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1 INTRODUCTION

This report documents the verification of the RESRAD-BUILD code, Version 4.0, which

was released on December 22, 2022. Two earlier reports verifying Versions 3.0 and 3.1,
respectively, were published in 2001 (Kamboj, et al. 2001) and 2003 (Tetra Tech NUS 2003).
Version 4.0 of the RESRAD-BUILD code has many new features and modeling enhancements
over the earlier versions, including the previously released Version 3.5. The major new features
and modeling enhancements include:

1.

10.

1.

Provision of a choice between ICRP-107 and ICRP-38 radiological transformation
databases, along with an input of cut-off half-life, for use in constructing radiological
decay chains and choosing compatible dose and risk coefficient libraries for dose and risk
calculations.

An ability to model complete decay chains, including branches, and evaluate each
progeny separately for their contributions to direct external radiation.

Implementation of a new dynamic ventilation model that forgoes the steady-state
assumption as used in previous versions, to conserve mass balance and improve accuracy
in the predicted radionuclide concentrations in the air and on the floor over time.

Increments in the number of compartments (rooms) in a building from 3 to 9 with
allowance for air exchange between any pair of rooms and between any room and the
outdoor.

Consideration of periodical vacuuming and its efficiency to remove floor deposition of
contaminated materials.

Consideration of up to 10 release phases with user-defined begin time, end time, and
source removal fraction for each phase for point, line, and area sources, to account for
different source removal rates and intermittent releases.

Implementation of both analytical and numerical solutions to time integration and use of
the analytical solutions to reduce calculation time whenever feasible or per user’s choice.

A redefined basis for volume source coordinates, as the center of the contaminated
region, and the addition of a new direction of erosion parameter, for precise
determination of the receptor-source distance at any time.

Generation of output files containing intermediate calculation results per user’s choice,
for obtaining insights to the modeling.

Addition of new appearances for several input forms, to facilitate input data collection,
while maintaining the traditional appearances (as in Version 3.5), which can continue to
be used, if preferred by users.

Linking the code to Version 3.3 of the Dose Conversion Factor (DCF) Editor that has an
expanded database (including air submersion dose and risk coefficients) and is equipped
with improved interactive help entries.



12. Provision of context-specific help entries and the User’s Manual (including User’s Guide)
in pdf format to guide the use of the code.

13. Streamlining the selection of DCF libraries to ensure proper pairing of external and
internal dose coefficient libraries.

Chapter 2 of this report focuses on verifying the external dose and risk modeling for
point, line, area, and volume sources, as well as for floor deposition. Besides verification, the
external radiation doses calculated by RESRAD-BUILD were also benchmarked with those
calculated by the MCNP code (Briemeister 1993). Section J.3 of the RESRAD-BUILD User’s
Manual Vol. 1 (Yu et al. 2022) documents the results of that benchmarking effort. Chapter 3 of
this report focuses on verifying the ventilation modeling, from checking the remaining source
inventory, releases of radionuclides to the air, air concentrations and deposited floor
concentrations over time, to the radiation dose and risk associated with inhalation, ingestion, and
air submersion, with and without vacuuming. The verification efforts involve designing
spreadsheets to perform calculations the same as or like those performed by the RESRAD-
BUILD code and then comparing the spreadsheet results with those produced by the code. When
the results agree or the differences are within acceptable range, the accuracy of model
implementation in the code is verified.

In addition to model implementation, the implementation of key functions and features
that facilitate the modeling or the use of the code were also verified during the release testing of
the code. Appendix A presents the test cases developed for these verification testing, and
Appendix B presents the testing results that verify proper implementation of key functions and
features.



2 VERIFICATION OF THE EXTERNAL RADIATION MODELING

RESRAD-BUILD User’s Manual (Yu et al. 2022) Appendix C describes the modeling of
external dose and risk from different types of radiation sources implemented in the code. To
verify that the external radiation model was correctly implemented, several Excel® spreadsheets
were designed to calculate external radiation dose and risk for comparison with the RESRAD-
BUILD results. In addition to the external radiation dose coefficients taken from FGR 12
(Eckerman and Ryman 1993), the data needed for the estimates of attenuation factors, buildup
factors, and mass absorption fractions in the spreadsheets were taken from Trubey 1991. The
comparisons showed that for most cases, the RESRAD-BUILD results and the spreadsheet
results were in good agreement; when the results were different, the difference was less than
10% and was judged to be acceptable, considering the approximate nature of the estimated
attenuation factors, buildup factors, and mass absorption fractions in the spreadsheets.

2.1 EXTERNAL RADIATION OF POINT SOURCES

External radiation doses from C-14, Mn-54, Co-60, Nb-94, and Tc-99 were calculated for
comparison. It was assumed a point source containing 1 pCi of radioactivity of each radionuclide
was located at (0 m, 0 m, 0 m). The removable fraction of the source was zero, and there was no
release of radioactivity into the indoor air. Three receptors located at (0 m, 0 m, 0.3 m), (1 m,
1m, 1 m), and (0 m, 0 m, 4 m) would incur external radiation emitted by the source. Each of
them was assumed to spend 50% of the time in a year inside the building.

The average annual external dose and risk without shielding materials between the source
and each receptor for the first year were calculated and compared. To verify the attenuation
modeling of external radiation due to shielding, water and concrete were assumed to be the
shielding materials, both with effective thicknesses of 1 cm, 5 cm, and 50 cm. The attenuated
dose and risk received by the receptor located at (1 m, 1 m, 1 m) were then calculated and
compared.

Table 2.1 lists literature data of the mass energy absorption coefficients and the absorbed-
to-effective dose conversion factors used in the spreadsheet. The mass energy absorption
coefficients were obtained from Trubey 1991. The ICRP Publication 51 (ICRP 1987) was the
source of the absorbed-to-effective dose conversion factors. The mass absorption fraction and the
absorbed-to-effective dose conversion factor for the photon energy associated with the decay of
the individual radionuclides were calculated by interpolation.

Table 2.2 lists data of the mass attenuation coefficients for air, water, and concrete from
Trubey 1991. Like the mass absorption fraction and the absorbed-to-effective dose conversion
factor, the mass attenuation coefficients needed for the photon energy associated with the decay
of the individual radionuclides were calculated by interpolation.

Tables 2.3 to 2.5 list the data of the buildup factors in air, water, and concrete,
respectively, and the estimates based on the data for C-14, Tc-99, Nb-94, Mn-54, and Co-60, the
five radionuclides selected for this comparison.



Table 2.1 Literature Data of Mass Energy Absorption
Coefficients and Absorbed-to-Effective Dose

Conversion Factors

Mass Energy Absorbed-to-
Absorption Effective Dose
Coefficient from |Conversion Factor
Trubey 1991 from ICRP 51
Energy (MeV) Air (cmz/g) (Sv/Gy)
0.01 4.64 0.0039
0.015 1.3 0.023
0.02 0.5255 0.065
0.03 0.1501 0.23
0.04 0.06694 0.464
0.05 0.04031 0.687
0.06 0.03004 0.83
0.08 0.02393 0.954
0.1 0.02318 0.962
0.15 0.02494 0.891
0.2 0.02672 0.854
0.3 0.02872 0.826
0.4 0.02949 0.82
0.5 0.02966 0.824
0.6 0.02953 0.824
0.8 0.02882 0.832
1 0.02787 0.839
1.5 0.02545 0.856
2 0.02342 0.875
3 0.02054 0.902
4 0.01866 0.917
5 0.01737 0.935
6 0.01644 0.943
8 0.01521 0.969
10 0.01446 0.991




Table 2.2 Literature Data of Mass Attenuation Coefficients in Air, Water,
and Concrete

Mass Attenuation Coefficient (cmz/g) from
Trubey 1991
Energy (MeV) Air Water NBS Concrete

0.01 5.123 5.33 26.56
0.015 1.615 1.673 8.297
0.02 0.7784 0.8098 3.651
0.03 0.3539 0.3756 1.214
0.04 0.2485 0.2683 0.6122
0.05 0.208 0.2269 0.3944
0.06 0.1875 0.2058 0.2957
0.08 0.1663 0.1837 0.2125
0.1 0.1541 0.1707 0.1783
0.15 0.1356 0.1505 0.1434

0.2 0.1234 0.137 0.127
0.3 0.1068 0.1187 0.1082
0.4 0.09549 0.1061 0.09628
0.5 0.08712 0.09678 0.08768
0.6 0.08055 0.08956 0.08098
0.8 0.07074 0.07866 0.07103
1 0.06358 0.07071 0.06382
1.5 0.05175 0.05754 0.05197
2 0.04447 0.04941 0.04482
3 0.03581 0.03969 0.03654
4 0.03079 0.03403 0.03189
5 0.02751 0.03031 0.02895
6 0.02522 0.0277 0.02696
8 0.02225 0.02429 0.0245
10 0.02045 0.02219 0.02311




Table 2.3 Estimates of Buildup Factors in Air of Different Thicknesses

Thickness in Data of Buildup Factors in Air C-14 Tc-99 Nb-94  Mn-54 Co-60
Mean Free 0.015 0.04 0.05 0.1 0.15 0.6 0.8 1 1.5 0.049 0.101 0.787 0.835 1.25
Path MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV
0.5 1.12 2.20 2.48 2.35 2.16 1.56 1.50 1.47 1.42 2.45 2.35 1.50 1.49 1.45
1 1.17 3.38 4.28 4.46 3.83 2.33 2.17 2.08 1.92 4.19 4.45 2.18 2.15 2.00
2 1.25 5.85 8.72 11.40 9.21 4.46 3.94 3.60 3.09 8.43 11.36 3.97 3.88 3.35
3 1.31 8.47 14.10 22.50 18.20 7.34 6.19 5.46 4.42 13.54 22.41 6.26 6.06 4.94
4 1.36 11.20 20.50 38.40 31.50 10.90 8.88 7.60 5.86 19.57 38.26 9.01 8.66 6.73
5 1.39 14.10 27.60 59.90 49.90 15.30 12.00 10.00 7.42 26.25 59.70 12.21 11.65 8.71
6 1.43 17.00 35.70 87.80 74.20 20.30 15.50 12.70 9.08 33.83 87.53 15.81 15.01 10.89
7 1.46 20.10 44.60 123.00 105.00 26.00 19.40 15.60 10.80 | 42.15 122.64 19.83 18.74 13.20
8 1.48 23.30 54.40 166.00 144.00 32.50 23.70 18.80 12.70 | 51.29 165.56 24.27 22.84 15.75
10 1.53 30.00 76.80 282.00 249.00 47.90 33.50 25.80 16.70 | 72.12 281.34 34.44 32.15 21.25
15 1.62 49.00 151.00 800.00 735.00 100.00 64.90 47.00 27.70 | 140.80 798.70 67.18 61.77 37.35
20 1.68 71.40 256.00 1810.00 1700.00 173.00 105.00 72.80 40.20 | 237.54 1807.80 109.42 99.37 56.50
25 1.74 97.20 395.00 3570.00 3410.00 266.00 154.00 103.00 53.90 | 365.22 3566.80 161.28 145.08 78.45
30 1.78 126.00 574.00 6430.00 6210.00 379.00 210.00 136.00 68.50 | 529.20 6425.60 220.99 197.05 102.25
35 1.82 159.00 798.00 1.06E+04 1.05E+04 512.00 274.00 173.00 84.00 | 734.10 1.06E+04 289.47 256.33 128.50
40 1.85 195.00 1070.00 1.57E+04 1.70E+04 665.00 345.00 212.00 100.00 | 982.50 1.57E+04 365.80 321.73 156.00




Table 2.4 Estimates of Buildup Factors in Water of Different Thicknesses

Thickness in Data of Buildup Factors in Water C-14 Tc-99 Nb-94  Mn-54 Co-60
Mean Free 0.015 0.04 0.05 0.1 0.15 0.6 0.8 1 1.5 0.049 0.101 0.787 0.835 1.25
Path MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV
0.5 1.13 2.22 2.52 2.37 2.07 1.56 1.50 1.47 1.41 2.49 2.36 1.50 1.49 1.44
1 1.18 3.47 4.42 4.55 3.89 2.33 2.17 2.08 1.91 4.33 4.54 2.18 2.15 2.00
2 1.27 6.18 9.25 11.80 9.49 4.49 3.96 3.62 3.10 8.94 11.75 3.99 3.90 3.36
3 1.33 9.14 15.30 23.80 19.00 7.44 6.26 5.50 4.43 14.68 23.70 6.34 6.13 4.97
4 1.38 12.30 22.60 41.30 33.30 11.20 9.00 7.68 5.88 21.57 41.14 9.14 8.77 6.78
5 1.43 15.70 31.00 65.20 53.40 15.60 12.20 10.10 7.44 29.47 64.96 12.42 11.83 8.77
6 1.46 19.20 40.50 96.70 80.10 20.80 15.80 12.80 9.11 38.37 96.37 16.13 15.28 10.96
7 1.50 22.90 51.30 137.00 115.00 26.70 19.80 15.80 10.90 | 48.46 136.56 20.25 19.10 13.35
8 1.53 26.80 63.20 187.00 158.00 33.50 24.20 19.00 12.70 | 59.56  186.42 24.80 23.29 15.85
10 1.58 35.10 90.90 321.00 277.00  49.30 34.20 26.10 16.70 | 85.32 320.12 35.18 32.78 21.40
15 1.68 59.20 185.00 938.00 834.00 104.00 66.30 47.70 27.80 | 172.42 935.92 68.75 63.05 37.75
20 1.75 88.50 323.00 2170.00 1960.00 179.00 108.00 74.00 40.40 | 299.55 2165.80 112.62 102.05 57.20
25 1.82 123.00 511.00 4360.00 3980.00 276.00 157.00 104.00 54.00 | 472.20 4352.40 164.74 147.73  79.00
30 1.87 163.00 759.00 7970.00 7320.00 395.00 215.00 139.00 68.70 | 699.40 7957.00 226.70 201.70 103.85
35 1.91 208.00 1080.00 1.35E+04 1.25E+04 534.00 281.00 177.00 84.30 | 992.80 1.35E+04 297.45 262.80 130.65
40 1.94  259.00 1470.00 2.11E+04 2.03E+04 695.00 353.00 218.00 101.00 |1348.90 2.11E+04 375.23 329.38 159.50




