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1. Introduction

The data in this document was generated with [SOCS/LabSOCS software v4.0. Both
ISOCS (model S573) and LabSOCS (model 5574) use exactly the same algorithms, and

will generate the same results. This document is equally applicable to both products.

The ISOCS calibration method is a convenient tool for calibrating the detector efficiency
as a function of energy, for a wide variety of source geometries and activity distributions.
The ISOCS method consists of a characterization of the detector, user input of source
geometry data, and the ISOCS software, which uses these to produce the efficiency

calitbration.

Before the software can be used for calibration purposes, the germanium detector in the
system must be “ISOCS characterized”. This initial characterization is performed by
Canberra Industries on each individual detector. Firsi:, an MCNP model of the detector is
developed. The model is then ind-ependentlylvalidated using measurements with a NIST
traceable source. Given the validated model, the response characteristics of the detector
are créated to cover any location inside a sphere of radius 500 meters, centered on the

detector, and over a photon energy range of 45 keV through 7 MeV. *

The ISOCS software is a complex ensemble of computer codes that use elegant
mathematical techniques to compute the efficiencies. It contains a series of mathematical
models that can simulate a wide variety of common lsample shapes (boxes, cylinders,
spheres, pipes, stacked boxes, stacked discs, marinelli beakers etc.). These models allow
casy input of appropriate paraineters necessary for efficiency cornputation. The ISOCS
software divides each source region mto a large number of voxels (1024). A point
location is defined within each voxel. The point location inside a voxel is determined in a
quasi-random fashion. At a given user-specified energy, the detector efficiency is
calculated for each voxel. The attenuation due to absorbers within the source and also in

the intervening space between the source and the detector is taken into account. If a shield



and/or a collimator is defined in the calculation, the software takes into account the
additional attenuation due to those. Finally the efficiencies for all the voxels are summed
up at the specified energy. This process is repeated, in a second iteration but this time
done with 2048 voxels. ISOCS then checks if the obtained result satisfies a convergence
criterion set at twice the user-specified convergence value. ISOCS doubles the number of
voxels and performs a third iteration. At the end of the third iteration ISOCS checks
whether the obtained results meet the user specified convergence limit. If the two
convergence criteria are met in successive iterations then the iterative process is stopped
otherwise, it continues with the number of voxels being doubled at each iteration until the
convergence criteria are met in successive iterations. This new analysis routine guarantees
that the- initial convergence result is not spurious. Once this p’ro‘cesé performed ISOCS
moves on to the next energy in the user-specified list. If there are multiple source regions,

the process is repeated for each source region.

Given the uniqueness of the mathematical célibration, and given the complexity of the
tasks carried out by ISOCS, it is important to test and validate the consistency and
accuracy of the software. It is essential to ensure that the software handles the physics
correctly for differeﬁt source shapes and sizes, and for different source-detector
geometries. Therefore, two types of test procedures were undertaken, namely, (i) the
internal consistency tests, and (i) the validation tests. The internal consistency tests were
designed to prove that the ISOCS software treated the source geometries in a consistent
manner. The validation tests were designed to demonstrate the accuracy of the ISOCS

efficiency calibrations.



2. Internal Consistency Tests

The general philosophy of these tests was to demonstrate intemal consistency of the
software by configuring equivalent source geometries using different ISOCS temialates,
and verifying that the calculated efficiencies were the same. Eight different tests were
designed by grouping tog.ether sipnilarly shaped objects of same volume. A brief
description is given below for each test. The results of these tests are summarized in
Table 1 at the end of this section. The input parameters used in each test and the detailed

efficiency results of each test are given in Appendix A.

. Test'] : Point sources

A point source geometry is one in which a source is placed far enough away from the
detector, ‘so that the source can be considered to be essentially a point. A radicactive
source of volum.e 1 cc, and filled with water, was modeled using each of thf_: 11 ISOCS
templates.-The source-to-detector distance in each case was 5 meters. Since the source is

essentially a point, the efficiencies calculated by ISOCS in all the 11 cases should be very

_close to each other, if not identical.

Test 2: Marinelli beakers cdnﬁgured using the Beaker Template ,

In this test, different configurations of Marinell beakers were configured using the
Beaker template and the Marinelli Beaker template, and the results were compared.
These tests fell into 4 different categories, thé order of increasing complexity. In Test
2a, the Marinelli beakers had a single wall material, fhe end and side walls had the same
thickness, and there was only a single type of source matrix. In Test 2b, the end and side
wall materials were different but the thickness was the same, and there was only a single
source matrix. In Test 2¢, the end and side wall materials were different, the thickness
was different, and a single source matrix was configured. Finally, in -Test 2d, the end and

side wall materials and thickness were different and two source matrices were used.



Test 3: Different symmetries of boxes

A solid cube of iron of volume 1 cu.m was modeled using various box-like templates
such as (i) a simple box, (ii) a complex box, (iii) a complex box with a hot spot filling the
entire box, and (iv) a rectangular plane. The ISOCS efficiencies were compared for the

four geometries.

Test 4: Different Cylindrical geometries

A solid cylindrical source of iron,_ of volume 1 cu.m was configured using (1) a simple
cylinder, (ii) a complex cylinder (no hot spot), (111) a pipe with the shell filling the
volume, (ivj a pipe with no shell, but with an inner cylinder filling the volume, and (v) a
pipe with both a shell and an inner cylinder. The ISOCS efficiencies were caiculated for

each case, and the results compared.

Test 5: Different Spherical geometrieé

A solid spherical source of iron was modeled in 5 different ways; (i) a sphere with the
source shell filling the entire Volurﬁe, (ii) a sphere with no shell, and the source volume
filled, (iii) a sphere with both a source shell, and a filled source volume, (iv) a complex
cylinder with the spherical hot spot filling the entire cylinder, (v) a pre-defined laboratory
container configured as a sphere, and filled with iron. The efficiencies were calculated for

the five equivalent configurations, and compared.

Test 6: Large Marinelli Beakers .

This test is similar to Test 2, in that a Marinelli beaker of zero well diameter is configured
in 3 different ways, and the efficiencies are cpmpared amongst themselves, as well as
with that of an equivalent circular plane, an exponential circular plane, and a laboratory

- beaker . In this test, the volume of the source 1s 1 cum.

Test 7: Large sources, massemetric efficiencies
In this test, sources of large dimensions are modeled using different ISOCS templates. As

the source dimensions become large, the traditional efficiency contimuously decreases.
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But the “massemetric efficiency” defined as the “counts detected per gamma ray emitted
per‘.gram of sample” approaches a constant value asymptotically. Mathematically, the
massemetric efficiency is the product of traditional efficiency and the mass. Test 7 1S
intended to show that the massemetric efficiencies for-la:rge sources of different shapes (a

rectangular plane, and a circular plane) approach the same value.

Test 8: Marinelli Beakers, Cylinders and Pipes

In this test, the detector is located off-axis from the source. The source is configured as,
(i) a Marinelli beaker of zero well diameter, (i) a circular plane, (iv) an exponential
circular plane, (iv) a simple cylinder, (v) a pipe, (vi) a laboratory beaker. This test
involves franslating and orienting the detector appropriately in order to achieve the

desired source-to-detector geometry.

Test 9: Air Parameters test
This test was performed to verify the effect of the air parameters (temperature, pressure
and relative humidity) on ISOCS efficiency. In this test a single air parameter was varied,

while keeping the other two the same. Tt was venﬁed that the ISOCS efficiencies eha.nged-

~ in a manner consistent with the change in the air attenuation.

The air parameter tests revealed the following trends. (a) With the pressure and
temperature kept the same, the density of the air+water mixture and the attenuation
coefficient at a given energy were hand-calculated fer relative humidity values of 0%,
50%, and 100%. As the relative humidity increased, the density of the air+water mixture
showed a very small increase (0.003%). The attenuation coefficient of the airtwater
mixture increased by less than 0.05%. Therefore, the hand calculated photon attenuation
values remained practically the same as the relative humidity was increased. The ISOCS
efficiency values followed the same trend. (b) The pressure and the relative humidity
were kept the same, and the temperature was varied from 0 to 100 degree celsius. The
density of airtwater mixture decreased progressively as the temperature was increased.

The attenuation coefficient remained the same. Based on this, one should expect the



ISOCS efficiencies to increase, with increasing air temperature. The ISOCS efficiencies
increased, as expected. (¢) The temperature and the relative humidity were kept the same,
and the pressure was changed from 380 mm Hg to 1000 mm Hg. The density and
attenuation increased. As expected, the ISOCS efficiencies decreased. The ISOCS

efficiency tesults for the air parameter tests are given in Appendix A.

