E-06 5.80E-06 1.08E-06
1.451 1.30E-06 7.21E-07 3.20E-06 8.00E-07
2.301 1.60E-06 1.72E-06

Sr-90 Source
Scintillator Thickness (mm) 0.50
Scintillator Location on axis

Source Location Top
Material Polypropylene/polypropylene
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Energy dN (CtS) - [d_N - dN) o'[N]
dE l

(MeV) dE \bin dE

0.000 6.53E-03 7.18E-05

0.001 1.26E-04 1.00E-05 1.17E+00 6.61E-04
0.051 3.64E-02 1.67E-04 1.10E+00 6.40E-04
0.101 8.68E-02 2.61E-04 9.26E-01 5.84E-04
0.151 1.29E-01 3.09E-04 6.69E-01 4.96E-04
0.201 1.01E-01 2.62E-04 4.68E-01 4.21E-04
0.251 7.28E-02 2.33E-04 3.22E-01 3.51E-04
0.301 5.11E-02 1.94E-04 2.20E-01 2.93E-04
0.351 3.30E-02 1.59E-04 1.54E-01 2.46E-04
0.401 2.14E-02 1.28E-04 1.11E-01 2.10E-04
0.451 1.43E-02 1.06E-04 8.24E-02 1.81E-04
0.501 9.94E-03 8.94E-05 6.25E-02 1.58E-04
0.551 7.26E-03 7.56E-05 4.80E-02 1.38E-04
0.601 5.56E-03 6.67E-05 3.69E-02 1.21E-04
0.651 4.34E-03 5.90E-05 2.82E-02 1.06E-04
0.701 3.29E-03 5.14E-05 2.16E-02 9.25E-05
0.751 2.57E-03 4.53E-05 1.65E-02 8.07E-05
0.801 1.96E-03 3.96E-05 1.25E-02 7.03E-05
0.851 1.52E-03 3.50E-05 9.49E-03 6.09E-05
0.901 1.17E-03 3.05E-05 7.14E-03 5.28E-05
0.951 8.81E-04 2.66E-05 5.38E-03 4.56E-05
1.001 6.82E-04 2.33E-05 4.02E-03 3.91E-05
1.051 4.99E-04 2.00E-05 3.02E-03 3.37E-05
1.101 3.89E-04 1.77E-05 2.24E-03 2.87E-05
1.151 2.80E-04 1.50E-05 1.68E-03 2.45E-05
1.201 2.08E-04 1.29E-05 1.27E-03 2.08E-05
1.251 1.63E-04 1.14E-05 9.41E-04 1.74E-05
1.301 1.10E-04 9.38E-06 7.22E-04 1.46E-05
1.351 7.42E-05 7.70E-06 5.73E-04 1.24E-05
1.401 5.46E-05 6.61E-06 4.64E-04 1.05E-05
1.451 4.48E-05 5.99E-06 3.74E-04 8.65E-06
2.301 9.36E-05 2.53E-05

Sr-90 Source
Scintillator Thickness (mm) 0.50
Scintillator Location on axis

Source Location Bottom
Material Polypropylene/polypropylene
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Energy dN (CtS) - [d_N - dN) o'[N]
dE 