Table 2.5 Estimates of Buildup Factors in Concrete of Different Thicknesses

Thickness in Data of Buildup Factors in Concrete C-14 Tc-99 Nb-94  Mn-54 Co-60
Mean Free 0.015 0.04 0.05 0.1 0.15 0.6 0.8 1 1.5 0.049 0.101 0.787 0.835 1.25
Path MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV
0.5 1.02 1.30 1.42 1.89 1.84 1.53 1.48 1.45 1.39 1.41 1.89 1.48 1.47 1.42
1 1.03 1.46 1.74 2.78 2.82 2.18 2.06 1.98 1.85 1.71 2.78 2.07 2.05 1.92
2 1.04 1.69 2.26 4.63 5.13 3.80 3.47 3.24 2.86 2.20 4.64 3.49 3.43 3.05
3 1.05 1.87 2.63 6.63 7.92 5.82 5.18 4.72 4.00 2.55 6.66 5.22 5.10 4.36
4 1.05 2.01 2.95 8.80 11.20 8.25 7.18 6.42 5.25 2.86 8.85 7.25 7.05 5.84
5 1.06 2.14 3.25 11.10 15.00 11.10 9.47 8.33 6.60 3.14 11.18 9.58 9.27 7.47
6 1.06 2.25 3.53 13.60 19.30 14.30 12.00 10.40 8.05 3.40 13.71 12.15 11.72 9.23
7 1.07 2.35 3.79 16.30 24.20 18.00 14.90 12.70 9.58 3.65 16.46 15.10 14.52 11.14
8 1.07 2.45 4.04 19.20 29.70 22.20 18.10 15.20 11.20 3.88 19.41 18.37 17.59 13.20
10 1.08 2.62 4.51 25.60 42.70 31.80 25.10 20.70 14.60 4.32 25.94 25.54 24.33 17.65
15 1.09 2.98 5.57 44.90 87.60 63.60 47.40 37.20 24.20 5.31 45.75 48.45 45.62 30.70
20 1.10 3.27 6.52 69.10 153.00 107.00 75.70 57.10 35.00 6.20 70.78 77.73 72.45 46.05
25 1.10 3.51 7.38 87.90 240.00 161.00 110.00 80.10 46.90 6.99 90.94 113.32  104.77 63.50
30 1.11 3.73 8.18 131.00 353.00 226.00 149.00 106.00 59.60 7.74 135.44  154.01 141.48 82.80
35 1.11 3.91 8.87 170.00 494.00 302.00 193.00 134.00 73.00 8.37 176.48 200.09 182.68 103.50
40 1.11 4.03 9.44 214.00 664.00 389.00 242.00 164.00 87.10 8.90 223.00 251.56 22835 125.55




2.1.1 Dose Results without Shielding

Tables 2.6-2.8 show the estimations of the external radiation dose incurred by each
receptor when there was no shielding between the radiation source and the receptor. Table 2.9
compares the dose estimates between the spreadsheets and the RESRAD-BUILD code. The
comparison shows good agreement in the dose estimates.

2.1.2 Risk Results without Shielding

In RESRAD-BUILD, cancer risks associated with external radiation are calculated by
multiplying the estimated external doses with a radionuclide-specific dose-to-risk conversion
factor, which is the ratio of the slope factor (SF) for external radiation to the dose conversion
factor/dose coefficient (DCF) for external radiation for an infinite volume source. To verify the
external risk results from RESRAD-BUILD, the external dose results from RESRAD-BUILD
were multiplied by the radionuclide-specific dose-to-risk conversion factor in the spreadsheets,
and the multiplication products were compared with the cancer risk results reported by the code.

Table 2.10 presents the radionuclide-specific dose-to-risk conversion factors for external
radiation for the radionuclides selected for this comparison. The dose coefficients are from
FGR 12 (Eckerman and Ryman 1993), and the slope factors are the FGR 13 (Eckerman et al.
1999) morbidity risk numbers. Table 2.11 compares the cancer risks calculated by the RESRAD-
BUILD code and by the spreadsheets. The two sets of calculation results agree with each other.

2.1.3 Dose Results with Water Shielding

Table 2.12 shows the estimation of the attenuation factor and buildup factor when there is
shielding of water with a thickness of 1 cm, 5 cm, and 50 cm between the source and the receptor
at(1m,1m,1m).

Table 2.13 compares the dose estimates between the spreadsheets and the RESRAD-
BUILD code. Except for the dose results with a shielding thickness of 1 cm for Tc-99 that show
a difference of 13%, the other dose results of RESRAD-BUILD and the spreadsheets are in good
agreement.

2.1.4 Risk Results with Water Shielding

Table 2.14 compares the cancer risks calculated by the RESRAD-BUILD code and by the
spreadsheets. The spreadsheet results were the multiplication products of the RESRAD-BUILD
dose results and the radionuclide-specific dose-to-risk conversion factors presented in
Table 2.10. The two sets of calculation results agree with each other.
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Table 2.6 Estimates of External Dose from a Point Source at (0, 0, 0) at the Receptor Location (1, 1, 1) (m) without Shielding

Indoor Time Fraction =

1 MeV of energy =

100 erg of energy absorbed in 1 g of medium = 1 rad dose

0.5

1.60E-06 ergs

Total energy in 1 year for 1 MeV photon emitted by 1 Bq of activity = 50.49216 erg
1.86821 erg

Total energy in 1 year for 1 Mev photon emitted by 1 pCi of activity =
Yearly dose for the energy absorption in one gram of medium, imparted by 1 MeV photons emitted by 1 pCi of activity :

4 1t area associated with the distance between source and receptor 3.77E+05 cm’

0.0186821 rad/yr per pCi

Absorbed- | Energy
Average to-Effective |Absorption
Source Dose Mass Estimated |Calculated
Activity Conversion |Coefficient | Attenuation | Distancein | Estimated |Attenuation| External
Half-life [in 1st # Energy Factor in Air Coefficient | Mean Free Buildup Factor with Dose
Nuclide (yr) Year (pCi)| photons | (MeV) Yield FE (Sv/Gy) (cm%/g) |for Air (cm™)| Pathin Air | Factor in Air Air (mrem/yr)
C-14 5.73E+03 | 1.00E+00 1 0.049 8.65E-04 0.1 0.665 4.30E-02 2.59E-04 4.48E-02 1.07E+00 9.56E-01 3.06E-11
Mn-54 8.56E-01 | 6.85E-01 1 0.835 1 0.825 0.833 2.87E-02 8.48E-05 1.47E-02 1.01E+00 9.85E-01 3.36E-07
CO-60 5.27E+00 | 9.37E-01 1 1.25286 2 0.49428 0.848 2.66E-02 7.03E-05 1.22E-02 1.01E+00 9.88E-01 1.30E-06
Nb-94 2.03E+04 | 1.00E+00 1 0.787 2 0.065 0.831 2.89E-02 8.71E-05 1.51E-02 1.01E+00 9.85E-01 9.29E-07
Tc-99 2.13E+05 | 1.00E+00 1 0.101 1.77E-03 0.98 0.961 2.32E-02 1.88E-04 3.25E-02 1.04E+00 9.68E-01 9.99E-11
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Table 2.7 Estimates of External Dose from a Point Source at (0, 0, 0) at the Receptor Location (0, 0, 4) (m) without Shielding

Indoor Time Fraction =

1 MeV of energy =

100 erg of energy absorbed in 1 g of medium = 1 rad dose

0.5

1.60E-06 ergs

Total energy in 1 year for 1 MeV photons emitted by 1 Bq of activity : 50.49216 erg
1.86821 erg

Total energy in 1 year for 1 Mev photons emitted by 1 pCi of activity
Yearly dose for the energy absorption in one gram of medium, imparted by 1 MeV photons emitted by 1 pCi of activity :

4 1t area associated with the distance between source and receptor 2.01E+06 cm’

0.0186821 rad/yr per pCi

Mass
Absorbed- | Energy
Average to-Effective |Absorption
Source Dose Mass Estimated |Calculated
Activity Conversion |Coefficient | Attenuation | Distancein | Estimated |Attenuation| External
Half-life [in 1st # Energy Factor in Air Coefficient | Mean Free Buildup Factor with | Dose
Nuclide (yr) Year (pCi)| photons | (MeV) Yield FE (Sv/Gy) (cm%/g) |for Air (cm™)| Pathin Air | Factor in Air Air (mrem/yr)
C-14 5.73E+03 | 1.00E+00 1 0.049 8.65E-04 0.1 0.665 4.30E-02 2.59E-04 1.03E-01 1.15E+00 9.02E-01 5.83E-12
Mn-54 8.56E-01 | 6.85E-01 1 0.835 1 0.825 0.833 2.87E-02 8.48E-05 3.39E-02 1.02E+00 9.67E-01 6.24E-08
CO-60 5.27E+00 | 9.37E-01 1 1.25286 2 0.49428 0.848 2.66E-02 7.03E-05 2.81E-02 1.01E+00 9.72E-01 2.42E-07
Nb-94 2.03E+04 | 1.00E+00 1 0.787 2 0.065 0.831 2.89E-02 8.71E-05 3.48E-02 1.02E+00 9.66E-01 1.72E-07
Tc-99 2.13E+05 | 1.00E+00 1 0.101 1.77E-03 0.98 0.961 2.32E-02 1.88E-04 7.50E-02 1.10E+00 9.28E-01 1.89E-11
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Table 2.8 Estimates of External Dose from a Point Source at (0, 0, 0) at the Receptor Location (0, 0, 0.3) (m) without Shielding

Indoor Time Fraction =

1 MeV of energy =

100 erg of energy absorbed in 1 g of medium = 1 rad dose

0.5

1.60E-06 ergs

Total energy in 1 year for 1 MeV photons emitted by 1 Bq of activity : 50.49216 erg
1.86821 erg

Total energy in 1 year for 1 Mev photons emitted by 1 pCi of activity
Yearly dose for the energy absorption in one gram of medium, imparted by 1 MeV photons emitted by 1 pCi of activity :

4 1t area associated with the distance between source and receptor 1.13E+04 cm’

0.0186821 rad/yr per pCi

Mass
Absorbed- | Energy
Average to-Effective |Absorption
Source Dose Mass Estimated |Calculated
Activity Conversion |Coefficient | Attenuation | Distancein | Estimated |Attenuation| External
Half-life [in 1st # Energy Factor in Air Coefficient | Mean Free Buildup Factor with | Dose
Nuclide (yr) Year (pCi)| photons | (MeV) Yield FE (Sv/Gy) (cm%/g) |for Air (cm™)| Pathin Air | Factor in Air Air (mrem/yr)
C-14 5.73E+03 | 1.00E+00 1 0.049 8.65E-04 0.1 0.665 4.30E-02 2.59E-04 7.76E-03 1.01E+00 9.92E-01 1.00E-09
Mn-54 8.56E-01 | 6.85E-01 1 0.835 1 0.825 0.833 2.87E-02 8.48E-05 2.54E-03 1.00E+00 9.97E-01 1.13E-05
CO-60 5.27E+00 | 9.37E-01 1 1.25286 2 0.49428 0.848 2.66E-02 7.03E-05 2.11E-03 1.00E+00 9.98E-01 4.36E-05
Nb-94 2.03E+04 | 1.00E+00 1 0.787 2 0.065 0.831 2.89E-02 8.71E-05 2.61E-03 1.00E+00 9.97E-01 3.11E-05
Tc-99 2.13E+05 | 1.00E+00 1 0.101 1.77E-03 0.98 0.961 2.32E-02 1.88E-04 5.63E-03 1.01E+00 9.94E-01 3.30E-09
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Table 2.9 Comparison of Estimates of External Dose (mrem/yr) from a Point Source at Different Receptor Locations
without Shielding

RESRAD-BUILD Code Version 4 Results Spreadsheet Results .
Ratio (RESRAD-BUILD/Spreadsheet)
Receptor Receptor Receptor Receptor Receptor Receptor Receptor Receptor Receptor
Nuclide | (©00:3)m)  (1,1,1)(m)  (0,04)(m) | (0,0,0.3)(m) (1,1,1)(m)  (0,0,4)m) | (0,0,03)(m) (1,1,1)(m)  (0,0,4)(m)
C-14 1.01E-09 3.17E-11 6.41E-12 1.00E-09 3.06E-11 5.83E-12 1.01 1.04 1.10
Mn-54 1.13E-05 3.36E-07 6.28E-08 1.13E-05 3.36E-07 6.24E-08 1.00 1.00 1.01
CO-60 4.36E-05 1.31E-06 2.44€E-07 4.36E-05 1.30E-06 2.42E-07 1.00 1.00 1.01
Nb-94 3.10E-05 9.28E-07 1.73E-07 3.11E-05 9.29E-07 1.72E-07 1.00 1.00 1.00
Tc-99 3.31E-09 1.01E-10 1.97E-11 3.30E-09 9.99E-11 1.89E-11 1.00 1.01 1.04

Table 2.10 Calculation of Radionuclide-Specific Dose-to-

Risk Conversion Factors

External DCF External SF Ratio
Nuclides (mrem/yr per | (Risk/yr per (Risk/Dose)
C-14 1.34E-05 7.83E-12 5.84E-07
Mn-54 5.16E+00 3.89E-06 7.54E-07
Co-60 16.2 1.24E-05 7.65E-07
Nb-94 9.68 7.29E-06 7.53E-07
Tc-99 1.26E-04 8.14E-11 6.46E-07
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Table 2.11 Comparison of Estimates of External Radiation Cancer Risks (1/yr) from a Point Source at Different Receptor
Locations without Shielding

RESRAD-BUILD Code Version 4 Results

Spreadsheet Results

Ratio (RESRAD-BUILD/Spreadsheet)

Receptor Receptor Receptor Receptor Receptor Receptor Receptor Receptor Receptor

Nuclide (0,0,0.3)(m) (1,1,1)(m) (0,0,4)(m) | (0,0,0.3)(m) (1,1,1)(m) (0,0,4)(m) | (0,0,0.3)(m) (1,1,1)(m) (0,0,4)(m)
C-14 5.85E-16 1.85E-17 3.73E-18 5.90E-16 1.85E-17 3.75E-18 0.99 1.00 1.00
Mn-54 8.49E-12 2.54E-13 4.74E-14 8.52E-12 2.53E-13 4.73E-14 1.00 1.00 1.00
CO-60 3.34E-11 9.99E-13 1.87E-13 3.34E-11 1.00E-12 1.87E-13 1.00 1.00 1.00
Nb-94 2.34E-11 6.99E-13 1.31E-13 2.33E-11 6.99E-13 1.30E-13 1.00 1.00 1.01
Tc-99 2.15E-15 6.56E-17 1.28E-17 2.14E-15 6.52E-17 1.27E-17 1.01 1.01 1.01
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Table 2.12 Estimates of Attenuation (Shielding) Factor and Buildup Factor at the Receptor Location (1, 1, 1) (m) with Water Shielding

Mass Attenuation

Coefficient (cm'l)