Table 1: Results summary of Internal Consistency Tests

Worse © Worse
etk | ToaDoeripion | 7' Diimsein | % Ditmee
(E < 150 keV) (E > 150 keV)
i Ppint Soufces 0.76 0.50
2 " Beaker Symmetries 2.63 1.68
3 Box Symmetries 0.0 0.0
4 Cylinders & pipes -0.61 | . -0.11
5 Spheres ‘ -0.47 _ --0.28
6 Large Marinellis 2.23 3.21
7 Large area sources ' 0.35 0.32
(massemetric eff.)
§ | Marinolli beakers & | -0.24 20.27
Cylinders (off-axis) |




3. Efficiency Validation Tests

The validation tests are grouped into 3 categories, namely, (1) Field-counting geometry,
(2) L-aboratory counting geometry, and (3) Collimated geometry. Between them, the 3
categories of tests include 119 different multi-energy sources that are large and small,
source—detc_ector distances that are close and far, and both collimated and uncol]imatéd
geometries. As many as 6 different detectors were involved in the testing process, so that

a representative sample of results can be obtained.

In each of these tests, a reference efficiency calibration was compared to an ISOCS -
efficiency calibration at the same geometry. The Monte Carlo code MCNP (version 4B),
or 'tfle .ﬁeasured data from a multi-energy radioactive source was used to generate the
reference calibration. The energies of these sources covered the range from low (60-88
keV) to high (1408-1836 keV) energies, with 5-8 points in between. Using MCNP
simulation is advantageous in many ways; (i) one can have an exact knowledge of the
source geometry, (ii) the precision can be controlled, (iii) there arc no interference
problems to deal with, and (1v) no radioactive waste is generated. Of the 119 tests that

were performed, 34 were MCNP tests and 85 were source tests.

3.1 Field Counting Geometries:

The type of tests included in the field counting geometries were those that involved large
sources ( > 1 cum in volume) and/or large source-to-detector distances ( > 1 m). A
variety of radiéactive source distributions were created inside containers that were shaped
like boxes, drums, and pipes. The containers were filled with materals that one would
typically encounter in the field, such as soil, dirt, water etc. About half the number tests

were MCNP simulations, while the other half were radioactive source measurements.



3.2 Laboratory Counting Geometries

The tests included in the laboratory counting geometries were those that involved small
sources located within 1 meter of the detector. Except for one test, which was an MCNP
simulation, all the other tests were performed using multi-energy gafnma ray standards.
The source geometries included pomnt sources, line sources, vials, filter papers, and
Marinelli beakers. A set of 5 NIST uranium standards with various certified enrichments

of U-235 were also measured and the detector efficiency calibration determined.

In the laboratory geometries, sources are sometimes counted at distances of 10 cm or less
from the detector. When a radioactive nuclide emitting multiple gamma rays is counted at
such close .distances counts may be lost or gained in the full energy peaks because of
cascade summing effects The extent of these losses or gains will depend upon the total
efficiency of the source-to-detector geometry the peak-to-total ratio of the detector at the
given energy, and the decay scheme of the particular nuclide. Examples of nuclides that
emit gamma rays in a cascade are Co-60, Y-88, and Eu-152. In the validation tests,
appropriate correction factors were applied to the data to accouﬁt for the cascade

summing effects, wherever necessary.

3.3 Collimated Geometries 7

The tests that were included in this catergory were those in which the collimator had at
least a 20% effect on the ISOCS efficiency. In carlier versions of ISOCS (1.2e), it was
apparent that the uncertaﬁﬁty in the efficiency calibrations for collimated geometry was
larger than that for non-collimated geomeiries. That does not appear to be the case with
ISOCS version 3.0 and 4.0 due to the new collimator algorithms, and the collimated data

is presented here to show that.



4. Explanation of the Data Sheets for the Validation tests

Fach data sheet contajhs information and results pertaining to a particular validation test.
Given at the top of each sheet are the title of the test, the date the results were éntered,
and the version of ISOCS that was used (version 3.0 in this report). Following this

information, a brief description is provided for the type of test.

The input parameters that were used in the ISOCS calculation are given next. The name
of the source template, the name of the ISOCS characterized detector that was used in the
test, and the name and input parameters for a shield/collimator if any, are indicated next
on the data sheet. A table containing the inpﬁt parameters for the particular source
geometry is included. The layout of this table closely resembles the Source dimensions
table in the ISOCS software. Shown below is an example of an input parameter table

included in the data sheets.

- 1S0OCS Geometry Parameters

Template: SIMPLE CYLINDER

Detector: 42% (S/N 3578)

Collimator: 50mm-90d CRPN=6

1=0.2 2=5.08 3=2.54 4=7.62 5=10.16 6=5.08 7=15.24 8=5.08 9=3.4 mat=Pb dens=11.35

item d.1 ' d.2 d.3 d.4 d.5 Material Density Conc.
(1)Container 0.089 0.775 485.4 . Al 2.7

(2) Top l.ayer :

(3) Bot Layer 4854 Epoxy  1.07 1

{4) Absorber 1

(5) Absorber 2

(5) Src-Det 97.5 0 1.2 0 1.2

' The data sheets also contain information regarding the air parametérs used, the desired %

convergence of the calculation, and the units of length and density used m the source
dimensions table. The composition of the source material is also given. A second table,
which compares the ISOCS efficiencies to the True efficiencies, is present in the data
sheets. The first column of the comparison table lists the energies at which the
efficiencies were obtained. The second column gives the ISOCS efficiencies at the

energies listed in column 1. Listed next, are the efficiencies from the reference calibration



(either MCNP or measurements). The relative uncertainties in the reference efficiencies
are given at the 2 level of confidence. Finaily, the ratio of ISOCS efficiency to True

efficiency is tabulated at each energy.

Comparison Results

Energy ISOCS MCNP Ratio
(keV) efficiency efficiency 25 rel. uncert. (ISOCS/MCNP)
60 7.17E-06 6 57E-06 0.15 1.09
75 1.64E-05% 1.68E-05 0.09 0.98
100 2.81E-05 2.88E-05 0.07 - 0.97
200 3.75E-05 3.92E-05 0.06 0.96
300 . 3.42E-05 - - 3.68E-05- “0.06 : 0.93
500 2.80E-05 2.72E-05 0.07 1.03
750 2.42E-05 2.50E-05 0.08 0.97
1000 - 2.23E-05 2.1BE-05 0.08 - 1.02
1500 1.99E-05 1.86E-05 0.08 . 1.07
2000 1.76E-05 1.71E-05 0.08 ) 1.03

Plots are presented in the data sheets showing the efficiencies as a function of energy for

both ISOCS and the reference calibration method. The plots are similar to the examples

given below.
, 60x30x30 BOX, 67%FULL OF WATER
1.00E04 i 1
— 4 1S0CS
y & 1 VCNP
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140 {(error bars = 20)

1.20 T '

1.00 7{ ¥ & ] __—$ 3
0.80
0.80
0.40
0.20

Ratio
{ISOCSMCNP)
f

10 100 1000 0
Energy (keV) : 1000

Finédly, an analysis of the data is presented as in the following table.

Mean Relative ISOCS
Dataset Ratio  Std Dev Std Dev
<150 keV 0.99 0.04 0.04
>150 keV 0.99 0.05 0.04
All 0.99 0.05 - 0.03

The data set is divided into 3 energy groups, (1) < 150 keV, (2) > 150 keV, and (3) data at
all energics pooled. For each energy group, a weighted mean of the ratio of ISOCS to

True efficiency is determined. The relative weighted standard deviation of the ratio is also
determined for each energy group. The absolute 1 uncertainties in the True efficiencies

were used to weight the mean and the standard deviation. The following relations were

used in determining the weighted mean and weighted standard deviation.
W=2w; X/ 2% W; ) . (1)
weighted s.d. = sqrt{[Zi wi (x; - W° /% wi ] [N/ N-1]} (2)

x; Tepresents the ratio of ISOCS to True efficiency, W is the weighted mean, and N is the
number of observations. The weighting factor w; = l/o?, where o is the absolute

uncertainty in the ISOCS/True efficiency ratio at the ith energy.