Distance in Mean Free Path

Estimated Buildup Factor

Estimated Attenuation Factor

In Air
[Between

(0,0,0)to InWater InWater InWater With With With
Energy (1,1,1) oflcm of5cm of50cm | In Water InWater InWater | Water of Water of Water of

Nuclide |# photons| (MeV) Yield FE Air Water (m)]  Thickness Thickness Thickness| of 1cm of5cm of 50cm lcm 5cm 50 cm
C-14 1 0.049 8.65E-04 0.1 2.59E-04 2.31E-01 | 4.48E-02 2.31E-01 1.16E+00 1.16E+01(1.77E+00 5.04E+00 1.12E+02]| 7.94E-01 3.15E-01 9.62E-06
Mn-54 1 0.835 1 0.825 8.48E-05  7.73E-02 | 1.47E-02 7.73E-02 3.86E-01 3.86E+00| 1.09E+00 1.45E+00 8.41E+00]| 9.26E-01 6.80E-01 2.10E-02
CO-60 1 1.25 2 0.5 7.04E-05 6.41E-02 | 1.22E-02 6.41E-02 3.21E-01 3.21E+00(1.06E+00 1.32E+00 5.34E+00|9.38E-01 7.26E-01 4.05E-02
Nb-94 1 0.787 2 0.065 8.71E-05  7.94E-02 | 1.51E-02 7.94E-02 3.97E-01 3.97E+00| 1.09E+00 1.47E+00 9.05E+00]| 9.24E-01 6.72E-01 1.89E-02
Tc-99 1 0.101 1.77E-03 0.98 1.88E-04  1.70E-01 | 3.25E-02 1.70E-01 8.51E-01 8.51E+00|1.60E+00 3.90E+00 2.21E+02 | 8.43E-01 4.27E-01 2.00E-04

Table 2.13 Comparison of Estimates of External Radiation Dose (mrem/yr) from a Point Source at the Receptor Location (1, 1, 1) (m)
with Water Shielding of Different Thicknesses

Spreadsheet | ¢ropAD-BUILD Results with Water

(C\Zi::Zt Shielding Spreadsheet Results with Water Shielding | Ratio (RESRAD-BUILD/Spreadsheet)

Nuclide | Shielding) lcm 5cm 50 cm lcm 5cm 50 cm lcm 5cm 50 cm
c-14 3.06E-11 | 4.04E-11  4.72E-11  3.36E-14 | 4.29-11  4.85E-11  3.30E-14 0.94 0.97 1.02
Mn-54 | 3.36E-07 | 3.32E-07  3.186-07  5.79-08 | 3.39E-07 3.30E-07  5.93E-08 0.98 0.96 0.98
CO-60 | 1.30E-06 | 1.29-06  1.22E-06  2.77E-07 | 1.30E-06 1.25E-06  2.82E-07 0.99 0.98 0.98
Nb-94 | 9.29E-07 | 9.18E-07  8.81E-07  1.55E-07 | 9.38E-07 9.17E-07  1.59E-07 0.98 0.96 0.98
Tc-99 | 9.99-11 | 1.18E-10  1.66E-10  4.24E-12 | 1.35E-10 1.66E-10  4.42E-12 0.87 1.00 0.96
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Table 2.14 Comparison of Estimates of External Radiation Cancer Risks (1/yr) from a Point Source at the Receptor
Location (1, 1, 1) (m) with Water Shielding of Different Thicknesses

RESRAD-BUILD Results with Water Spreadsheet Results with Water
Shielding Shielding Ratio (RESRAD-BUILD/Spreadsheet)
Nuclide lcm 5cm 50 cm lcm 5cm 50 cm 1lcm 5cm 50 cm
C-14 2.35E-17 2.75E-17 1.96E-20 2.36E-17 2.76E-17  1.96E-20 1.00 1.00 1.00
Mn-54 2.51E-13 2.40E-13 4.37E-14 2.50E-13 2.40E-13 4.36E-14 1.00 1.00 1.00
CO-60 9.85E-13 9.32E-13 2.11E-13 9.87E-13 9.34E-13  2.12E-13 1.00 1.00 1.00
Nb-94 6.91E-13 6.64E-13 1.17E-13 6.91E-13 6.63E-13  1.17E-13 1.00 1.00 1.00
Tc-99 7.64E-17 1.08E-16 2.75E-18 7.62E-17 1.07E-16  2.74E-18 1.00 1.01 1.00




2.1.5 Dose Results with Concrete Shielding

Table 2.15 shows the estimation of the attenuation factor and buildup factor when there is
shielding of concrete with a thickness of 1 cm, 5 cm, and 50 cm between the source and the
receptorat (1 m,1m,1m).

Table 2.16 compares the dose estimates between the spreadsheets and the RESRAD-
BUILD code. Except for the dose results with a shielding thickness of 50 cm for C-14 that show
a difference of almost 500%, the other dose results of RESRAD-BUILD and the spreadsheets
show good agreement. The difference of almost 500% in the C-14 results are ignored because of
the extremely small magnitude of both dose estimates, which are essentially zero.

2.1.6 Risk Results with Concrete Shielding

Table 2.17 compares the cancer risks calculated by the RESRAD-BUILD code and by the
spreadsheets. The spreadsheet results were the multiplication products of the RESRAD-BUILD
dose results and the radionuclide-specific dose-to-risk conversion factors presented in
Table 1.10. The two sets of calculation results agree with each other.

2.2 EXTERNAL RADIATION OF LINE SOURCES

To verify the RESRAD-BUILD results of external radiation modeling for line sources, a
line source of 1 m located at (0, 0, 0) with a total radioactivity of 1 pCi was considered. The
same receptors, at (1 m, 1 m, 1 m), (O m, 0 m, 0.3 m), and (O m, 0 m, 4 m), as considered in the
verification of point source modeling, were selected for estimating radiation doses and cancer
risks. The receptors were assumed to spend 50% of the time in a year inside the building. There
was no release of contamination from the line source and no erosion of source materials.
Radiation doses and cancer risks were estimated for C-14, Mn-54, C0-60, Nb-94, and Tc-99. The
comparison of results between RESRAD-BUILD and the spreadsheets focused on the exposures
incurred during the 1% year.

In the spreadsheets designed for this verification, the 1-m line source was evenly divided
into 20 segments, and each segment was modeled as a point source. The radiation dose and
cancer risk incurred by a receptor from the line source was the sum of doses and risks from each
segment. External radiation dose and cancer risk without shielding materials to attenuate the
radiation were estimated for each receptor. External radiation dose and cancer risk with water as
shielding material of 1 cm, 5 cm, and 50 cm effective thickness were estimated for the receptor
at (1 m, 1 m, 1 m). For the same receptor, radiation dose and cancer risk attenuated by concrete
of 1 m, 5 cm, and 50 cm effective thickness were also estimated.

17
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Table 2.15 Estimates of Attenuation (Shielding) Factor and Buildup Factor at the Receptor Location (1, 1, 1) (m) with Concrete Shielding

Mass Attenuation

Coefficient (cm'l)

Distance in Mean Free Path

Estimated Buildup Factor

Estimated Attenuation Factor

In Air
[Between In In In
(0,0,0)to Concrete Concrete Concrete In In In With With With
Energy (1,1,1) oflcm of5cm of 50cm | Concrete Concrete Concrete | Concrete Concrete Concrete
Nuclide |# photons| (MeV) Yield FE Air Concrete (m)] Thickness Thickness Thickness| of1cm of 5cm  of 50cm | oflcm  of 5cm  of 50cm
C-14 1 0.049 8.65E-04 0.1 2.59E-04 9.99E-01 | 4.48E-02 9.99E-01 4.99E+00 4.99E+01(1.71E+00 3.14E+00 8.90E+00| 3.68E-01 6.78E-03 2.04E-22
Mn-54 1 0.835 1 0.825 8.48E-05 1.67E-01 | 1.47E-02 1.67E-01 8.37E-01 8.37E+00|1.18E+00 1.86E+00 1.88E+01| 8.46E-01 4.33E-01 2.31E-04
CO-60 1 1.25 2 0.5 7.04E-05 1.39E-01 | 1.22E-02 1.39E-01 6.95E-01 6.95E+00(1.13E+00 1.61E+00 1.10E+01| 8.70E-01 4.99E-01 9.61E-04
Nb-94 1 0.787 2 0.065 8.71E-05 1.72E-01 | 1.51E-02 1.72E-01 8.60E-01 8.60E+00|1.18E+00 1.90E+00 2.05E+01| 8.42E-01 4.23E-01 1.84E-04
Tc-99 1 0.101 1.77E-03 0.98 1.88E-04  4.26E-01 | 3.25E-02 4.26E-01 2.13E+00 2.13E+01|1.76E+00 4.90E+00 7.61E+01( 6.53E-01 1.19E-01 5.55E-10

Table 2.16 Comparison of Estimates of External Radiation Dose (mrem/yr) from a Point Source at the Receptor Location (1, 1, 1) (m)
with Concrete Shielding of Different Thicknesses

Spreadsheet RESRAD-BUILD Code Version 4 Results Spreadsheet Results with Concrete
Calculated with Concrete Shielding Shielding Ratio (Code/Spreadsheet)
Dose (No
Nuclide Shield) lcm 5cm 50 cm lcm 5cm 50 cm 1lcm 5cm 50 cm
C-14 3.06E-11 1.87E-11 7.13E-13 2.77E-31 1.93E-11 6.50E-13 5.56E-32 0.97 1.10 4.98
Mn-54 3.36E-07 3.26E-07 2.70€E-07 1.46E-09 3.34E-07 2.70E-07 1.46E-09 0.98 1.00 1.00
CO-60 1.30E-06 1.26E-06 1.05E-06 1.39E-08 1.28E-06 1.05E-06 1.38E-08 0.98 1.00 1.00
Nb-94 9.29E-07 9.01E-07 7.46E-07 3.57E-09 9.26E-07 7.48E-07 3.50E-09 0.97 1.00 1.02
Tc-99 9.99E-11 1.12E-10 5.66E-11 3.96E-18 1.15E-10 5.81E-11 4.22E-18 0.98 0.97 0.94
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Table 2.17 Comparison of Estimates of External Radiation Cancer Risk (1/yr) from a Point Source at the Receptor Location
(1, 1, 1) (m) with Concrete Shielding of Different Thicknesses

RESRAD-BUILD Results with Concrete

Spreadsheet Results with Concrete

Shielding Shielding Ratio (RESRAD-BUILD/Spreadsheet)
Nuclide 1lcm 5cm 50 cm 1lcm 5cm 50 cm 1cm 5cm 50 cm
C-14 1.09€-17 4.15E-19 1.61E-37 1.09E-17 4.17E-19 1.62E-37 1.00 1.00 0.99
Mn-54 2.46E-13 2.04E-13 1.10E-15 2.46E-13 2.04E-13 1.10E-15 1.00 1.00 1.00
CO-60 9.63E-13 8.01E-13 1.06E-14 9.64E-13 8.04E-13 1.06E-14 1.00 1.00 1.00
Nb-94 6.79E-13 5.62E-13 2.69E-15 6.79E-13 5.62E-13 2.69E-15 1.00 1.00 1.00
Tc-99 7.29E-17 3.67E-17 2.57E-24 7.24E-17 3.66E-17 2.56E-24 1.01 1.00 1.00




2.2.1 Dose Results without Shielding

Table 2.18 shows the calculations of distance between the receptor at (1 m, 1 m, 1 m) and
the center of each segment of the line source, the 4x area corresponding to the distance, and the
geometrical factor for each line segment (GL) [see Equation C.13 in the RESRAD-BUILD
User’s Manual (Yu et al., 2022)]. Table 2.19 shows the estimations of the external radiation dose
incurred by the receptor when there was no shielding between the line source and the receptor.
Likewise, Tables 2.20 and 2.21 show the same calculations/estimations as Tables 2.18 and 2.19,
respectively, for the receptor at (0 m, 0 m, 0.3 m), and Tables 2.22 and 2.23 show the same
calculations/estimations as Tables 2.18 and 2.19, respectively, for the receptor at (0 m, 0 m,

4 m).

Table 2.24 compares the dose estimates between the spreadsheets and the RESRAD-
BUILD code. The comparison shows good agreement in the dose estimates.

2.2.2 Risk Results without Shielding

Table 2.25 compares the cancer risks calculated by the RESRAD-BUILD code and by the
spreadsheets. The spreadsheet results were the multiplication products of the RESRAD-BUILD
dose results and the radionuclide-specific dose-to-risk conversion factors presented in
Table 2.10. The two sets of calculation results agree with each other.

2.2.3 Dose Results with Water Shielding

The estimations of buildup and attenuation factors when there is shielding of water with a
thickness of 1 cm, 5 cm, and 50 cm between the source and the receptor at (1 m, 1 m, 1 m) are
presented in Table 2.12.

Table 2.26 compares the dose estimates between the spreadsheets and the RESRAD-
BUILD code. Except for the dose results with a shielding thickness of 1 cm for Tc-99 that show
a difference of 13%, the other dose results of RESRAD-BUILD and the spreadsheets are in good
agreement.

2.2.4 Risk Results with Water Shielding

Table 2.27 compares the cancer risks calculated by the RESRAD-BUILD code and by the
spreadsheets. The spreadsheet results were the multiplication products of the RESRAD-BUILD
dose results and the radionuclide-specific dose-to-risk conversion factors presented in
Table 2.10. The two sets of calculation results agree with each other.

20
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Table 2.18 Calculations of Distance, 47 Area, and Geometrical Factor at the Receptor Location (1, 1, 1) (m)

4mt Area
Coordinate of line segment center,cm | Coordinate of receptor location, cm based on G, (1/cm2)

No. of line Distance Distance

segment X y z X y z (cm) (cm?) C-14 Mn-54 Co-60 Nb-94 Tc-99
1 0 2.5 0 100 100 100 1.72E+02 3.71E+05 2.58E-06 2.66E-06 2.66E-06 2.66E-06 2.61E-06
2 0 7.5 0 100 100 100 1.69E+02 3.59E+05 2.67E-06 2.75E-06 2.75E-06 2.74E-06 2.70E-06
3 0 12.5 0 100 100 100 1.66E+02 3.48E+05 2.76E-06 2.84E-06 2.84E-06 2.83E-06 2.79E-06
4 0 17.5 0 100 100 100 1.64E+02 3.37E+05 2.84E-06 2.93E-06 2.93E-06 2.93E-06 2.88E-06
5 0 22.5 0 100 100 100 1.61E+02 3.27E+05 2.93E-06 3.02E-06 3.02E-06 3.02E-06 2.97E-06
6 0 27.5 0 100 100 100 1.59E+02 3.18E+05 3.02E-06 3.11E-06 3.11E-06 3.11E-06 3.06E-06
7 0 32.5 0 100 100 100 1.57E+02 3.09E+05 3.11E-06 3.20E-06 3.20E-06 3.20E-06 3.15E-06
8 0 37.5 0 100 100 100 1.55E+02 3.01E+05 3.20E-06 3.28E-06 3.29E-06 3.28E-06 3.23E-06
9 0 42.5 0 100 100 100 1.53E+02 2.93E+05 3.28E-06 3.37E-06 3.38E-06 3.37E-06 3.32E-06
10 0 47.5 0 100 100 100 1.51E+02 2.86E+05 3.36E-06 3.45E-06 3.46E-06 3.45E-06 3.40E-06
11 0 -2.5 0 100 100 100 1.75E+02 3.84E+05 2.49E-06 2.57E-06 2.58E-06 2.57E-06 2.52E-06
12 0 -7.5 0 100 100 100 1.78E+02 3.97E+05 2.41E-06 2.48E-06 2.49E-06 2.48E-06 2.44E-06
13 0 -12.5 0 100 100 100 1.81E+02 4,11E+05 2.32E-06 2.40E-06 2.41E-06 2.40E-06 2.35E-06
14 0 -17.5 0 100 100 100 1.84E+02 4.25E+05 2.24E-06 2.32E-06 2.32E-06 2.32E-06 2.27E-06
15 0 -22.5 0 100 100 100 1.87E+02 4.40E+05 2.16E-06 2.24E-06 2.24E-06 2.24E-06 2.19E-06
16 0 -27.5 0 100 100 100 1.90E+02 4.56E+05 2.09E-06 2.16E-06 2.16E-06 2.16E-06 2.12E-06
17 0 -32.5 0 100 100 100 1.94E+02 4.72E+05 2.01E-06 2.08E-06 2.09E-06 2.08E-06 2.04E-06
18 0 -37.5 0 100 100 100 1.97E+02 4.89E+05 1.94E-06 2.01E-06 2.02E-06 2.01E-06 1.97E-06
19 0 -42.5 0 100 100 100 2.01E+02 5.07E+05 1.87E-06 1.94E-06 1.95E-06 1.94E-06 1.90E-06
20 0 -47.5 0 100 100 100 2.04E+02 5.25E+05 1.81E-06 1.87E-06 1.88E-06 1.87E-06 1.83E-06

Average 3.88E+05 2.56E-06 2.63E-06 2.64E-06 2.63E-06 2.59E-06
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Table 2.19 Estimates of External Radiation Dose from a Line Source at (0, 0, 0) at the Receptor Location (1, 1, 1) (m) without Shielding

Indoor Time Fraction = 0.5
1 MeV of energy = 1.60E-06 ergs
100 erg of energy absorbed in 1 g of medium = 1 rad dose
Total energy in 1 year for 1 MeV photon emitted by 1 Bq of activity = 50.49216 erg
Total energy in 1 year for 1 Mev photon emitted by 1 pCi of activity = 1.86820992 erg
Yearly dose for the energy absorption in one gram of medium, imparted by 1 MeV photons emitted by 1 pCi of activity = 0.0186821 rad/yr per pCi
Absorbed-
Average to-Effective [Mass Energy Ratio of
Source Dose Absorption Mass Attenuation | Calculated
Activity in Conversion | Coefficient | Distance in | Estimated |Attenuation| Factor/ External
1st Year Energy Factor in Air Mean Free | Buildup |Coeff for Air| 4 Area for Dose
Nuclide | Half-life (yr) (pCi) # photons (MeV) Yield FE (Sv/Gy) (cmz/g) Path in Air [Factor in Air (ecm™) Air (1/cm?) (mrem/yr)
c-14 5.73E+03 1.00E+00 1 0.049 8.65E-04 0.1 0.665 4.30E-02 4.48E-02 1.07E+00 2.59E-04 2.56E-06 3.08E-11
Mn-54 8.56E-01 6.85E-01 1 0.835 1 0.825 0.833 2.87E-02 1.47€-02 1.01E+00 8.48E-05 2.63E-06 3.38E-07
CO-60 5.27E+00 9.37E-01 1 1.25286 2 0.49428 0.848 2.66E-02 1.22€-02 1.01E+00 7.04E-05 2.64E-06 1.31E-06
Nb-94 2.03E+04 1.00E+00 1 0.787 2 0.065 0.831 2.89E-02 1.51E-02 1.01E+00 8.71E-05 2.63E-06 9.36E-07
Tc-99 2.13E+05 1.00E+00 1 0.101 1.77E-03 0.98 0.961 2.32E-02 3.25E-02 1.04E+00 1.88E-04 2.59E-06 1.01E-10
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Table 2.20 Calculations of Distance, 47 Area, and Geometrical Factor at the Receptor Location (0, 0, 0.3) (m)

No. of line | Coordinate of line segment center,cm | Coordinate of receptor location, cm Distance based on G, (1/cm2)

segment X y z X y z (cm) Distance C-14 Mn-54 Co-60 Nb-94 Tc-99
1 0 2.5 0 0 0 30 3.01E+01 1.14E+04 8.71E-05 8.76E-05 8.76E-05 8.75E-05 8.73E-05
2 0 7.5 0 0 0 30 3.09E+01 1.20E+04 8.25E-05 8.30E-05 8.30E-05 8.30E-05 8.27E-05
3 0 12.5 0 0 0 30 3.25E+01 1.33E+04 7.47E-05 7.51E-05 7.51E-05 7.51E-05 7.49E-05
4 0 17.5 0 0 0 30 3.47E+01 1.52E+04 6.54E-05 6.58E-05 6.58E-05 6.57E-05 6.55E-05
5 0 22.5 0 0 0 30 3.75E+01 1.77E+04 5.60E-05 5.64E-05 5.64E-05 5.64E-05 5.62E-05
6 0 27.5 0 0 0 30 4.07E+01 2.08E+04 4.75E-05 4.79E-05 4.79E-05 4.79E-05 4.77E-05
7 0 32.5 0 0 0 30 4.42E+01 2.46E+04 4.02E-05 4.05E-05 4.05E-05 4.05E-05 4.03E-05
8 0 37.5 0 0 0 30 4.80E+01 2.90E+04 3.41E-05 3.44E-05 3.44E-05 3.43E-05 3.42E-05
9 0 42.5 0 0 0 30 5.20E+01 3.40E+04 2.90E-05 2.93E-05 2.93E-05 2.93E-05 2.91E-05
10 0 47.5 0 0 0 30 5.62E+01 3.97E+04 2.48E-05 2.51E-05 2.51E-05 2.51E-05 2.49E-05
11 0 -2.5 0 0 0 30 3.01E+01 1.14E+04 8.71E-05 8.76E-05 8.76E-05 8.75E-05 8.73E-05
12 0 -7.5 0 0 0 30 3.09E+01 1.20E+04 8.25E-05 8.30E-05 8.30E-05 8.30E-05 8.27E-05
13 0 -12.5 0 0 0 30 3.25E+01 1.33E+04 7.47E-05 7.51E-05 7.51E-05 7.51E-05 7.49E-05
14 0 -17.5 0 0 0 30 3.47E+01 1.52E+04 6.54E-05 6.58E-05 6.58E-05 6.57E-05 6.55E-05
15 0 -22.5 0 0 0 30 3.75E+01 1.77E+04 5.60E-05 5.64E-05 5.64E-05 5.64E-05 5.62E-05
16 0 -27.5 0 0 0 30 4.07E+01 2.08E+04 4.75E-05 4.79E-05 4.79E-05 4.79E-05 4.77E-05
17 0 -32.5 0 0 0 30 4.42E+01 2.46E+04 4.02E-05 4.05E-05 4.05E-05 4.05E-05 4.03E-05
18 0 -37.5 0 0 0 30 4.80E+01 2.90E+04 3.41E-05 3.44E-05 3.44E-05 3.43E-05 3.42E-05
19 0 -42.5 0 0 0 30 5.20E+01 3.40E+04 2.90E-05 2.93E-05 2.93E-05 2.93E-05 2.91E-05
20 0 -47.5 0 0 0 30 5.62E+01 3.97E+04 2.48E-05 2.51E-05 2.51E-05 2.51E-05 2.49E-05

Average 2.18E+04 5.41E-05 5.45E-05 5.45E-05 5.45E-05 5.43E-05
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Table 2.21 Estimates of External Dose from a Line Source at (0, 0, 0) at the Receptor Location (0, 0, 0.3) (m) without Shielding

Indoor Time Fraction =
1 MeV of energy =
100 erg of energy absorbed in 1 g of medium = 1 rad dose

Total energy in 1 year for 1 MeV photon emitted by 1 Bq of activity =
Total energy in 1 year for 1 Mev photon emitted by 1 pCi of activity =
Yearly dose for the energy absorption in one gram of medium, imparted by 1 MeV photons emitted by 1 pCi of activity =

0.5

1.60E-06 ergs

50.49216 erg
1.86820992 erg

0.0186821 rad/yr per pCi

Absorbed-
Average to-Effective [Mass Energy Ratio of
Source Dose Absorption Mass Attenuation | Calculated
Activity in Conversion | Coefficient | Distance in | Estimated |Attenuation| Factor/ External
1st Year Energy Factor in Air Mean Free | Buildup |Coeff for Air| 4rmAreain Dose
Nuclide | Half-life (yr) (pCi) # photons (MeV) Yield FE (Sv/Gy) (cmz/g) Path in Air [Factor in Air (ecm™) Air (1/cm?) (mrem/yr)
Cc-14 5.73E+03 1.00E+00 1 0.049 8.65E-04 0.1 0.665 4.30E-02 7.76E-03 1.01E+00 2.59E-04 5.41E-05 6.19E-10
Mn-54 8.56E-01 6.85E-01 1 0.835 1 0.825 0.833 2.87E-02 2.54E-03 1.00E+00 8.48E-05 5.45E-05 6.96E-06
CO-60 5.27E+00 9.37E-01 1 1.25286 2 0.49428 0.848 2.66E-02 2.11E-03 1.00E+00 7.04E-05 5.45E-05 2.70E-05
Nb-94 2.03E+04 1.00E+00 1 0.787 2 0.065 0.831 2.89E-02 2.61E-03 1.00E+00 8.71E-05 5.45E-05 1.92E-05
Tc-99 2.13E+05 1.00E+00 1 0.101 1.77E-03 0.98 0.961 2.32E-02 5.63E-03 1.01E+00 1.88E-04 5.43E-05 2.04E-09
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Table 2.22 Calculations of Distance, 47 Area, and Geometrical Factor at the Receptor Location (0, 0, 4) (m)

No. of line | Coordinate of line segment center,cm | Coordinate of receptor location, cm Distance based on G, (1/cm2)
segment X y z X y z (cm) Distance C-14 Mn-54 Co-60 Nb-94 Tc-99
1 0 2.5 0 0 0 400 4.00E+02 2.01E+06 4.48E-07 4.81E-07 4.83E-07 4.80E-07 4.61E-07
2 0 7.5 0 0 0 400 4.00E+02 2.01E+06 4.48E-07 4.80E-07 4.83E-07 4.80E-07 4.61E-07
3 0 12.5 0 0 0 400 4.00E+02 2.01E+06 4.48E-07 4.80E-07 4.83E-07 4.80E-07 4.61E-07
4 0 17.5 0 0 0 400 4.00E+02 2.02E+06 4.47E-07 4.80E-07 4.82E-07 4.79E-07 4.60E-07
5 0 22.5 0 0 0 400 4.01E+02 2.02E+06 4.47E-07 4.79E-07 4.82E-07 4.79E-07 4.60E-07
6 0 27.5 0 0 0 400 4.01E+02 2.02E+06 4.46E-07 4.78E-07 4.81E-07 4.78E-07 4.59E-07
7 0 32.5 0 0 0 400 4.01E+02 2.02E+06 4.45E-07 4.77E-07 4.80E-07 4.77E-07 4.58E-07
8 0 37.5 0 0 0 400 4.02E+02 2.03E+06 4.44E-07 4.76E-07 4.79E-07 4.76E-07 4.57E-07
9 0 42.5 0 0 0 400 4.02E+02 2.03E+06 4.43E-07 4.75E-07 4.78E-07 4.75E-07 4.56E-07
10 0 47.5 0 0 0 400 4.03E+02 2.04E+06 4.42E-07 4.74E-07 4,77E-07 4.73E-07 4.,55E-07
11 0 -2.5 0 0 0 400 4.00E+02 2.01E+06 4.48E-07 4.81E-07 4.83E-07 4.80E-07 4.61E-07
12 0 -7.5 0 0 0 400 4.00E+02 2.01E+06 4.48E-07 4.80E-07 4.83E-07 4.80E-07 4.61E-07
13 0 -12.5 0 0 0 400 4.00E+02 2.01E+06 4.48E-07 4.80E-07 4.83E-07 4.80E-07 4.61E-07
14 0 -17.5 0 0 0 400 4.00E+02 2.02E+06 4.47E-07 4.80E-07 4.82E-07 4.79E-07 4.60E-07
15 0 -22.5 0 0 0 400 4.01E+02 2.02E+06 4.47E-07 4.79E-07 4.82E-07 4.79E-07 4.60E-07
16 0 -27.5 0 0 0 400 4.01E+02 2.02E+06 4.46E-07 4.78E-07 4.81E-07 4.78E-07 4.59E-07
17 0 -32.5 0 0 0 400 4.01E+02 2.02E+06 4.45E-07 4.77E-07 4.80E-07 4.77E-07 4.58E-07
18 0 -37.5 0 0 0 400 4.02E+02 2.03E+06 4.44E-07 4.76E-07 4,79E-07 4.76E-07 4,57E-07
19 0 -42.5 0 0 0 400 4.02E+02 2.03E+06 4.43E-07 4.75E-07 4,78E-07 4.75E-07 4.56E-07
20 0 -47.5 0 0 0 400 4.03E+02 2.04E+06 4.42E-07 4.74E-07 4.77E-07 4.73E-07 4.,55E-07
Average 2.02E+06 4.46E-07 4.78E-07 4.81E-07 4.78E-07 4.59E-07
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Table 2.23 Estimates of External Dose from a Line Source at (0, 0, 0) at the Receptor Location (0, 0, 4) (m) without Shielding

Indoor Time Fraction =
1 MeV of energy =
100 erg of energy absorbed in 1 g of medium = 1 rad dose