11



The uncertainties in the ISOCS/True efficiency ratio come from the calibration source
uncertainties, the counting statistics (or the statistical uncertainties in the MCNP
simulations), in addition to the uncertainty due to ISOCS itself. Using the relative
weighted standard deviation of the ratio, and a weighted average of the relative

uncertainty due to the True efficiency, the relative uncertainty due to ISOCS is estimated

as follows.

[Oratio / Ratio T¥ = [Gisocs et / ISOCS eff]? + [Orrue oir / True eff]” (3)
Or, _

[Gisocs ett / ISOCS eff]* = [Gpado / Ratio 1 - [Gurue osr / True eff]’ : 4)

i2



5. Explanation of the Validation Test Summary sheets

A summary sheet containing the results of all the tests performed in each of the 3
counting geometries (Field, Lab, and Collimator) is presented in Appendix B. Column 1
of the summary sheet gives the type of test that was performed. Column 2 indicates the
source-detector distance in that particular test. Column 3 of the summary sheet shows the
method that was used to gencrate the reference efficiency calibration (MCNP or standard

sources).

Columns 4,5, and 6 contain the results for energies less than 150 keV. Column 4 gives the
weighted average ratio of ISOCS/True efficiency, for each test. Column 5 has the
weighted relative standard deviation for each test. Column 6 gives the relative standard
deviation due to the ISOCS pfocess. Columns 7, 8, and 9 contain the reéults for energies
greater than 150 keV, and columns 10,11, and 12 give the results for all energies pooled
together.

In some of the tests, the ISOCS/True efficiency ratio was unusually tightly distributed
about the mean and the relative uncertainties in the reference efficiencies exceeded the
relative sténdard deviation of the ratio. Under those circumstances, the ISOCS standard
deviation could not be determihed. In these cases, the standard deviation of the ratio is

taken as a worst case estimate for the ISOCS standard deviation.

 Note that, when taken individually, the relative ISOCS standard deviation for each tést '
indicates the random uncertainty introduced by the ISOCS process. But when taken
collectively as an average value for a large number of tests, the ISOCS standard deviation

becomes a good estimate of the total error, as it also then includes the systematic error in

the ISOCS process.

13



At the bottom of each summary sheet, the ISOCS / True efficiency ratios from all the
validation tests I a given energy range, are av'eraged, weighted by their own standard
deviations. The standard deviation of the data set is determined. The standard deviation

of the weighted mean is also determined.

The standard deviations of the ISOCS to True efficiency ratios from the various tests are
averaged. By comparing the observed standard deviation of the data set of the ratios to the
average standard deviation, one can come to a conclusion regarding the shape of the data
distribution. If the distribution is a Gaussian, then the observed standard deviation of the
data set will be similar to the average standard deviation. If not, it is-an indication that
perhaps there are other processes adding to the uncertainty of the data set, such as biases,

resulting in the non-Gaussian behavior.

Also given in Summary sheets are the chi—squared arid reduced chi-squared values
calculated for the data in each energy range. The expectation value of the chi-squared is

given by,
<y’ >=v=N-1 , | (5)

where v is the number of degrees of freedom, and N is the number of observations. The

reduced chi-square is defined as,
Reduced chi-square = < >y (6}

The reduced chi-squared statistic is an indicator of how closely does the shape of the
observed data distribution resemble the assumed Gaussian shape. A value of 1 is

expected for a pure Gaussian.

14



6. Validation test results and discassion

‘Tables 2,3, and 4 summarize the results for the Field counting geometry, the Laboratory

counting geometry, and the Collimated geometry, respectively.

Table 2: Results for Field Counting geometry

Results Data < 150 | Data>150keV | All Data pooled
keV |

Welghted Average of ISOCS/True 1.08 0.99 1.00
efficiency ratio |
Uncertainty in wtd. mean T 025% 0.34% 0.65%
Standard:deviation of data 15.7% 7.3% 7.9%
Average standard deviation 11.6% 5.1% 8.1%
Avg. ISOCS standard deviation 10.5% 4.4% 7.2%
Chi-squared value 46638 19927 76.69
No. of degrees of freedom 43 46 46
Reduced chi-squared value 10.85 4.33 1.67
Table 3: Results for Laboratory Counting Geometry

Results Data< 150 keV | Data > 150 keV | All Data pooled
Weighted Average of ISOCS/True 101 1.05 1.04
efficiency ratio
Uncertainty in wtd. mean 0.24% 0.23% 0.76%
Standard deviation of data 11.2% 7.0% 7.3%
Average standard deviation 8.2% 4.7% 6.7%
Avg. ISOCS standard deviation 7.1% 4.3% 5.5%
Chi-squared value - 739.13 304.74 75.72
No. of degrees of freedom 42 52 52
Reduced chi-squared value 17.60 5.86 1.46

15




Table 4: Results for Collimated Geometry

Results Data < 150 keV | Data> 150 keV | All Data pooled
Weighted Average of ISOCS/True 0.99 1.00 1.00
efficiency ratio |
Uncertainty in wtd. mean 0.27% 0.46% 0.52%
Standard deviation of data 8.0% 13.0% 13.0%
Average standard deviation , 6.0% 5.0% 6.0%
Avg. ISOCS standard deviation 6.0% 4.0% 5.0%
Chi-squared value O 247.92 28.69 19.82-

No. of degrees of freedom , 18 20 20
Reduced chi-squared value 14.58 ' 1.51 1.04

From the results given in tables 2,3, and 4, it is evident that the ISOCS/True efficiency
ratio comes out reasonably close to 1. Using the statistical analysis presented in these
 tables, one can draw conclusions regarding the shape of the data distribution. If the
standard deviation of the ISOCS/True efficiency ratio data comes out close to the average
standard deviation of the ratio, then the distribution approaches a Gaussian. If nof,
perhaps there are biases in some of the individual tests, which make the distribution

~ deviate from a Gaussian shape.

The chi-squared statistic reinforces the conclusion regarding the shape of the distribution:
If the data conforms to a Gaussian shape, the chi-squared value will approach the number
of degrees of freedom, and the reduced chi-squared value will be close to 1. If this is not
the case, it points to the presence of biases in individual tests that contribute to the non-

Gaussian behavior.
Tt is difficult to pinpoint the source(s) of the errors that make the data deviate from a

Gaussian behavior. The source of emor could be from ISOCS, the detector

characterization process, or systematic errors in the measurement, or the systematic errors

16
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in the standard source calibration, or from the MCNP simulation. This data set also
covers detectors produced over a 3-year period, and certainly includes some earlier
detectors and tests where we were still in the learning phase. However, every effort has
been made to eliminate or alleviate the known biases affecting the data, but where this

could not be done, the entire data set was included.

The collimator algorithm, similar to the one existing in version 3.0, handles both

- cylindrical and rectangular collimators. As seen from the.results given in Table 4, the

ISOCS/True efficiencies are essentially unity. The average standard deviation is much
lower than that obtained with the previous collimator algorithm, and is now po.different

than the standard deviations for field geometry sources.

In addition to the tests inéluded in this validation document, a large series of additional
tests were performed to aid in the development and to determine the accuracy limits of
the collimator algorithm. A point soﬁrce geometry was modeled in MCNP as well a.s in
ISOCS, with the detector viewing the source through a collimator. The point source was
located on axis initially, and then moved progreésively to off-axis locations, until the
soﬁrce was well beyond the penumbra of the collimator opening. The ISOCS/MCNP

efficiency ratio was determined at each point source location. In most cases, the ratio was

~ within a few percent of unity. The worst case was for a point source located into the

penumbfa, just beyond the umbra region, where the ISOCS efficiencies were commonly
10-20% smaller than the MCNP efficiencies. For collimators with small apertures ( 1
cm), the deviation from MCNP efficiencies was as much as 22%. For point locations
inside the umbra and outside the penumbra regions, the ratios were close to unity. It must
be remembered that in practical applications, collimated geometries are used to measure
point sources on axis or Iarge sources, not point sources off-axis. In the normal case,
efficiency contribution from source regions within the field of view of the coliimator
completely overwhelms the contribution from the source points that are located in the

penumbra region of the collimator.

17



Another source of bias in heavily shielded/collimated geometries is coherent scattering of
photons. Coherent scattering is a low probability process in which scattering does not
change the energy of the photon; therefore, the scattered photons may still be in the
photopeak. Earlier tests using the total photon cross sections gave low ISOCS efficiencies
in these cases. The current release of ISOCS now uses total minus coherent cross
sections. Now the ISOCS efficiencies are higher than the true value, but a bit closer. It is
important to note that this is only a “problem” for sources that are heavily attenuated by

an external absorber.