Total energy in 1 year for 1 MeV photon emitted by 1 Bq of activity =
Total energy in 1 year for 1 Mev photon emitted by 1 pCi of activity =
Yearly dose for the energy absorption in one gram of medium, imprated by 1 MeV photons emitted by 1 pCi of activity =

0.5

1.60E-06 ergs

50.49216 erg
1.86820992 erg

0.0186821 rad/yr per pCi

Absorbed-
Average to-Effective [Mass Energy Ratio of
Source Dose Absorption Mass Attenuation | Calculated
Activity in Conversion | Coefficient | Distance in | Estimated |Attenuation| Factor/ External
1st Year Energy Factor in Air Mean Free | Buildup |Coeff for Air| 4rmAreain Dose
Nuclide | Half-life (yr) (pCi) # photons (MeV) Yield FE (Sv/Gy) (cmz/g) Path in Air [Factor in Air (ecm™) Air (1/cm?) (mrem/yr)
Cc-14 5.73E+03 1.00E+00 1 0.049 8.65E-04 0.1 0.665 4.30E-02 1.03E-01 1.15E+00 2.59E-04 4.46E-07 5.80E-12
Mn-54 8.56E-01 6.85E-01 1 0.835 1 0.825 0.833 2.87E-02 3.39E-02 1.02E+00 8.48E-05 4.78E-07 6.20E-08
CO-60 5.27E+00 9.37E-01 1 1.25286 2 0.49428 0.848 2.66E-02 2.81E-02 1.01E+00 7.04E-05 4.81E-07 2.41E-07
Nb-94 2.03E+04 1.00E+00 1 0.787 2 0.065 0.831 2.89E-02 3.48E-02 1.02E+00 8.71E-05 4.78E-07 1.72E-07
Tc-99 2.13E+05 1.00E+00 1 0.101 1.77E-03 0.98 0.961 2.32E-02 7.50E-02 1.10E+00 1.88E-04 4.59€E-07 1.88E-11

Table 2.24 Comparison of Estimates of External Radiation Dose (mrem/yr) from a Line Source at Different Receptor Locations
without Shielding

RESRAD-BUILD Code Version 4 Results Spreadsheet Results Ratio (RESRAD-BUILD/Spreadsheet)
Receptor Receptor Receptor Receptor Receptor Receptor Receptor Receptor Receptor
Nuclide (0,0,0.3)(m) (1,1,1)(m) (0,0,4)(m) (0,0,0.3)(m) (1,1,1)(m) (0,0,4)(m) (0,0,0.3)(m) (1,1,1)(m) (0,0,4)(m)
C-14 6.20E-10 3.20E-11 6.38E-12 6.19E-10 3.08E-11 5.80E-12 1.00 1.04 1.10
Mn-54 6.95E-06 3.39E-07 6.25E-08 6.96E-06 3.38E-07 6.20E-08 1.00 1.00 1.01
CO-60 2.70E-05 1.32E-06 2.43E-07 2.70E-05 1.31E-06 2.41E-07 1.00 1.01 1.01
Nb-94 1.92E-05 9.35E-07 1.73E-07 1.92E-05 9.36E-07 1.72E-07 1.00 1.00 1.01
Tc-99 2.04E-09 1.02E-10 1.96E-11 2.04E-09 1.01E-10 1.88E-11 1.00 1.01 1.04
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Table 2.25 Comparison of Estimates of External Radiation Risks (1/yr) from a Line Source at Different Receptor Locations
without Shielding

RESRAD-BUILD Code Version 4 Results Spreadsheet Results Ratio (RESRAD-BUILD/Spreadsheet)

Receptor Receptor Receptor Receptor Receptor Receptor Receptor Receptor Receptor

Nuclide (0,0,0.3)(m) (1,1,1)(m) (0,0,4)(m) | (0,0,0.3)(m) (1,1,1)(m) (0,0,4)(m) | (0,0,0.3)(m) (1,1,1)(m) (0,0,4)(m)
C-14 3.61E-16 1.86E-17 3.71E-18 3.62E-16 1.87E-17 3.73E-18 1.00 0.99 1.00
Mn-54 5.24E-12 2.56E-13 4.72E-14 5.24E-12 2.56E-13 4.71E-14 1.00 1.00 1.00
CO-60 2.06E-11 1.01E-12 1.86E-13 2.07E-11 1.01E-12 1.86E-13 1.00 1.00 1.00
Nb-94 1.45E-11 7.04E-13 1.30E-13 1.45E-11 7.04E-13 1.30E-13 1.00 1.00 1.00
Tc-99 1.32E-15 6.61E-17 1.27E-17 1.32E-15 6.59E-17 1.27E-17 1.00 1.00 1.00

Table 2.26 Comparison of Estimates of External Radiation Dose (mrem/yr) from a Line Source at the Receptor Location (1, 1, 1) (m) with
Water Shielding of Different Thicknesses

Spreadsheet RESRAD-BUILD Results with Water
Results Shielding Spreadsheet Results with Water Shielding Ratio (RESRAD-BUILD/Spreadsheet)
(Without
Nuclide Shielding) 1cm 5cm 50 cm 1cm 5cm 50 cm 1cm 5cm 50 cm
C-14 3.08E-11 4.07E-11 4.76E-11 3.39E-14 4.32E-11 4.89E-11 3.33E-14 0.94 0.97 1.02
Mn-54 3.38E-07 3.35E-07 3.20E-07 5.83E-08 3.41E-07 3.33E-07 5.98E-08 0.98 0.96 0.98
CO-60 1.31E-06 1.30E-06 1.23E-06 2.79E-07 1.31E-06 1.26E-06 2.84E-07 0.99 0.98 0.98
Nb-94 9.36E-07 9.25E-07 8.88E-07 1.57E-07 9.45E-07 9.24E-07 1.60E-07 0.98 0.96 0.98
Tc-99 1.01E-10 1.19E-10 1.67E-10 4.27E-12 1.36E-10 1.68E-10 4.46E-12 0.87 1.00 0.96
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Table 2.27 Comparison of Estimates of External Radiation Cancer Risks (1/yr) from a Line Source at the Receptor
Location (1, 1, 1) (m) with Water Shielding of Different Thicknesses

RESRAD-BUILD Results with Water

Spreadsheet Results with Water

Shielding Shielding Ratio (RESRAD-BUILD/Spreadsheet)
Nuclide lcm 5cm 50 cm lcm 5cm 50 cm lcm 5cm 50 cm
C-14 2.37E-17 2.77E-17 1.97E-20 2.38E-17 2.78E-17  1.98E-20 1.00 1.00 0.99
Mn-54 2.53E-13 2.42E-13 4.40E-14 2.53E-13 2.41E-13 4.40E-14 1.00 1.00 1.00
CO-60 9.93E-13 9.39E-13 2.13E-13 9.95E-13 9.41E-13  2.14E-13 1.00 1.00 1.00
Nb-94 6.97E-13 6.69E-13 1.18E-13 6.97E-13 6.69E-13  1.18E-13 1.00 1.00 1.00
Tc-99 7.69E-17 1.08E-16 2.77E-18 7.69E-17 1.08E-16 2.76E-18 1.00 1.00 1.00




2.2.5 Dose Results with Concrete Shielding

The estimations of buildup and attenuation factors when there is shielding of concrete
with a thickness of 1 cm, 5 cm, and 50 cm between the source and the receptor at (1 m, 1 m, 1 m)
are presented in Table 2.15.

Table 2.28 compares the dose estimates between the spreadsheets and the RESRAD-
BUILD code. Except for the dose results with a shielding thickness of 1 cm for Tc-99 that show
a difference of 13%, the other dose results of RESRAD-BUILD and the spreadsheets are in good
agreement.

2.2.6 Risk Results with Concrete Shielding

Table 2.29 compares the cancer risks calculated by the RESRAD-BUILD code and by the
spreadsheets. The spreadsheet results were the multiplication products of the RESRAD-BUILD
dose results and the radionuclide-specific dose-to-risk conversion factors presented in
Table 2.10. The two sets of calculation results agree with each other.

2.3 EXTERNAL RADIATION OF AREA SOURCES

In RESRAD-BUILD, an area source is modeled as a volume source with a very small
thickness, 0.001 cm. The modeling of external radiation for volume sources is described in
Section C.1 of the User’s Manual for RESRAD-BUILD Code Version 4.0 Vol. 1 (Yu et al.
2022). The radiation dose and cancer risk incurred by a receptor from a volume source is
calculated as the radiation dose and cancer risk from a standard source, a source of contaminated
soil that has an infinite depth and infinite lateral extent with no cover, corrected by Faw, the area
and material factor described by Equation (C.4), Fcp, the cover and depth factor described by
Equation (C.3), and Forr-seT, the offset factor described by Equation (C.9). Fawm, the area and
material factor, is a function of the buildup factor and attenuation factor.

Table 2.30 lists literature data of the mass attenuation coefficients in air, soil, and
concrete and the fluence to the effective dose equivalent conversion factors used in the
spreadsheets. The mass attenuation coefficients in air, soil, and concrete were obtained from
Trubey 1991, while the fluence to effective dose equivalent conversion factors were obtained
from ICRP 51 (ICRP 1987).

Tables 2.31 lists the buildup factors in soil; data from Trubey 1991 were used to estimate
buildup factors in soil for C-14, Tc-99, and Mn-54. Buildup factors in air and concrete for C-14,
Tc-99, and Mn-54 were presented previously, in Tables 2.3 and 2.5, respectively.

29
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Table 2.28 Comparison of Estimates of External Radiation Dose (mrem/yr) from a Line Source at the Receptor Location (1, 1, 1) (m)
with Concrete Shielding of Different Thicknesses

Spreadsheet RESRAD-BUILD Results with Concrete Spreadsheet Results with Concrete
Results Shielding Shielding Ratio (Code/Spreadsheet)
(Without
Nuclide Shielding) 1cm 5cm 50 cm 1cm 5cm 50 cm 1cm 5cm 50 cm
C-14 3.08E-11 1.89E-11 7.18E-13 2.79E-31 1.94E-11 6.55E-13 5.60E-32 0.97 1.10 4.98
Mn-54 3.38E-07 3.28E-07 2.72E-07 1.47E-09 3.36E-07 2.73E-07 1.47E-09 0.97 1.00 1.00
CO-60 1.31E-06 1.27E-06 1.06E-06 1.40E-08 1.29E-06 1.06E-06 1.39E-08 0.99 1.00 1.01
Nb-94 9.36E-07 9.08E-07 7.52E-07 3.60E-09 9.33E-07 7.54E-07 3.53E-09 0.97 1.00 1.02
Tc-99 1.01E-10 1.13E-10 5.70E-11 3.99E-18 1.16E-10 5.86E-11 4.25E-18 0.98 0.97 0.94

Table 2.29 Comparison of Estimates of External Radiation Cancer Risks from a Line Source at the Receptor Location
(1, 1, 1) (m) with Concrete Shielding of Different Thicknesses

RESRAD-BUILD Results with Concrete Spreadsheet Results with Concrete
Shielding Shielding Ratio (RESRAD-BUILD/Spreadsheet)
Nuclide 1lcm 5cm 50 cm lcm 5cm 50 cm 1lcm 5cm 50 cm
C-14 1.10E-17 4.18E-19 1.62E-37 1.10E-17 4.20E-19 1.63E-37 1.00 1.00 0.99
Mn-54 2.48E-13 2.05E-13 1.11E-15 2.47E-13 2.05E-13 1.11E-15 1.00 1.00 1.00
CO-60 9.71E-13 8.07E-13 1.07E-14 9.72E-13 8.11E-13 1.07E-14 1.00 0.99 1.00
Nb-94 6.84E-13 5.66E-13 2.71E-15 6.84E-13 5.66E-13 2.71E-15 1.00 1.00 1.00
Tc-99 7.35E-17 3.70E-17 2.59E-24 7.30E-17 3.68E-17 2.58E-24 1.01 1.00 1.00




Table 2.30 Literature Data of Mass Attenuation Coefficients
for Air, Concrete, and Soil and Fluence to Effective Dose
Equivalent Conversion Factors

Fluence to
Mass Attenuation Coefficient Effective Dose
(cm?/g) Equivalent
Energy NBS Conversion
(MeV) Air Concrete Soil (pSv cm2)
0.01 5.123 26.56 20.7 0.029
0.015 1.615 8.297 6.45 0.071
0.02 0.7784 3.651 2.86 0.11
0.03 0.3539 1.214 0.977 0.166
0.04 0.2485 0.6122 0.513 0.199
0.05 0.208 0.3944 0.345 0.222
0.06 0.1875 0.2957 0.268 0.24
0.08 0.1663 0.2125 0.202 0.293
0.1 0.1541 0.1783 0.174 0.357
0.15 0.1356 0.1434 0.143 0.534
0.2 0.1234 0.127 0.128 0.731
0.3 0.1068 0.1082 0.11 1.14
0.4 0.09549 0.09628 0.0977 1.55
0.5 0.08712 0.08768 0.089 1.96
0.6 0.08055 0.08098 0.0822 2.34
0.8 0.07074 0.07103 0.0721 3.07
1 0.06358 0.06382 0.0648 3.75
1.5 0.05175 0.05197 0.0528 5.24
2 0.04447 0.04482 0.0455 6.56
3 0.03581 0.03654 0.0369 8.9
4 0.03079 0.03189 0.0321 11
5 0.02751 0.02895 0.029 13
6 0.02522 0.02696 0.0269 14.9
8 0.02225 0.0245 0.0243 18.9
10 0.02045 0.02311 0.0227 22.9
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Table 2.31 Estimates of Buildup Factors in Soil of Different Thicknesses

Thickness Data of Buildup Factors in Soil C-14 Tc-99 Mn-54
in Mean 0.04 0.05 0.1 0.15 0.5 0.6 0.8 1 0.049 0.101 0.835
Free Path MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV
0.5 1.38 1.67 1.99 1.9 1.58 1.54 1.49 1.45 1.64 1.99 1.48
1 1.62 2.13 3.10 3.01 2.31 2.21 2.09 2 2.08 3.10 2.07
2 1.99 2.80 5.61 5.83 4.18 3.92 3.56 3.3 2.72 5.61 3.51
3 2.27 3.39 8.51 9.41 6.58 6.08 5.35 4.85 3.28 8.53 5.26
4 2.49 3.95 11.80 13.8 9.53 8.67 7.45 6.62 3.80 11.84 7.30
5 2.7 4.48 15.50 19 13 11.7 9.87 8.6 4.30 15.57 9.65

6 2.89 4.97 19.50 25.2 17.1 15.2 12.6 10.8 4.76 19.61 12.29

7 3.06 5.44 24.10 32.3 21.9 19.2 15.6 13.2 5.20 24.26 15.18

8 3.22 5.90 29.00 40.4 27.2 23.7 18.9 15.8 5.63 29.23 18.36

10 3.52 6.80 40.40 60.2 39.9 34.2 26.5 21.6 6.47 40.80 25.64

15 4.18 8.95 77.80 133 83.9 69 50.1 38.8 8.47 78.90 48.12

20 4.73 10.90 129.00 247 147 116 80.3 59.8 10.28 131.36 76.71

25 5.22 13.00 196.00 412 229 176 116 84 12.22 200.32  110.40

30 5.66 15.30 279.00 637 331 249 158 111 14.34 286.16 149.78

35 6.03 17.50 380.00 930 454 334 206 141 16.35 391.00 194.63

40 6.3 19.70 499.00 1300 598 430 258 173 18.36 515.02 = 243.13




2.3.1 Circular Area Sources

To verify the RESRAD-BUILD results of external radiation modeling for circular area
sources, six area sources of 4 m?, 10 m?, 36 m?, 100 m?, 1,000 m?, and 10,000 m? centered at (0,
0, 0) with z-direction were considered. Three receptors, located at (0, 0, 0.3) (m), (0, 0, 1) (m),
and (0, 0, 4) (m) with distances of 0.3 m, 1 m, and 4 m, respectively, from the sources, were
selected for estimating radiation doses and cancer risks. The receptors were assumed to spend
100% of the time in a year inside the building. There was no release of contamination from the
area sources and no erosion of source materials. Each area source was assumed to contain C-14,
Mn-54, and Tc-99, with a concentration of 1 pCi/m? for each radionuclide. The comparison of
results between RESRAD-BUILD and the spreadsheets focused on the exposures incurred
during the 1% year.

In the spreadsheets designed for this verification, the area sources were divided into
multiple annuli for the calculation of effective Faw for each source. External radiation dose and
cancer risk without shielding materials to attenuate the radiation were estimated at the three
receptor locations (0, 0, 0.3) (m), (0, 0, 1) (m), and (0, 0, 4) (m). External radiation dose and
cancer risk with concrete as shielding material of 1 cm and 5 cm effective thicknesses were also
estimated for the receptor location at (0, 0, 1) (m).

2.3.1.1 Dose Results without Shielding

Results for C-14. Radiation dose at the receptor location (0, 0, 1) (m) from each area
source considered was estimated first. Table 2.32 shows the calculation of Fcp, the cover and
depth factor, for C-14. Table 2.33 shows the estimation of Fam-rer for the reference area source,
which is made of soil to an infinite extent. In the estimation, an area of nearly 3,000,000 m? was
used for the reference source. Tables 2.34 to 2.39 show the estimation of Faw’s for the six
circular area sources considered in this comparison. After Fcp and Fam’s were available, external
radiation dose resulting from C-14 in each of the six circular area sources were estimated by
adjusting the external radiation dose conversion factor for an infinite volume source from
FGR 12, as shown in Table 2.40.

Radiation doses at the receptor location (0, 0, 0.3) (m) were estimated with the same
procedure used for estimating the dose at the receptor location (0, 0, 1) (m). Because the source
thickness (assumed to be 0.001 cm) and cover thickness (0 cm) did not change, the value of Fcp
stayed the same, as shown in Table 2.32. The value of Fawu for each of the six circular area
sources was estimated as the sum of the Fawm’s for the individual annuli that constitute the area
source. Because the design of the tables used for estimating Fam’s were the same as that of
Tables 2.34 to 2.39, these estimation tables are not presented here; only the final values of Fam
for each area source are listed, in Table 2.41, which shows the calculation of radiation doses at
the receptor location. Table 2.42 shows the calculation of radiation doses at the receptor location
0,0, 4) (m).
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Table 2.32 Calculation of Fcp for C-14 in an Area Source without Cover

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g) 0.642 0.358 0.294 3.39
Reference source - Cover material = none Cover thickness, cm = 0
Source density , g/cm3 = 1.6 Source thickness, cm =

Surface activity conversion factor, (pCi/g)/(pCi/m2) 0.0625

Density of cover, g/cm3 =
0.001

_ D(Te=teTs=ts) _ , k. ptoc1 _ o —Kapsts S —
Fep = D(T.=0.Tg=x) Ae (1—e ) + Be (1—e )
FCD-surf= 0.00013950 (Note: FCD-surf = FCD x Surface activity conversion factor)

1.6




c€

Table 2.33 Calculation of Fam for C-14 in a Reference Area Source without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Mass
Dose Attenuation = Effective mass Mass Attenuation Mass
Conversion  Coefficient Attenuation  Attenuation Coefficient  Attenuation
Factor (source) Coefficient (ref) Coefficient (concrete) Coefficient f:M
#photons  Energy 1 Yield 1 FE (pSv-cm2) (fecm) (fecm) (soil) (/cm) (/cm) (air) (fcm) (#,+2, +1)
1 0.049 8.65E-04 0.1 0.220 2.59E-04 2.59E-04 3.62E-01 9.99E-01 2.59E-04
ta (cm) = 100 tc (cm) =0 Source area (m2) = 4 Source-ref area (m2) = 3.36E+06
Receptor Receptor
exp(-ux)/x2 - dist. in-ref- dist. in-ref- mfp-dist. in- mfp-dist. in- Vol-source- An x dist-refA2  distance- ta +tc location y location z
ref air (cm) cover (cm) ref-air ref-cover BF-ref-air BF-ref-cover ref Fa-ref {cm2) ref (em) r-ref (m) (m) ta (m) (cm) (cm)
7.75E-06 1.00E+02 0.00E+00 2.59E-02 0.00E+00 1.08E+00 1.00E+00 0.00E+00 0.00E+00 1.26E+05 1.00E+02 0.00E+00 1 1.00
7.67E-06 1.00E+02 0.00E+00 2.60E-02 0.00E+00 1.08E+00 1.00E+00 3.14E-02 2.59E-07 1.27E+05 1.00E+02 1.00E-01 1 1.00
7.67E-06 1.01E+02 0.00E+00 2.60E-02 0.00E+00 1.08E+00 1.00E+00 1.91E-03 1.58E-08 1.27E+05 1.01E+02 1.03E-01 1 1.00
7.66E-06 1.01E+02 0.00E+00 2.60E-02 0.00E+00 1.08E+00 1.00E+00 2.03E-03 1.67E-08 1.27E+05 1.01E+02 1.06E-01 1 1.00
7.66E-06 1.01E+02 0.00E+00 2.60E-02 0.00E+00 1.08E+00 1.00E+00 2.15E-03 1.77E-08 1.27E+05 1.01E+02 1.09E-01 1 1.00
7.65E-06 1.01E+02 0.00E+00 2.60E-02 0.00E+00 1.08E+00 1.00E+00 2.29E-03 1.88E-08 1.27E+05 1.01E+02 1.13E-01 1 1.00
7.65E-06 1.01E+02 0.00E+00 2.60E-02 0.00E+00 1.08E+00 1.00E+00 2.42E-03 1.99E-08 1.27E+05 1.01E+02 1.16E-01 1 1.00
7.64E-06 1.01E+02 0.00E+00 2.61E-02 0.00E+00 1.08E+00 1.00E+00 2.57E-03 2.11E-08 1.28E+05 1.01E+02 1.19E-01 1 1.00 0 100
7.63E-06 1.01E+02 0.00E+00 2.61E-02 0.00E+00 1.08E+00 1.00E+00 2.73E-03 2.24E-08 1.28E+05 1.01E+02 1.23E-01 1 1.00
2.78E-09 3.43E403 0.00E+00 8.88E-01 0.00E+00 3.80E+00 1.00E+00 1.44E+02 1.52E-06 1.48E+08 3.43E+03 3.43E+01 1 1.00
2.63E-09 3.50E403 0.00E+00 9.05E-01 0.00E+00 3.86E+00 1.00E+00 1.49E+02 1.51E-06 1.54E+08 3.50E+03 3.50E+01 1 1.00
2.48E-09 3.57E403 0.00E+00 9.23E-01 0.00E+00 3.92E+00 1.00E+00 1.55E+02 1.51E-06 1.60E+08 3.57E+03 3.57E+01 1 1.00
2.34E-09 3.64E403 0.00E+00 9.42E-01 0.00E+00 3.99E+00 1.00E+00 1.62E+02 1.51E-06 1.67E+08 3.64E+03 3.64E+01 1 1.00
2.21E-09 3.71E403 0.00E+00 9.61E-01 0.00E+00 4.05E+00 1.00E+00 1.68E+02 1.50E-06 1.73E+08 3.71E+03 3.71E+01 1 1.00
2.08E-09 3.79E403 0.00E+00 9.80E-01 0.00E+00 4.12E+00 1.00E+00 1.75E+02 1.50E-06 1.80E+08 3.79E+03 3.79E+01 1 1.00
5.51E-23 9.94E+04 0.00E+00 2.57E+01 0.00E+00 3.88E+02 1.00E+00 1.21E+05 2.58E-15 1.24E+11 9.94E+04 9.94E+02 1 1.00
3.17E-23 1.01E+05 0.00E+00 2.62E+01 0.00E+00 4.05E+02 1.00E+00 1.25E+05 1.61E-15 1.29E+11 1.01E+05 1.01E+03 1 1.00
1.80E-23 1.03E+05 0.00E+00 2.67E+01 0.00E+00 4.22E+02 1.00E+00 1.30E+05 9.93E-16 1.34E+11 1.03E+05 1.03E+03 1 1.00
S Fug-ref=  3.08E-04
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Table 2.34 Calculation of Fam for C-14 in an Area Source of 4 m? without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Mass
Dose Attenuation = Effective mass Mass Attenuation Mass _ [fg!.ra+fcﬂc +fp:]
Conversion  Coefficient Attenuation Attenuation Coefficient  Attenuation - tfa +, +7)
Factor (source)  Coefficient (ref) Coefficient (concrete) Coefficient
#photons  Energy 1 Yield 1 FE (pSv-cm2) (fecm) (fecm) (soil) {/cm) (/cm) (air) (fcm)
1 0.049 8.65E-04 0.1 0.220 2.59E-04 2.59E-04 3.62E-01 9.99E-01 2.59E-04
ta (cm) = 100 tc{cm)=0 Source area (m2) = 4 Source-ref area (m2) = 3.36E+06
dist. in- Ar x dist- distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - mfp-dist. in- dist. in -source- source- BF-source- sourcef2 source r-source ta+tc location y location z
source source-air source-cover air (cm) cover (cm) BF-source-air cover Vol-source  F,,-source (cm2) (cm) (m) (m) ta (m) (cm) (cm)
7.75E-06 2.59E-02 0.00E+00 1.00E+02 0.00E+00 1.08E+00 1.00E+00 0.00E+00 0.00E+00 1.26E+05 1.00E+02 0.00E+00 1 1.00
7.67E-06 2.60E-02 0.00E+00 1.00E+02 0.00E+00 1.08E+00 1.00E+00 3.14E-02 2.59E-07 1.27E+05 1.00E+02 1.00E-01 1 1.00
7.67E-06 2.60E-02 0.00E+00 1.01E+02 0.00E+00 1.08E+00 1.00E+00 1.91E-03 1.58E-08 1.27E+05 1.01E+02 1.03E-01 1 1.00
7.66E-06 2.60E-02 0.00E+00 1.01E+02 0.00E+00 1.08E+00 1.00E+00 2.03E-03 1.67E-08 1.27E+05 1.01E+02 1.06E-01 1 1.00
7.66E-06 2.60E-02 0.00E+00 1.01E+02 0.00E+00 1.08E+00 1.00E+00 2.15E-03 1.77E-08 1.27E+05 1.01E+02 1.09E-01 1 1.00
7.65E-06 2.60E-02 0.00E+00 1.01E+02 0.00E+00 1.08E+00 1.00E+00 2.29E-03 1.88E-08 1.27E+05 1.01E+02 1.13E-01 1 1.00
7.65E-06 2.60E-02 0.00E+00 1.01E+02 0.00E+00 1.08E+00 1.00E+00 2.42E-03 1.9%E-08 1.27E+05 1.01E+02 1.16E-01 1 1.00
7.64E-06 2.61E-02 0.00E+00 1.01E+02 0.00E+00 1.08E+00 1.00E+00 2.57E-03 2.11E-08 1.28E+05 1.01E+02 1.19E-01 1 1.00
7.63E-06 2.61E-02 0.00E+00 1.01E+02 0.00E+00 1.08E+00 1.00E+00 2.73E-03 2.24E-08 1.28E+05 1.01E+02 1.23E-01 1 1.00
7.63E-06 2.61E-02 0.00E+00 1.01E+02 0.00E+00 1.08E+00 1.00E+00 2.90E-03 2.38E-08 1.28E+05 1.01E+02 1.27E-01 1 1.00
7.62E-06 2.61E-02 0.00E+00 1.01E+02 0.00E+00 1.08E+00 1.00E+00 3.07E-03 2.52E-08 1.28E+05 1.01E+02 1.30E-01 1 1.00
7.61E-06 2.61E-02 0.00E+00 1.01E+02 0.00E+00 1.08E+00 1.00E+00 3.26E-03 2.67E-08 1.28E+05 1.01E+02 1.34E-01 1 1.00
7.60E-06 2.61E-02 0.00E+00 1.01E+02 0.00E+00 1.08E+00 1.00E+00 3.46E-03 2.83E-08 1.28E+05 1.01E+02 1.38E-01 1 1.00
7.59E-06 2.61E-02 0.00E+00 1.01E+02 0.00E+00 1.08E+00 1.00E+00 3.67E-03 3.00E-08 1.28E+05 1.01E+02 1.43E-01 1 1.00 0 100
3.82E-06 3.60E-02 0.00E+00 1.42E+02 0.00E+00 1.11E+00 1.00E+00 1.81E-01 7.68E-07 2.52E+05 1.42E+02 1.00E+00 1 1.00
3.71E-06 3.72E-02 0.00E+00 1.44E+02 0.00E+00 1.11E+00 1.00E+00 1.93E-01 7.91E-07 2.60E+05 1.44E+02 1.03E+00 1 1.00
3.59E-06 3.78E-02 0.00E+00 1.46E+02 0.00E+00 1.11E+00 1.00E+00 2.04E-01 8.14E-07 2.68E+05 1.46E+02 1.06E+00 1 1.00
3.48E-06 3.84E-02 0.00E+00 1.48E+02 0.00E+00 1.11E+00 1.00E+00 2.17E-01 8.38E-07 2.77E+05 1.48E+02 1.10E+00 1 1.00
3.36E-06 3.90E-02 0.00E+00 1.51E+02 0.00E+00 1.11E+00 1.00E+00 2.30E-01 8.61E-07 2.86E+05 1.51E+02 1.13E+00 1 1.00
3 Fay-source = 2.15E-05
Fam=  7.00E-02
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Table 2.35 Calculation of Fau for C-14 in an Area Source of 10 m? without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass Attenuation Mass 1= (200 +1 00 +110)
Conversion Coefficient =~ Attenuation Attenuation Coefficient = Attenuation tfa+fe +7)
Factor (source) Coefficient = Coefficient  (concrete) Coefficient
# photons  Energy 1 Yield 1 FE (pSv-cm2) (/cm) (ref) (fem)  (soil) (/cm) (/cm) (air) (/cm)
1 0.049 8.65E-04 0.1 0.220 2.59E-04 2.59E-04 3.62E-01 9.99E-01 2.59E-04
ta (cm) = 100 tc(cm)= 0 Source area (m2) = 10 Source-ref area (m2) = 3.36E+06
exp(- dist. in - dist. in- 4 x dist-  distance- Receptor Receptor
ux)/x2 -  mfp-dist. in - mfp-dist. in-  source-air source- BF-source- sourcef2 source r-source ta+tc location y location z
source source-air source-cover (cm) cover (cm) BF-source-air cover Vol-source  F,,,-source (cm2) (cm) (m) (m) ta (m) (cm) (cm)
3.25E-06 3.97E-02  0.00E+00  1.53E+02  0.00E+00  1.12E+00  1.00E+00 = 2.44E-01  8.84E-07 2.96E+05 1.53E+02 1.16E+00 1 1.00
3.14E-06  4.04E-02  0.00E+00  1.56E+02  0.00E+00  1.12E400  1.00E+00  2.59E-01  9.07E-07 3.06E+05  1.56E+02 1.20E+00 1 1.00
3.03E-06 4.11E-02  0.00E+00  1.59E+02  0.00E+00  1.12E+00  1.00E+00 = 2.75E-01  9.30E-07 3.17E+05  1.50E+02 1.23E+00 1 1.00
2.92E-06 4.186-02  0.00E+00  1.62E+02  0.00E+00  1.12E+00  1.00E+00 = 2.91E-01  9.53E-07 3.296405 1.62E+02 1.27E+00 1 1.00
2.81F-06 4.26E-02  0.00F+00  1.65F+02  0.00F+00  1.12F+00  1.00F+00  3.09F-01  9.76F-07 3.41E+05  1.65E+02 1.31F+00 1 1.00
2.70E-06 = 4.34E-02  0.00E+00  1.68E+02  0.00E+00  1.13E+00  1.00E+00 = 3.28E-01  9.98E-07 3.54E+05  1.68E+02 1.35E+00 1 1.00
2.60E-06 4.436-02  0.00E+00  1.71E+02  0.00E+00  1.13E+00  1.00E+00  3.48£-01  1.02E-06 3.68E405 1.71E+02 1.39E+00 1 1.00
250E-06 4.51E-02  0.00E+00  1.75E+02  0.00E+00  1.13E+00  1.00E+00  3.69E-01 1.04E-06 3.83E+05  1.75E+02 1.43E+00 1 1.00
2.40E-06 4.61E-02  0.00E+00  1.78E+02  0.00E+00  1.13E+00  1.00E+00  3.91E-01 1.06E-06 3.98E+05 1.78E+02 1.47E+00 1 1.00 0 100
2.30E-06 4.70E-02 0.00E+00 1.82E+02 0.00E+00 1.14E+00 1.00E+00 4.15E-01 1.08E-06 4.15E+05 1.82E+02 1.52E+00 1 1.00
2.20E-06  4.80E-02 0.00E+00 1.86E+02 0.00E+00 1.14E+00 1.00E+00 4.41E-01 1.11E-06 4.33E+05  1.86E+02 1.56E+00 1 1.00
2.11E-06  4.90E-02 0.00E+00 1.89E+02 0.00E+00 1.14E+00 1.00E+00 4.67E-01 1.13E-06 4.51E+05 1.89E+02 1.61E+00 1 1.00
2.02E-06 5.01E-02 0.00E+00 1.94E+02 0.00E+00 1.15E+00 1.00E+00 4.96E-01 1.15E-06 4.71E+05  1.94E+02 1.66E+00 1 1.00
1.93E-06 5.12E-02 0.00E+00 1.98E+02 0.00E+00 1.15E+00 1.00E+00 5.26E-01 1.17E-06 4.92E+05 1.98E+02 1.71E+00 1 1.00
1.84E-06 5.23E-02 0.00E+00 2.02E+02 0.00E+00 1.15E+00 1.00E+00 5.58E-01 1.19E-06 5.15E+05  2.02E+02 1.76E+00 1 1.00
1.79E-06 5.31E-02 0.00E+00 2.05E+02 0.00E+00 1.15E+00 1.00E+00 3.93E-01 8.11E-07 5.30E+05  2.05E+02 1.79E+00 1 1.00