18



7. Conclusions

7.1 Internal Consistency Tests

The results from the internal consistency tests are summarized in Table 1 in section 2.1.
The ISQCS efficiency results in detail are presented in Appendix A for each test. The
objective of these tests was to ensure that the ISOCS software handles the template
geometries as intended, and calculates efficiencies in a comsistent anner. If a given
source geometry can be configured using different templates, then ISOCS should give the
same efficiency values for the different templates. This was indeed the case in each one of-

the internal consistency tests.

7.2 Validation Tests _

The validation test results reveal that the ISOCS efficiency calibration is fairly accurate
for most applications. In all three geometry categories, namely, Field, Laboratory, and
Collimated, the average ISOCS to True efficiency ratios were very close to unity. A new
collimator algorithm has been devised and tested, and it has significantly improved the
ISOCS efficiencies fof collimated geometries. Also, a significantly updated detector

characterization process has been developed and implemented in the current version of

ISOCS and LabSOCS.

The average ISOCS standard deviations in columns 6, 9, and 12 of the Summary sheets

are intended to give the user an approximation of the uncertainty in ISOCS efficiency

computations. These values presented in the following table are suggested while entering

the errors at various energies in the ISOCS software, and for the subsequent propagation

in the total error analysis.
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Condition Rel. Std. Dev. (%)
Laboratory Sources
50-100keV 7.1
100 ~ 400 keV 5.5
- 400 - 7000 keV 4.3
Field Sources
50 - 100 keV 10.5
100 - 400 kéV 7.2
400 - 7000 keV 44
Collimated geometry Same as Field

Under certain special conditions, an additional error factor should be addéd.

Additional error

5-10%

factor of 1.5

factor of 2

Special Condition
Very small sources (higher error at lower energies)

Heavy attenuation (transmission ~ 1E-02) in

absorber between the source and the detector

Very heavy attenuation (transmission ~ 1E-04) in

absorber between the source and the detector
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Appendix A: Internal Consistency Test Results

This section consists of the detailed efficiency results for the internal consistency tests.
Also included are the ISOCS input parameters that were used in each test. For each cne
of the identical geometry tests, the ISOCS efficiencies are tabulated at several energies
for each source configuration. An average efficiency is determined at eacﬁ energy and the

deviation from the average is determined for each source configuration.



ISQCS 4.0 Internal Consistency Tests
& l ] [ [ ]
Test 1: Templates 1 through 12 are reduced to "point sources™ of volume 1 ¢c
(Filled with Water) |
[ i
t |
Purameters Used in Efficiency Calculations
Simple Box ‘ Complex Box Rectangular Plane Simple Cylinder Sphere
i ! I i
Cell | Dimension Cell | Dimension Cell ! Dimension Cell | Dimension Cell | Dimension
!
i-d.1 Ocm 1-d.1 Ocem 1-d.1 0cm [-d.t Ocm” 1-d.1 0cm
1-d.2 lem | 1-d.2 1 cm 1-d.2 1cm i-d2 | 1.084cm 1-42 | 1.2408 cm
1-d.3 1 cm 1-d.3 fecm 1-d.3 I cm 1-d.3 | 1.084 cm 2-d.1 | 0.6204 cm
1-d.4 lTem | 1-d4 lem 2d1 | lem 3-d.1 | 1.084em 2-MI | Water
3-d.1 fem 5-d.} lcm 2-M1 | Water 3-MI Water 2-Dens igfce
3-MI | Water 5-MI | Water {2-Dens| I glec 3-Dens! 1 gl 2-8C 1
3-Dens; 1.0g/kc . 5-Dens| 1gm/ce i 2-8C | 1 3-8C 1 ! 6-d.1 | 500 cm

3-3C 1 5-5C 1 1 . 14.di; 500cm || 6d1 | 500cm | | Det @ Generic60]
6-d.1 | 500cm ©6dl; 500cm | Det : Generic60 | Det | Generic60' Coll : Nope |
Det | Generic60. ~ Det ! Generic60: Coll ; MNone : i Coll None ; !
Coll | None | ° Coll None | { i : i !

H i i ¢ ! [ ; i !

Complex Cylinder | Circular Plane Pipe i Marinelli

]

Cell : Dimensicn : Cell Dimension Cell | Dimension Cell ! Dimension Cell " Dimension
1-d.1 Oecm I-d.1 .~ Ocm i-d.1 . "Ocm idt i Oem 4.4.1 . 1.084cm |
1-d2 - 1.084cm 1-d.2 * 1.084cm : 1-d2 : 1.084cm | 1d2 | 1.082¢cm 4-MI . Water
1-d3  1084cm . . 2-d1 ° 1084cm 1-d3 1 0542em* [ 1-d3 . QOcm C 4D 1Dglee
- 6-d1 . 1.084cm o 2-M1; Water ©1-d4 i 0542 cm ©, 24l Qem - 4.5C 1 | s
&Ml . Water ; 2-Dens: |Igfec T2d1 1 0542em, ¢ 3-dl i 0.00% S 5d1 ! 500em ;
6-Deng: lglee + ; 2-SC i i T 242 | 0542em | | 3-Mi | Water | ¢ Det | Generic60, :
6-8C | i [ 14-d1; S00cm | - 2-d3 i 0.542em | | 3D ! 1.0ghkc ! Coll i None !
9-d.l i 300cm ; i Det @ Generichd;, : 2-MI Water | § 3-5C ' I i ! ;
Det | Generic60! . Coll i None -+ 2-Dens! Iglhe ! ! i bt ! i !
Coll © None ' : U 28C 1 | ! P 1
Lo : 6-d.1 | 500cm | | il i :
; | Det | Generics0| | P ‘ i i
i ! i . Coll | Nome i Py i : :
L i | ! i I
': ! i ! i P !
Exponent Circ Pin Beaker Template : ! i | P |
' P ! ? [ ! - ]
Cell | Dimension’ Cell | Dimension: | I | i 1
b : b ! 10 X L !
1-d1 | Ocm 1-d.1 0 i E ? i ‘; i
1-d2 | 1084cm | | 1-d2 | 1084 cm | | ‘; | L i
5.d7 | 1084cen | . 1-d3 | 1.084cm | | ! i ;
5-d2 Gem " 1-d4 | 1084cm ;| i ; |
5-d3 | 1E+05 cm 3-dt ] 1084em | | 1 i i
SMI | Water 3-MI | Water ‘ i ‘s !
S-dens | 1giee Idens| lglee | Pl P
1 3-sC 1 3-5C 1 ! E
8-d.1 | 500cm 6-d.1 | 500 cm . i i ‘ 4
Det | Generic60 Det | Generic60 ! | ; i ! I
Coll | Nome 1 o ; i
| T i ! i
Alr Parameters: Temperature: 20 C Pressure: 760 mm of Hg  Humidity: 50% |
‘: ! | | P l
Convergence: 0.1% ! b : 5 P !
i i i ‘ ! | ! |

MI = Material Identifier SC =Source Concentration Det= Ge defec

tor Coll = Collimator |
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ISOCS 4.0 Internal C

| |

I

L

b
onsistency Tests
\
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Il

[
:
i
7
}
H
1

Test 2a: Beaker Template Vs Marinelli

Beaker Template

Single wall material; thickness of end and side walls equal; Single source

3

|

|

Parameters used in Efficiency Calculations .

|
'
i
|
i

i

|

|

Beaker Template

Beaker Template

Beaker Template

Marinelli Beaker

(Top Only)

(Top & Bottom)

(Bottom only)

Pre-defined container

| Pre-defined container |

Pre-defined container

MB1.BKR

| MBLBKR 1

MB1.BKR

Cell | Dimension Cell | Dimension Cell | Dimension Cell - i Dimension
i | i | { | i
2d1 § I1l7em | . 2-d) 4.0 cm 2-d.1 1 Ocm - 1-d.d 0.2 cm
2-MI | DIRT2 | 2-MI DIRT2 ML - N/A P 1-d2 8.0 cm
2-dens | 1.6glcc ! 2-dens 1.6 glce - 2-dens N/A 1-d.3 7.5 ¢cm
2-SC 1 : 2-8C 1 2-SC N/A 1-MI  Polyethy
3-d1 : Ocm 3-d1 . 7.7 3-d.1 117cm | ! i-dens  0.9glcc
3-Ml N/A 3-MI ~ DIRT2 3-M1 DIRT2 Po2-dld 02cm
3-dens N/A 3-dens 1.6 g/cc 3-dens 1.6 g/ee 2-M1  Polyethy
3-SC N/A 3-SC 1 3-8C 1 2-dens 0.9 g/ce
6-d.1 Qem 6-d.1 " Ocem ~6dl  Ocm 3-d.1 0.75 cm
DET  42% Coax’ DET  42%Coax  DET  42% Coax 3-MI DIRT?2
3- : 3 ~ o o : 3-Dens 1.6 g/ce
% o Tt 3.8C 1
- L 4 4.0 em
- o [ 4-MI DIRT2
¢ 4-Dens 1.6 g/ce
. 4SC i
P s-dld 0cm
Det

1 42% Coax

Air Parameters: Temperature: 20 C  Pressure:

!

0 mm.of He

Humidity: 0%

P
] |

Convergence: 0.1%

|
] ;




L | L i ?
ISOCS 4.0 Internal Consistency Tests |
|| | L j !

: Test 2b: Beaker Template Vs Marinelli Beaker Template
" Different wall materials; thickness of end and side walls equal;Single source -

| ] | |

: Parameters used in Efficiency Calculations j 1
| ' | |
Beaker Template Beaker Template Beaker Template Marinelli Beaker
(Top Only) (Top & Bottom) ' (Bottom only) '
Pre-defined container | Pre-defined container Pre-defined container
MB2.BKR i ¢ MBLBKR .  MBLBKR
Celi | Dimension’ . Cell |Dimension; |  Cell Dimension Cell Dimension
Lo f I
2-d1 . 11.7cm - 2-d1 P 40cem ! 2.1 Dem | | 1-dl ! 02cm
2-Mi DIRT2 © 22MI . DIRT2Z | : 2MI ; NA | | 1d2 = 80cm
2-dens 16g/cc - . 2-dens  l6glc | 2-dens | NA | = 1-d3 : 75em
2-SC 1 j 2-8C 1 ©o28¢ ! N/A DT 1-MI ! Polyethy,
3.4l Ocm- o 3d1l 77 0 3dl | 117em | l-dens  0.9gfec
3-Ml N/A 3MI ¢ DIRT2 =~ 3-MI ; DIRT2 | . 2dl1 ~ 0Zcm
3-dens NA 3-dens . 1.6 glcc 3-dens | l6glcc, . 2-MI ~  Fe
3-SC N/A 3-8C I 3-8C 1 : 2-dens 7.86 g/ce
6-d.1 0cm . 6-dl1 Ocm 6-d1 - Ocm - 3-d.1 0.75 em
DET - 42% Coax " DET 42% Coax DET  42%Coax:. . 3-MI DIRT2
o 7 - ' ' b1 3-Dens 1.6 glce
3-SC | 1
L 44} ¢ 40cm

", 4Mi  DIRT2

; " 4-Dens @ 1.6g/cc
T asCc 1

i S5-dl  Ocm

i Det | 42% Coax

3

b | ' |

oo : o ;
:

Air Paramefers: Temperature: 20 C  Pressure: 0 mm of Hg Humidity: 0% . o

'? ? L o
. <

Convergence: 0.1% B | P . |
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ISOCS 4.0 Internal Consistency Tests

| |

|

|
i

i
1

Test 2¢: Beaker Template Vs Marinelli Beaker Template

Different wall materials; Different end & side wall thickness;Single source

1

l j

T
]
|

|

I

Parameters used in Efficiency Calculations

t
!

Beaker Template Beaker Template | | Beaker Template Marinelli Beaker
(Top Only) (Top & Bottom) | ! (Bottom only)
Pre-defined container | | Pre-defined container | | Pre-defined container
MB3.BKR MB3.BKR MB3.BKR
" Celi Dimension! |  Cell |[Dimensioni | Cell | Dimension] ! Cell Dimension
b ! 4 : L '
2-d.1 11.7cm | 2-d1 | 40cm | @ 2-dl 0 cm ! 0.2 cm
2-MI DIRT2 : 2-MI © DIRTZ . 2-Mi N/A 1-d.2 8.0 cm
2-dens 1.6 g/ce ! 2-dens 1.6 gfce ! 2-dens N/A 1-d3 ; 7.5cm
28¢ 1 2-5C | 2-SC NA 1-MI ¢ Polyethy
3-di Ocm 3.1+ 1T 3-d1 11.7em ¢ 1-dens 0.9 g/ce
3-MI N/A 3-MI | DIRT2 3-MlI DIRT2 . 2-d.1 0.5 cm
3-dens N/A 3-dens 1.6 glcc 3-dens 1.6 g/cc 2-M1 Fe
3-58C N/A 3-8C 3-8C | 2-dens 7.86 glec
6-d.1 0 cm 6-d.1 Oem 6-d.1 " Ocm 3-d.1 0.75 em
DET 42% Coax | DET | 42% Coax DET 42% Coax 3-M1 DIRT2
' i o 3-Dens 1.6 g/cc
3-8C 1
4-d.1 3.7cm
j i * 4-MI DIRT2
: j 4-Dens 1.6 glce
Co i : 4-.8C 1
o : i 5l Ocm
Pt i .| Det ' 42%Coax
i ! i b
: ; ! P :
. E P ; b !
Alr Parameters: Temperature: 20 C Pressure: 0 mm of Hg ~ Humidity: 0% i

[

1 | H
Convergence: 0.1% | | |

1
I i
| i




1SOCS 4.0 Internal Consistency Tests

[ | |

|

Test 2d: Beaker Template Vs Marinelli Beaker Template

Different wall materials; Different end & side wall thickness;Two sources

l l

|

Parameters used in Efficiency Calculations

|

Beaker Template

Marinelli Beaker

(Top & Bottom)

Pre-defined container

MB3.BKR
Cell ! Dimension Cell Dimension
lo2-d1 | 37cm . 141 1 02cm
.1 2-MI , DIRT2 | @ 1d2 | 80cm
! .| 2-demns | 1.6glcc ¢ 1.d3 1 7.5cm f
- | o2sC P I-MI | Polyethy | .
‘; 0 3d1 § BOcm l-dens : 09glcc | |
; .. 3-MI  DIRT2 2-d1 ! 05em | !
 3-dens | 1.6g/ce 22MI . Fe i i
3 o+ . 38C 1 2-dens . 7.86g/ec | |
: © 6-dl | Ocm 31 075cm & i
j . DET 42%Coax  3-Ml = Uranjum : |
b Do L © 3Dens @ 19gfc
1 Lo é P 3S8C ¢ 1 |
© 4d1 ! 37em .| |
‘ i 4-MI | Water i
; ) . 4-Dens | 1gfce
! 7 4sc |1 !
| i .+ 541 1 Ocm
i 1 Det = | 42% Coax
i I | |
: i

Air Parameters: Temperature: 20 C Pressure: 0 mm of Hg ~ Humidity: 0%

! ;
Convergence: 0.1% |




Test 2: Beaker Template configured as different Marinelli Beakers and
compared to Marineili Beaker Template '

ISOCS version 4.0

Test 2a: Single wall material; thickness of side & end walls equal; single source material

Energy
(keV)

59.54
88.03
122.06
165.85
391.69
661.65
898.02

1173.22

1332.49

1.405E-02
3.631E-02
4.731E-02
4.749E-62
2.926E-02
2.009E-02
1.657E-02
1.387E-02
1.272E-02

Efficiency Results
Beaker Template
Toponly Topé&bot Bot only

1.408E-02
3.637E-02
4.737E-02
4.755E-02
2.928E-02
2.010E-02
1.658E-02
1.387E-02
1.273E-02

1.405E-02
3.631E-02
4.731E-02
4749E-02
2.926E-02
2.009E-02
1.657E-02
1.387E-02
1.272E-02

MB templ.