? Fap-source = 3.79E-05
Fam= 1.23E-01
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Table 2.36 Calculation of Fau for C-14 in an Area Source of 36 m? without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass Attenuation Mass B (faﬂﬁa-‘rfcﬂc +f!{.‘]
Conversion Coefficient = Attenuation Attenuation Coefficient = Attenuation - (t +1 +1)
Factor (source) Coefficient Coefficient  (concrete) Coefficient e
# photons  Energy 1 Yield 1 FE (pSv-cm2) (/cm) (ref) (fcm)  (soil) (/fcm) (/cm) (air) (/cm)
1 0.049 8.65E-04 0.1 0.220 2.59E-04 2.59E-04 3.62E-01 9.99E-01 2.59E-04
ta (cm)= 100 tc{cm)= 0 Source area (m2) = 36 Source-ref area (m2) = 3.36E+06
exp(- dist. in - dist. in- 4nm x dist-  distance- Receptor Receptor

ux)/x2 - mfp-dist. in - mfp-dist. in-  source-air source- BF-source- sourcef? source r-source ta+tc location y location z

source source-air source-cover (cm) cover (cm) BF-source-air cover Vol-source  F,,-source (cm2) (cm) (m) (m) ta (m) {cm) (cm)
1.68E-06 5.48E-02  0.00E+00  2.12E+02  0.00E+00  1.16E+00 = 1.00E+00  4.256-01 = 8.28E-07 5.64E405  2.12E+02 1.87E+00 1 1.00

1.63E-06 5.56E-02  0.00E+00  2.15E+02  0.00E+00  1.16E+00 = 1.00E+00  4.42E-01  8.36E-07 5.81E+05  2.15E+02 1.90E+00 1 1.00

1.58E-06 5.65E-02  0.00E+00  2.18E+02  0.00E+00  1.16E+00 = 1.00E+00  4.60E-01 = 8.44E-07 6.00E+05  2.18E+02 1.94E+00 1 1.00

1.53E-06  5.74E-02  0.00E+00  2.22E+02  0.00E+00  1.17E+00 1.00E+00  4.79E-01 8.52E-07 6.19E+05  2.22E+02 1.98E+00 1 1.00

1.48E-06  5.83E-02  0.00E+00  2.25E+02  0.00E+00  1.17E+00 = 1.00E+00  4.98E-01  8.60E-07 6.39E+05  2.25E+02 2.02E+00 1 1.00

1.436-06 5.93E-02  0.00E+00  2.29E+02  0.00E+00  1.176+00  1.00E+00  5.18E-01  8.68E-07 6.60E+05  2.29E+02 2.06E+00 1 1.00

1.38E-06  6.02E-02  0.00E+00  2.33E+02  0.00E+00  1.17E+00 = 1.00E+00  5.396-01  8.76E-07 6.81E+05  2.33E+02 2.10E+00 1 1.00

1.34E-06  6.12E-02  0.00E+00  2.37E+02  0.00E+00  1.18E+00 = 1.00E+00  5.61E-01 = 8.83E-07 7.04E+05  2.37E+02 2.14E+00 1 1.00

1.296-06  6.226-02  0.00E+00  2.40E+02  0.00E+00  1.186+00 = 1.00E+00  5.84E-01  B8.91E-07 7.276+05  2.40E+02 2.19E+00 1 1.00

1.25E-06  6.32E-02  0.00E+00  2.44E+02  0.00E+00  1.18E+00 = 1.00E+00  6.07E-01 = 8.98E-07 7.51E+05  2.44E+02 2.23E+00 1 1.00 0 100
1.21E-06 6.43E-02  0.00E+00  2.49E+02  0.00E+00  1.198+00 = 1.00E+00  6.32E-01 = 9.05E-07 7.76E405  2.49E+02 2.28E+00 1 1.00

1.17E-06  6.54E-02  0.00E+00  2.53F+02  0.00E+00  1.19F+00  1.00E+00  6.576-01 = 9.13E-07 8.03E+05  2.53E+02 2.32F+00 1 1.00

7.60E-07 8.04E-02  0.00E+00  3.11E+02  0.00E+00  1.23E400  1.00E+00 = 1.06E+00  9.91E-07 1.21E+06  3.11E+02 2.94E+00 1 1.00

7.32E-07  8.19E-02  0.00E+00  3.16E+02  0.00E+00  1.24E+00  1.00E+00 = 1.10E+00  9.97E-07 1.26E+06  3.16E+02 3.00E+00 1 1.00

7.05£-07 8.33E-02  0.00E4+00  3.22E4+02  0.00E+00  1.24E+00  1.00E+00 = 1.14E+00  1.00E-06 1.30E+06  3.22E+02 3.06E+00 1 1.00

6.79E-07 8.48E-02  0.00F+00  3.28F+02  0.00F+00  1.256+00  1.00F+00 = 1.19F+00  1.01F-06 1.35E+06  3.28F+02 3.12E+00 1 1.00

6.54E-07 8.64E-02 0.00E+00 3.34E+02 0.00E+00 1.25E+00 1.00E+00 1.24E+00 1.01E-06 1.40E+06  3.34E+02 3.19E+00 1 1.00

6.30E-07 8.80E-02 0.00E+00 3.40E+02 0.00E+00 1.26E+00 1.00E+00 1.29E+00 1.02E-06 1.45E+06  3.40E+02 3.25E+00 1 1.00

6.07E-07 8.96E-02 0.00E+00 3.46E+02 0.00E+00 1.26E+00 1.00E+00 1.34E+00 1.03E-06 1.51E+06  3.46E+02 3.31E+00 1 1.00

? Fay-source =  6.78E-05
Fam = 2.20E-01
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Table 2.37 Calculation of Fam for C-14 in an Area Source of 100 m? without Cover at the Receptor Location of (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass Attenuation Mass _ ['fa‘“a-‘r'fcﬂuc +fﬂ:]
Conversion Coefficient = Attenuation Attenuation Coefficient Attenuation - [fa +1, +1)
Factor (source) Coefficient = Coefficient  (concrete) Coefficient
# photons | Energy 1 Yield 1 FE (pSv-cm2) (/cm) (ref) (fem)  (soil) (/cm) (/cm) (air) (fcm)
1 0.049 8.65E-04 0.1 0.220 2.59E-04 2.59E-04 3.62E-01 9.99E-01 2.59E-04
ta (cm) = 100 tc(cm)=0 Source area (m2) = 100 Source-ref area (m2) = 3.36E+06
dist. in - dist. in- 4 x dist-  distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - mfp-dist. in-  source-air source- BF-source- sourcef2 source r-source ta+tc location y location z
source source-air source-cover (cm) cover (cm) BF-source-air cover Vol-source  Fpsource (cm2) (cm) (m) (m) ta (m) (cm) (cm)
5.62E-07  9.29E-02  0.00E+00  3.59E+02  0.00E+00 = 1.27E+00  1.00E+00  1.45E+00  1.04E-06 1.62E+06  3.50E+02 3.45E+00 1 1.00
S5.41E-07  9.46E-02  0.00E+00  3.66E+02  0.00E+00  1.27E+00  1.00E+00  1.51E+00  1.04E-06 1.68E+06  3.66E+02 3.52E+00 1 1.00
5.21E-07  9.64E-02  0.00E+00  3.72E+02  0.00E+00  1.28E+00  1.00E+00  1.57E+00  1.05E-06 1.74E406  3.72E+02 3.59E+00 1 1.00
5.01E-07  9.81E-02  0.00E+00  3.79E+02  0.00E+00  1.29E+00  1.00E+00  1.63E+00  1.05E-06 1.81E+06  3.79E+02 3.66E+00 1 1.00
4.82E-07  1.00E-01  0.00E+00  3.86E+02  0.00E+00  1.2964+00  1.00E+00  1.70E+00  1.06E-06 1.88E+06  3.86E+02 3.73E+00 1 1.00
4.64E-07 1.02E-01 0.00E+00 3.94E+02 0.00E+00 1.30E+00 1.00E+00 1.77E+00 1.06E-06 1.95E+06  3.94E+02 3.81E+00 1 1.00
4.46E-07 1.04E-01 0.00E+00 4.01E+02 0.00E+00 1.30E+00 1.00E+00 1.84E+00 1.07E-06 2.02E+06  4.01E+02 3.88E+00 1 1.00
4.29E-07 1.06E-01 0.00E+00 4.09E+02 0.00E+00 1.31E+00 1.00E+00 1.91E+00 1.07E-06 2.10E+06  4.09E+02 3.96E+00 1 1.00
4.12E-07 1.08E-01 0.00E+00 4.16E+02 0.00E+00 1.31E+00 1.00E+00 1.98E+00 1.08E-06 2.18E+06  4.16E+02 4.04E+00 1 1.00
3.96E-07 1.10E-01 0.00E+00 4.24E+02 0.00E+00 1.32E+00 1.00E+00 2.07E+00 1.08E-06 2.26E+06  4.24E+02 4.12E+00 1 1.00
3.81E-07 1.12E-01 0.00E+00 4.32E+02 0.00E+00 1.32E+00 1.00E+00 2.16E+00 1.09E-06 2.35E+06  4.32E+02 4.20E+00 1 1.00
3.66E-07 1.14E-01 0.00E+00 4.40E+02 0.00E+00 1.33E+00 1.00E+00 2.24E+00 1.09E-06 2.44E+06  4.40E+02 4.29E+00 1 1.00
3.52E-07 1.16E-01 0.00E+00 4.49E+02 0.00E+00 1.34E+00 1.00E+00 2.33E+00 1.10E-06 2.53E+06  4.49E+02 4.37E+00 1 1.00 0 100
3.38E-07 1.18E-01 0.00E+00 4.57E+02 0.00E+00 1.34E+00 1.00E+00 2.43E+00 1.10E-06 2.63E+06  4.57E+02 4.46E+00 1 1.00
3.25E-07 1.21E-01 0.00E+00 4.66E+02 0.00E+00 1.35E+00 1.00E+00 2.53E+00 1.11E-06 2.73E+06  4.66E+02 4.55E+00 1 1.00
3.12E-07 1.23E-01 0.00E+00 4.75E+02 0.00E+00 1.36E+00 1.00E+00 2.63E+00 1.11E-06 2.83E+06  4.75E+02 4.64E+00 1 1.00
3.00E-07 1.25E-01 0.00E+00 4.84E+02 0.00E+00 1.36E+00 1.00E+00 2.73E+00 1.12E-06 2.94E+06 4.84E+02 4.73E+00 1 1.00
2.88E-07 1.28E-01 0.00E+00 4.93E+02 0.00E+00 1.37E+00 1.00E+00 2.85E+00 1.12E-06 3.06E+06  4.93E+02 4.83E+00 1 1.00
2.77E-07 1.30E-01 0.00E+00 5.03E+02 0.00E+00 1.38E+00 1.00E+00 2.96E+00 1.13E-06 3.18E+06  5.03E+02 4.93E+00 1 1.00
2.66E-07 1.33E-01 0.00E+00 5.12E+02 0.00E+00 1.38E+00 1.00E+00 3.08E+00 1.13E-06 3.30E+06  5.12E+02 5.02E+00 1 1.00
2.55E-07 1.35E-01 0.00E+00 5.22E+402 0.00E+00 1.39E+00 1.00E+00 3.20E+00 1.14E-06 3.43E+06  5.22E+02 5.12E+00 1 1.00
2.45E-07 1.38E-01 0.00E+00 5.32E+02 0.00E+00 1.40E+00 1.00E+00 3.33E+00 1.14E-06 3.56E+06  5.32E+02 5.23E+00 1 1.00
2.35E-07 1.40E-01 0.00E+00 5.42E+02 0.00E+00 1.41E+00 1.00E+00 3.47E+00 1.15E-06 3.70E+06  5.42E+02 5.33E+00 1 1.00
2.26E-07 1.43E-01 0.00E+00 5.53E+02 0.00E+00 1.42E+00 1.00E+00 3.61E+00 1.15E-06 3.84E+06  5.53E+02 5.44E+00 1 1.00
2.16E-07 1.46E-01 0.00E+00 5.64E+02 0.00E+00 1.42E+00 1.00E+00 3.75E+00 1.16E-06 3.99E+06  5.64E+02 5.55E+00 1 1.00
2.08E-07 1.49E-01 0.00E+00 5.75E+02 0.00E+00 1.43E+00 1.00E+00 3.91E+00 1.16E-06 4.15E+06 5.75E+02 5.66E+00 1 1.00
% Fayy-source = 9.64E-05
Faw= 3.13E-01