1.364E-02
3.519E-02
4.597£-02
4.624E-02
2.856E-02
1.968E-02
1.624E-02
1.361E-02
1.252E-02

Average

1.396E-02
3.605E-02
4.699E-02
4.719E-02
2.909E-02
1.999E-02
1.649E-02
1.380E-02
1.267E-02

Relative deviation
Beaker Template

Toponly Top & bot Bot only
0.0069 0.0088 0.0069
0.0074 00088 06.0074
0.0068 0.0081 0.0068
0.0063 0.0075 0.0063
0.0058 0.0066 0.0058
0.0050 0.0056 0.0050
0.0048 00053 0.0048
0.0046 (.0050 0.0046
0.0043 0.0039

0.0639

Test 2b: Different side & end wall material; but thickness of walls equal; single source material

Energy
keV)

39.54
§8.03
122.06
165.85
391.69
661.65
398.02
1173.22
1332.49

8.874E-03
2.708E-02
3.929E-02
4.168E-02
2.708E-02
1.887E-02
1.568E-02
1321E-62
1.216E-02

Efficiency Results
Beaker Template
Toponly Top & bot Bot. only

8.868E-03
2.709E-02
3.936E-02
4.176E-02
2712E-02
1.890E-02
1.570E-02
1.322E-02
1.217E-02

8.874E-03
2. T08E-02
3.929E-02
4.168E-02
2.708E-02
1.887E-02
1.568E-02
1.321E-02
1.216E-02

MB tempk.

8.617E-03
2627E-02
3.828E-02
4.072E-02
2.651E02
1.852E-02
1.541E-02
1.299E-02
1.198E-02

Average

3.808E-03
2.688E-02
3.905E-02
4.146E-02
2.695E-02
1.879E-02
1.562E-02
1.316E-02
1.212E-02

Relative deviation
Beaker Template

Test 2c: Different materials & difrerent thickness for side & end walls; single source material ‘

Energy
(keV)

59.54
88.03
122.06
165.85
391.69
661.65
898.02
1173.22
1332.49

Efficiency Resuits
. Beaker Template
Toponly Top &bot Bot. only

8.596E-03
2322E-02
3356E-02
3.641E-02
2.447E-02
1.730E-02
1.448E-02
1.227E-02
1.133E-02

8.597E-03
2.321E-02
3.356E-02
3.643E-02
2 449E-02
1.731E-02
1.449E-02
1.228E-02
1.134E-02

8.596E-03
2.322E-02
3.356E-02
3.641E-02
2.447E-02
1.730E-02
1.443E-02
1.227E-02
1.133E-02

MB templ.

£.307E-03
2.241E-02
3.264E-02
3.560E-02
2.406E-02
1.702E-02
1.426E-02
1.2095-02
1.118E-02

Average

8.524E-03
2.302E-02

- 3.333E-02

3.621E-02
2.438E-02
1.723E-02

1.443E-02

1.223E-02
1.130E-02

Toponly Topé&bot Bot. only
0.0075 0.0067 0.0075
0.0074 0.0030 0.0074
0.0060 0.0078 0.0060
0.0053 0.0073 0.0053
0.0043 0.0065 0.0048
0.0042 0.0057 0.0042
0.0041 0.0054 0.0041
0.0039 0.0051 0.0039
0.0034 0.0045 0.0034

Relative deviation
Beaker Template

Toponly Top&bot Bot. only
0.0084 0.0086 0.0084
0.0089 0.0086 0.0089
0.0068 0.0069 0.0068
0.0055 0.0059 0.0055
0.0041 0.0047 0.0041
0.0039 0.0045 0.0039
0.0038 0.6043 0.0038
0.0036 0.0041 0.0036
0.0033 0.0037 0.0033

Test 2d: Different materials & different thiclness for side & end walls; Twa different source material layers

Energy
(keV)

59.54
8803
122.06
165.85
351.69
661.65
898.02
1173.22
1332.49

Beaker
Efficiency

2.241E-04
1.677E-03
1.828E-~03
3385E-03
9.945E-03
1.275E-02
F.296E-02
1.210E-02
1.153E-02

Marineth
Efficiency

2.225E-04
1.674E-03
1.861E-03
3.386E-03
9.872E-03
1.266E-02
1.273E-02
1.189E-02
1.134E-02

s

Average

2.233E-04
1.67SE-03
1.845E-03
3.383E-C3
9.908E-03
1.27GE-02
1.284E-02
1.200E-02
1.143E-02

Relative deviation
Beaker Marinelli
0.0035 -0.0035
0.0010 -0.0010
-0.0090 0.0090
0.0004 -0.0004
0.0037 -0.0037
0.0036 -0.0036
0.0087 -0,0087
(0.0088 -0.0088
0.0086 0.0086

ME templ.

-0.0225
-0.0236
-0.0217
-0.0202
-0.0182
-0.0156
-0.0150
-0.0141
-0.0121

MB templ.

-0.0217
-0.0227
£.0198
00179
-0.0162
-0.0142
-0.0135
-0.0129
-0.0112

MB templ.

-0.0255
-0.0263
-0.6206
-0.0163
-0.0128
-0.0124
-0.0119
-0.0112
-0.0103




| | | i
I1SOCS 4.0 Internal Consistency Tests _
1 Test 3: Different Symmetries of Boxes, 1 cu.m in vol., 3 m away

(Filled with Fe @ 7.86 g/cc)

i [ |

Parameters used in efficiency calculations

R |
Simple Box Complex Box Comp.llex Box Rectangular Plane
(with sonrce detail)
Cell Dimension Cell Dimension Cell Dimension Cell Dimension
1-dl1 | Oem I-d.1 Ocm ! 1-d.1 0 cm 1-d.1 0 cm
1-d2 | 100cm 1-d.2 100 ¢m 1-d.2 100 cm 1-d2 100 cm
1-d.3 100 cm £ 1-d3 1 100cm 1-d3 | 100cm 1-d.3 100 em
1-d4 . 100em | | 1-d4 : 100cm 1-d.4 100 cm 2-d.1 100 cm
3-d.1 100 cm i 5-d1 1 100 cm ¢ 6-d1 | 100cm L 2-MI Fe
3-MI Fe | | S5MI ~  Fe .° ' 6-d2 | 100cm { ! 2-Dens | 7.86g/cc
3-Dens . 7.86g/cc  5-Dens = 7.86gicc’ | 6-d3 | 100em | | 2-8C | i
3-8C . 1 . 5-8C 1 I 1 6d4 | Ocm | 14-d.1 ¢ 300em
6-d.1 ° 300cm | ¢ 9d1  300cm ¢ @ 6-d5 | Ocm | Det | Generic60
Det  Generic60 | Det Generic60 i 6d6 ' Ocm | . Coll - None
Coll None - Coll None Co6-MI 0 Alr i
' Co 6-Dens :0.0001 glcc ]
b 6-SC 1 Fo :
b Det Generic60 !
|
|

Coll None !

i - S L
: I : P
] |

Air Parameters: Temperature: 20 C Pressure: 760 mm of Heg Humidity: 50% |
| T ] | |

Convergence: 0.1% P P I
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ISOCS 4.0 Internal Consistency Tests

‘
‘ |
E

| |

Test 4: Cylindrieal Symmeteries

| - (Filled with Fe @ 7.86 g/cc)

i
|

Simple Cylinder Complex Cylinder |Pipe 3: Source 2 fills
{(No Hot Spot) volume
| _

. Cell Dimension Cell Dimension Cell Dimension
1-d.1 0cm 1-d.1 0 cm i-d.1 0 cm
1-d.2 10838 cm | 1-d.2 108.38 cm 1-d.2 108.38 cm
1-d3 | 10838cm  1-d3 [10838cm| . 1-d3 | 54.19cm |

6-d.1 {10838 cm

1-d4 | 5419cm |

3-d1 | 10838 cm

3MI | Fe  6MI | Fe | 3dl | 10838cm!
3-Dens © 7.86 g/cc © 6-Dens | 7.86glec . 3-d2 | 54.19cm |
3-SC - 1 6-SC 1" 7 3-d3 ' 54.19cm |

g-d1 - 300cm |

6-d.1 . 300cm 3.d4 . Ocm |
Det | Generic60 . - Det - Generic60 . 3-d.5  Odeg |
Coll | None Coll -~ WNome ¢ 3Ml =~ Fe
: ‘ 3-Dens  7.86 glce |

3sC 1

6-d.1 - 300cm

Det  Generic60 |

Cofl . None

Pipe 1: Source 1 fills

-]Pipe 2: Sources 1 & 2 S

volume _ ; present ?
Cell | Dimension  Cell | Dimension| Cell : Dimension
1-d.1 | Ocm -d1 i Ocom 3-d.1 54 em
1-d2 i10838cm: 1-d2 [10838cm! 3-d2 | 54.19cm
1-d3 | 5419c¢m | 1-d3 { 5419cm i 3-d3 | 5419cm |
1d4 | 5419cm ' 1-d4  54.19cm  3-d4 | Ocm |
2-d1 | 5419cm | 2-d1 . 27.19em : 3-d5 | 0 .deg |
2-d2 | 5419cm | 2-d2 : 54.19cm | 3-MI Fe |
2-d.3 5419c¢cm | 2-d3 | 54.19cm | 3-Dens | 7.86 g/cc
2-MI Fe . 2-MI |  Fe 3-SC 1
2-Dens | 7.86g/cc | 2-Dens | 7.86 g/cc 6-d.1 300 cm
2-8C 1 2-SC 1 Det Generic60

6-d.1 300cm |

Coll None

Det Genericd0 |

Coll None

< |

; 7
i |
i ]
| i
' i

'

IR

Alr Parameters: Temperature: 20 C  Pressure: 760 mm of Hg  Humidity:

50%

!
| i

Convergence: 0.1%,0.0

01% (for Fe)
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ISOCS 4.0 Internal Consistency Tests

Test 5: Different Spherical Syminetries

(Filled with Fe @ 7.86 g/cc)

| |

Parameters used in Efficiency Calculations

|

Spherical hot spot in

Sphere w/source shell

Sphere w/ no source

Sphere: 53% src shell

a complex cylinder

filling the volume

shell, volume filled

50% volume

Cell i Dimension Cell Dimension: Cell TDimension Cell Dimension
1-d1 ¢ Ocm 1-d.1 0 cm P 1-dld 0 cm 1-d.1 0 cm
1-d.2 §08.38cm| | 1-d2 '10838em! | 1-d2 10838 cm | 1-d.2 108.38 cm
1-d3  10838cm! | 2-d1 [5419e¢m| | 3-Ml | TFe 2-d.1  127.095cm
241 10838cm: | 2-MI | - Fe - . 3-Dens | 7.86glc ’  2-MI Fe
2-d.2 54.19¢m ! 2-Dens | 7.86 g/ec 3-SC | 1 : 2-Dens | 7.86g/cc
2-d.3 Ocm | 2-8C ! i 6-d.1 : 300em | 2-8C | 1
2-d4 | Odeg ! 6-d.1 i 300cm Det  Generic60° 3-MI , Fe
2-MI Fe Det  Generic60 Coll | None 3-Dens  7.86 g/cc
2-Dens  7.86 gice | Colt | None ; 3-8C B
2-SC 1 B 6-d.1  300cm
6-d.1  10838cm Det . Generic60
6-MI1 Fe | ’ Ceoll © None
6-Dens . 7.86 glcc | 1
- 6-SC 0 ‘

9-di - 300cm |

i

Det Generic60 |

Coll ~ YNone |

Beaker Template

Pre-defined container

SP32_2.BKR
T

Celi Dimension

i
i

3-d.1 10.838 cm

Ml Fe !
3-dens | 7.86 glcc | | ! |
3-8C | 1

6-d.1 | 100 cem

DET Generic60

L

Air Parameters: Temperature: 20 C  Pressure:

760 mm

i l
i

of Hg  Humidity: 50%

Convergencé: 0.1% , 0.001% (for Fe)

T
i %
1.
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ISOCS 4.0 Internal Consistency Tests

| |

i

Test 6: Different Configurations of Marinelli

(1 cu.m in vol., filled with Water)

|

Parameters used in Efficiency Calculations
| | | |
Bottom ~100% Top 50%, Bot 50% i Bottom ~ 0% Circular Plane
| -
.Cell ; Dimension Cell Dimension Cell | Dimension| Cell Dimension
: ! \ i
1-d1 ° Ocm i 1-d1 | Ocm I 1-d.i 0 cm 1-d.1 0cm
1-d2 ¢ 108cm © o 1-d2 | Ocm 1-d.2 0 cm 1-d2 ;108.38cm
1-d3  Ocm . 1-d3 ! 54.19cm | 1-d.3 {10828 cm'! 2-d.1 | 108.38cm
2-d.1 Dem - 0 2-dl | Oem | 2-d1 | Oem |, i 2-Ml | Water
3-d.1 019cm ©  3-d1 | 541%9cm i : 3-d1  5419cm . | 2-Dens 1 glec
3-MI Water 3-MI Water | | 3-Ml Water ' 2-SC ! 1
3-Dens 1 glee 3-Dens | 1 gfce ' 3-Dens 1 g/cc 14-d.1 ¢ 300cm
~3.8C 1 3-8C | 1 3-SC 1 Det  Generic60
4-d.1 108.38 4-d.1  54.1%cm ° 4-d.1 0.1cm Coll None
4-M1 Water 4-M1{ Water 4-M1 Water
4-Dens 1 glce 4-Dens 1 g/ce 4-Dens i ‘
4-SC i 4.5C 1 4-8C 1 glce ‘; ;
5-d.l  300cm © 5d1 .354.19cm . 5-d.1 40828 cm:
Det Generic60 | Det | Generic60 Det | Generic60 = | |
Coll None © Coll . None Coll None | !
Exponential Circ. Pln | Beaker Template Beaker Template i
P j . iPre-defined container | |
L ~ 1 TEST6_6.BKR
I ) ! |
Cell  |Dimensioni | Cell  Dimension; Cell | Dimension
i i !
I-dl : Ocm | .1 : Oem | . 3-d1 | 108cm | -
1-d2 :10838cm| | 1-d2 | 108cm | 3-MI | Water 1
5-d1 110838cmi | 1-d3 | 108cm ! 1 3-dens ! 1glec ‘
5-d2 | Ocm . 1-d4 | 108cm | @ 38C | 1
543 iE+06cm| | 3-d1 § 108em i | 6-d1 | 300cm
5-MI Water " 3-MI |, Water | ! DET | Generic60
5-dens 1 g/cc " 3-demns | lgiec 1| |
5-SC 1 3-SC 1! i
8-d1l | 300cm 6-d.1 300cm | |
DET | Geneic60 DET | Generic60| ! i
- T i

Air Parameters: Temper

ature: 20 C Pre

ssure: 0 mm of

T
1
1

Convergence: 0.1%

1
| ]
i F

Hg Humidity: 0%
|
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ISOCS 4.0 Internal Consistency Tests

Test 7: Infinitely 1argé sources, filled with water, at 1 meter

| | ] | |

Parameters used in Massemetric Efficiency Calculation

Simplé Box Complex Box Rectangular Plane Circular Plane
Cell Dimension Cell Dimension Cell Dimension Cell Dimension
1-d.1 0cm 1-d.1 0 cm 1-d.1 0 cm 1-d.1 0 cm
1.d2 | 7500 cm 1-d.2 7500 ¢cm 1-d.2 7500 cm 1-d.2 7500 cm
i-d3 | 7500 cm 1-d.3 7500 ¢m 1-d.3 7500 cm 2-d.1 100 cm
1-d4 ! 100cm 1-d.4 100 cm 2-d.1 100 cm 2-MI | Water
3-d.1 ¢ 7500cm | | 5-d.b | 7500cm | 2-MI Water 2-Dens | Iglec
3-MI Water | | 5-MI | Water 2-Dens | 1.0g/cc . 2-8C 1
3-Dens 1.0 gjce | 5-Dens | 1.0g/cc ° 2-SC 1 ' 14-d.1 | 100cm
3s¢c ;. t+ | ssc i 1 14-d.1 100em | - Det :42%Coax
6-d1 : 100em | : 9-d1 | 100cm Det 42%Coax| @ Coll | None
Det  42% Coax| = Det | 42% Coax | Coll None
Coll None | . Coll None | ,
Exponential Circ. Pln " Beaker Template f
i ] ‘ |
Cell | Dimension Cell iDimension’ :
i H | i i i
i 1 P . !
1-d.1 Ocm 1-d.1 i Ocm i ; i
1-d.2 : 7500em . | 1-d.2 7500cm | | i ;
5-d.1 | 100cm i 1-d3 | 7500cm | |
5d2 |, Ocm 1-d4 | 100cm | |
5-d.3 | 1IE+06 cm 3-d.1° | 100 cm
5-MI | Water 3-Ml Water |
" 5-dens | 1glec 3-dens I g/ce :
8-d1 , 100cm 6-d.1 100 cm ; !
DET | 42% Coax DET | 42% Coax| !
Air Parameters: Temperéture: 20 C Pressure: 760 mm of Hg  Humidity: 50%
! | ] | i
} - N t H !
Convergence: 0.01%, 0.001% | |
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Energy
(keV)

59.5
23 -
122.1
165.9
391.7
661.7
898
1173
1332

Energy
(keV)

59.5
88
122.1
165.9
391.7
661.7
898
1173
1332

Marinelli

(Bottom)

3.614E-05
9.276E-05
1.251E-04
1.333E-04
1.028E-04
8.248E-05
7.607E-05
6.951E-05
6.714E-05

Marinelli

(Bottom) .

-0.06%
0.04%
0.05%
0.05%
0.05%
-0.01%
0.04%
0.02%
0.09%

ISOCS VERSION 4.0

Test 8: Symmetry tests for Off-axis Marinelli beakers and Cylinders

For Marinellis, Circular Plane and Beaker sources, detector translated by 40 cm;
For cylindrical sources, detector translated by 25 cm, and rotated to aim at -(infinity)

D Ge detector

50 ¢m

70 cm

Marinelli
{Top)

3.613E-05
9.274E-05
1.250E-04
1.333E-04
1.028E-04
8.248E-05
7.607E-05
6.943E-05
6.697E-05

Relative deviation from the average

Circ. PL

3.614E-05
9.276E-05
1251E-04
1.333E04
1.028E-04
8.248E-05
7.607E-05
6.951E-05
6.714E-05

3 cm

¥ Aiming point (neg. infinity)

1SOCS/LabSOCS Efficiencies

Exp. CP

3.617E-05
9.277E-05
1.251E-04
1.333E-04
1.023E-04
8.262E-05
7.622E-05
6.953E-05
6.708E-05

Marinelli Circ. PL.  Exp. CP

(Top)

-0.08%
0.03%
0.04%
0.04%
0.05%
-0.01%
-0.03%
-0.09%
-0.15%

-0.06%
0.04%
0.05%
0.05%
0.05%
-0.01%
-0.04%
0.02%
0.09%

0.03%
0.06%
0.08%
0.09%
0.05%
0.16%
0.16%
0.06%
0.01%

Pipe
(Src 1)

3.617E-05
9277E-05
1.251E-04
1.333E-04
1.028E-04
8.262E-05
7.622E-05
6.953E-05
6.708E-05

Pipe
(Src 1)

0.03%
0.06%
0.08%
0.09%
0.05%
0.16%
0.16%
0.06%
0.01%

Pipe
(Src2) -

3.617E-05
9.277E-03
1.251E-04
1.333E-04
1.028E-04
8.262E-05
1.622E-05
6.953E-05
6.708E-05

Pipe
(Src2)

0.03%
0.06%
0.08%
0.09%
0.05%
0.16%
0.16%
0.06%
0.01%

Simp.Cyl.

3.618E-05
9.254E-05
1.247E-04
1.328E-04
1.026E-04
8.236E-05
7.602E-05
6.943E-05
6.697E-05

Simp.Cyl.

0.07%
-0.19%
-0.24%
0.27%
-021%
-0.16%
-0.11%
-0.08%
-0.15%

Beaker
UM

3.618E-05
9.254E-05
1.247E-04
1.328E-04
1.026E-04
8.236E-05
7.602E-05
6.952E-05
6.714E-05

Beaker
(UIv)

0.07%
-0.19%
-0.24%
0.27%
0.21%
-0.16%
0.11%
0.04%
0.10%

Beaker
{*.BKR)

3.615E-05
9.281E-05
1.251E-04
1.334E-04
1.025E-04
8.238E-05
7.598E-05
6.943E-05
6.707E-05

Beaker
(~.BKR)

-0.03%
0.10%
0.11%
0.12%
0.12%
-0.13%
0.15%
-0.08%
-0.01%

Energy Average

(keV)

59.5
88
122.1
165.9
391.7
661.7
398
1173
1332

A - 19

3.616E-05
9.272E-05
1.250E-04

“1.332E-04

1.028E-04
8.249E-05
7.610E-05
6.949E-05
6.708E-05



ISOCS VERSION 4.0
Test 9: Verilying the effect of air parameters on ISOCS calculations
The source is a 1 cu.cm box of water at a distance of 10 muters from the detector.
Detector: Generic 50% Mo Collimator
Case (1): Temp=20 ¢ Pressure=760 mm of Hg RH is variable Case (2): Temp. is variable P=760 mm of Hg RH=50%
Energy Efficisncy Efficiency Efficiency Energy | Bfficiency | Efficiency | Efficiency
keV) (RE=0%) (RH=30%) (RE-100%) ke V) T=0g) | (i=20¢) | (=100¢)
0 50 100
50 5.342E-07 5.346E-07 5.351E-07 S50 5.2560-07 | 5.346E-07 | 5.799E-07
60 9.790E-07 9.7978-07 9.805E-07 60 9.644E-07 | 9.757E-G7 | 1.050E-06
20 1.549E-06 1.551E-06 1.552E-06 80 1.528E-06 | 1.551E-06 1.652E-06
100 1.819E-06 1.820E-06 1.821E-0D6 108 1.7958-06 | 1.820E-D§ 1.933E-06
15¢ 1.955E-06 1.956E-06 1.957E-06 150 1.932E-06 | 1.956E-06 | 2.064E-06
200 1.828E-06 1.829E-06 1.830E-06 200 1.808E-06 | 1.829E-06 1.921E-06
400 1.231E-06 1.231E-06 1.232E-06 400 1.221E-06 | 1331606 1.28CE-06
500 1.072E-06 1.073E-06 1.073E-06 500 1.0648-06 1 1.073EC6 | 1.111E-06
600 9.542E-07 9.545E-07 9.548E-07 600 9.475E-07 | 9.545E-07 9.860B-07
800 8.074E-07 8.077E-07 B.079E-07 §00 8.024E-07 | B.0778-Q07 8.310E-07
1022 6.872E-07 6.874E-07° 6.876E-07 1022 6.835E-07 | 6.874E-07 | 7.051E-07
1500 5.407E-07 5.408E-07 5.409E-07 1500 5.383E07 | 5.408B-07 | 5.522E-07
2000 4.292E-07 4.293E-07 4.294E-07 2000 4.275E-07 | 4.293E-07 4.371E-Q7
Case (3j: Temp=20¢ FPregsure is variable RH=50%5
' Case (1) As RH increases, the peak efficiencies show a very slight
Energy Efficiency Efficiency Efficiency ncreasing frend, ’
(e V) {P=380 mm) (P=760 mm) @=1000} | | i
: Cass (2): As the terp. increases, the density of air+water decreases
- 50 5.980E-07 5.346B-07 4.981E-07 and so does photon altenuation. As a result, the peak efficiencies increase.
60 1.087E-06 9,797E-07 9.174E-07
80 1.706E-06 1.551B-06 1.460E-06 Case(3): Increasing the barometric pressure while
160 1.9928-06 1.320E-06 1.719E-06 maintaining the RH and temperature, increases the
150 2.121E-06 1.956E-06 1.859E-06 girtwater mixture density, thus resulting in Jarger
200 1.969E-06 1.829E-06 1.745E-06 photon attenuations. The peak efficiencies decrease.
400 1.305E-06 1.231E-06 1.187E-06
300 1.131E-06 1.073E-06 1.038E-06
600 1.002B-06 9.545E-07 9.255E-07
300 8.431E-07 3.0776-07 7.860E-07
1022 7.342E-07 £.8748-07 & 710E-07
1500 5.581E-07 5.408E-07 5.302E-07
2000 4.411E-07 4.293E-07 4.221E-07

1
|




Appendix B: Summary Sheets for the Validation Tests

This section contains the result summary of the validation tests, for each of the three
counting geometries, namely, Field, ILaboratory and Collimated geometries. In each
Summary Sheet, ISOCS over true efficiency ratios from all the validation tests performed
in that geometry are given, along with their uncertainty values. The data is presented in

the Summary Sheets in the Three energy groups; data < 150 keV, data > 150 keV and
~ data at all energies pooled. The Summary Sheets also contain the result of the statistical
anaiysis pei‘fonﬁ‘ed on the data. The standard deviation of the data, the average standard
deviation of the ratio, thel average ISOCS standard deviation and the chi-squared values

are presented in each energy group.

B-1
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Appendix C: Data Sheets for Field Counting Geometry Validation Test

The data sheets for the validation tests performed in Iield counting geometry are
presented in this section. Each data sheet contains information about a given validation
test. The input parameters used in the ISOCS calibration are given. The efficiencies for
both the ISOCS method and the reference (true) method are given as a function of
energy. The weighted average of the ISOCS over true efficiency ratio is given for each
test, along with a weighted standard deviation and an ISOCS standard deviation. Plots of
efficiency versus energy and ISOCS over true efficiency ratio versus energy are included

in each data sheet.
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