or

Table 2.38 Calculation of Fam for C-14 in an Area Source of 1,000 m? without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass Attenuation Mass
. . . i . i (t a0+t 4 +i1r )
Conversion Coefficient = Attenuation Attenuation Coefficient = Attenuation y——alfa e sl
Factor (source) Coefficient = Coefficient  (concrete) Coefficient lfa +i, +1)
# photons = Energy 1 Yield 1 FE (pSv-cm2) (/cm) (ref) (fem)  (soil) (/cm) (/cm) (air) (fcm)
1 0.049 8.65E-04 0.1 0.220 2.59E-04 2.59E-04 3.62E-01 9.99E-01 2.59E-04
ta (cm) = 100 tc(cm)= 0 Source area (m2) = 1000 Source-ref area (m2) = 3.36E+06
dist. in - dist. in- 4m x dist-  distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - mfp-dist. in-  source-air source- BF-source- sourcen2 source r-source ta+tc location y location z
source source-air source-cover (cm) cover (cm) BF-source-air cover Vol-source  F,,-source [cm2) (cm) (m) (m) ta (m) (cm) (cm)
1.99E-07 1.52E-01 0.00E+00 5.86E+02 0.00E+00 1.44E+00 1.00E+00 4.06E+00 1.17E-06 4.31E+06  5.86E+02 5.77E+00 1 1.00
1.91E-07 1.54E-01 0.00E+00 5.97E+02 0.00E+00 1.45E+00 1.00E+00 4.23E+00 1.17E-06 4.48E+06  5.97E+02 5.89E+00 1 1.00
1.83E-07 1.57E-01 0.00E+00 ©6.09E+02 0.00E+00 1.46E+00 1.00E+00 4 40E+00 1.18E-06 4 66E+06  6.09E+02 6.00E+00 1 1.00
1.76E-07 1.61E-01 0.00E+00 6.20E+02 0.00E+00 1.47E+00 1.00E+00 4.58E+00 1.18E-06 4.84E+06 6.20E+02 ©6.12E+00 1 1.00
1.69E-07 1.64E-01 0.00E+00 6.33E+02 0.00E+00 1.48E+00 1.00E+00 4.76E+00 1.19E-06 5.03E+06  6.33E+02 6.25E+00 1 1.00
1.62E-07 1.67E-01 0.00E+00 6.45E+02 0.00E+00 1.48E+00 1.00E+00 4.95E+00 1.19E-06 5.23E+06  6.45E+02 6.37E+00 1 1.00
1.55E-07 1.70E-01 0.00E+00 6.58E+02 0.00E+00 1.49E+00 1.00E+00 5.15E+00 1.20E-06 5.43E+06  6.58E+02 6.50E+00 1 1.00
1.49E-07 1.73E-01 0.00E+00 6.70E+02 0.00E+00 1.50E+00 1.00E+00 5.36E+00 1.20E-06 5.65E+06  6.70E+02 6.63E+00 1 1.00
1.43E-07 1.77E-01 0.00E+00 6.83E+02 0.00E+00 1.51E+00 1.00E+00 5.58E+00 1.20E-06 5.87E+06  6.83E+02 6.76E+00 1 1.00 0 100
1.37E-07 1.80E-01 0.00E+00 6.97E+02 0.00E+00 1.52E+00 1.00E+00 5.80E+00 1.21E-06 6.10E+06  6.97E+02 6.90E+00 1 1.00
1.31E-07 1.84E-01 0.00E+00 7.11E+02 0.00E+00 1.53E+00 1.00E+00 6.04E+00 1.21E-06 6.35E+06  7.11E+02 7.03E+00 1 1.00
2.00E-08 4.19E-01 0.00E+00 1.62E+03 0.00E+00 2.22E+00 1.00E+00 3.19E+01 1.41E-06 3.30E+07  1.62E+03 1.62E+01 1 1.00
1.90E-08 4.27E-01 0.00E+00 1.65E+03 0.00E+00 2.24E+00 1.00E+00 3.32E+01 1.41E-06 3.43E+07  1.65E+03 1.65E+01 1 1.00
1.81E-08 4.36E-01 0.00E+00 1.68E+03 0.00E+00 2.27E400 1.00E+00 3.45E+01 1.42E-06 3.57E+07 1.68E+03 1.68E+01 1 1.00
1.73E-08 4.44E-01 0.00E+00 1.72E+03 0.00E+00 2.29E+00 1.00E+00 3.59E+01 1.42E-06 3.71E4+07  1.72E+03 1.71E+01 1 1.00
1.65E-08 4.53E-01 0.00E+00 1.75E+03 0.00E+00 2.32E+00 1.00E+00 3.73E+01 1.42E-06 3.86E+07  1.75E+03 1.75E+01 1 1.00
1.57E-08 4.62E-01 0.00E+00 1.79E+03 0.00E+00 2.34E+00 1.00E+00 3.88E+01 1.43E-06 4.01E+07  1.79E+03 1.78E+01 1 1.00

> Fay-source = 1.72E-04
Fam=  5.59E-01
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Table 2.39 Calculation of Fam for C-14 in an Area Source of 10,000 m? without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass Attenuation Mass [fm”a-‘r'rouc +.’ﬂ,)
Conversion Coefficient =~ Attenuation Attenuation Coefficient Attenuation =
Factor (source) Coefficient = Coefficient (concrete) = Coefficient ““‘ + +1)
# photons | Energy 1 Yield 1 FE (pSv-cm2) (/cm) (ref) (fem)  (soil) (/cm) (/cm) (air) (/cm)
1 0.049 8.65E-04 0.1 0.220 2.59E-04 2.59E-04 3.62E-01 9.99E-01 2.59E-04
ta (cm) = 100 tc{cm)=0 Source area (m2) = 10000 Source-ref area (m2) = 3.36E+06
dist. in - dist. in- 4m x dist-  distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - mfp-dist. in-  source-air source- BF-source- sourceh2 source r-source ta+tc location y location z
source source-air source-cover (em) cover (cm) BF-source-air cover Vol-source = F,,-source (em2) (cm) (m) (m) ta (m) (cm) (cm)
1.49E-08 4.72E-01 0.00E+00 1.82E+03 0.00E+00 2.37E+00 1.00E+00 4.04E+01 1.43E-06 4.18E+07  1.82E+03 1.82E+01 1 1.00
1.42E-08 4.81E-01 0.00E+00 1.86E+03 0.00E+00 2.40E+00 1.00E+00 4.21E+01 1.43E-06 4.34E+07  1.86E+03 1.86E+01 1 1.00
1.35E-08 4.90E-01 0.00E+00 1.90E+03 0.00E+00 2.42E+00 1.00E+00 4.37E+01 1.44E-06 4.52E+07 1.90E+03 1.89E+01 1 1.00
1.29E-08 5.00E-01 0.00E+00 1.93E+03 0.00E+00 2.45E+00 1.00E+00 4.55E+01 1.44E-06 4.70E+07  1.93E4+03 1.93E+01 1 1.00
1.23E-08 5.10E-01 0.00E+00 1.97E+03 0.00E+00 2.49E+00 1.00E+00 4.74E+01 1.45E-06 4.89E+07  1.97E+03 1.97E+01 1 1.00
1.17E-08 5.20E-01 0.00E+00 2.01E+03 0.00E+00 2.52E+00 1.00E+00 4.93E+01 1.45E-06 5.09E+07  2.01E+03 2.01E+01 1 1.00
1.11E-08 5.31E-01 0.00E+00 2.05E+03 0.00E+00 2.56E+00 1.00E+00 5.13E+01 1.46E-06 5.29E+07  2.05E+03 2.05E+01 1 1.00
1.06E-08 5.41E-01 0.00E+00 2.09E+03 0.00E+00 2.60E+00 1.00E+00 5.33E+01 1.46E-06 5.51E+07  2.09E+03 2.09E+01 1 1.00
1.01E-08 5.52E-01 0.00E+00 2.13E+03 0.00E+00 2.63E+00 1.00E+00 5.55E+01 1.47E-06 5.73E+07  2.13E+03 2.13E+01 1 1.00
9.55E-09 5.63E-01 0.00E+00 2.18E+03 0.00E+00 2.67E+00 1.00E+00 5.77E+01 1.47E-06 5.96E+07  2.18E+03 2.17E+01 1 1.00
9.08E-09 5.74E-01 0.00E+00 2.22E+03 0.00E+00 2.71E+00 1.00E+00 6.01E+01 1.48E-06 6.20E+07  2.22E+03 2.22E+01 1 1.00 0 100
8.63E-09 5.86E-01 0.00E+00 2.26E+03 0.00E+00 2.75E+00 1.00E+00 6.25E+01 1.48E-06 6.45E+07  2.26E+03 2.26E+01 1 1.00
8.20E-09 5.98E-01 0.00E+00 2.31E+03 0.00E+00 2.79E+00 1.00E+00 6.50E+01 1.49E-06 6.71E+07  2.31E+03 2.31E+01 1 1.00
8.19E-10 1.32E+00 0.00E+00 5.10E+03 0.00E+00 5.54E+00 1.00E+00 3.17E+02 1.44E-06 3.27E+08  5.10E+03 5.10E+01 1 1.00
7.67E-10 1.34E+00 0.00E+00 5.20E+03 0.00E+00 5.65E+00 1.00E+00 3.30E+02 1.43E-06 3.40E+08 5.20E+03 5.20E+01 1 1.00
7.17E-10 1.37E+00 0.00E+00 5.30E+03 0.00E+00 5.77E+00 1.00E+00 3.43E+02 1.42E-06 3.54E+08 5.30E+03 5.30E+01 1 1.00
6.71E-10 1.40E+00 0.00E+00 5.41E+403 0.00E+00 5.88E+00 1.00E+00 3.57E+02 1.41E-06 3.68E+08 5.41E+03 5.41E+01 1 1.00
6.27E-10 1.43E+00 0.00E+00 5.52E+03 0.00E+00 6.00E+00 1.00E+00 3.71E+02 1.40E-06 3.83E+08  5.52E+03 5.52E+01 1 1.00
5.86E-10 1.46E+00 0.00E+00 5.63E+03 0.00E+00 6.12E+00 1.00E+00 3.86E+02 1.39E-06 3.98E+08 5.63E+03 5.63E+01 1 1.00

» Fayy-source = 2.58E-04
Fam = 8.38E-01




Table 2.40 Estimation of External Radiation Dose at the Receptor
Location (0, 0, 1) (m) from C-14 in Six Area Sources without Cover

DCF-inf Average Estimated
(mrem/yr Decay Factor Area of Dose
per pCi/g) | Half-life, yr | in 1st year Fep-surf  |Source (m2) Fam (mrem/yr)

10,000 8.38E-01 1.58E-09

1,000 5.59E-01 1.05E-09

1.35E-05 | 5.73E+03 | 1.00E+00 | 1.40E-04 100 3.13£-01 >-90E-10
36 2.20E-01 4.15E-10

10 1.23E-01 2.32E-10

4 7.00E-02 1.32E-10

Table 2.41 Estimation of External Radiation Dose at the Receptor
Location (0, 0, 0.3) (m) from C-14 in Six Area Sources without Cover

DCF-inf Average Estimated
(mrem/yr Decay Factor Area of Dose
per pCi/g) | Half-life, yr | in 1st year Fep-surf  |Source (m2) Fam (mrem/yr)

10,000 1.03E+00 1.94E-09

1,000 7.54E-01 1.42E-09

1.35E-05 | 5.73E+03 | 1.00E+00 | 1.40E-04 100 >-06E-01 9-52E-10
36 4.09E-01 7.69E-10

10 2.98E-01 5.61E-10

4 2.23E-01 4.20E-10

Table 2.42 Estimation of External Radiation Dose at the Receptor
Location (0, 0, 4) (m) from C-14 in Six Area Sources without Cover

DCF-inf Average Estimated
(mrem/yr Decay Factor Area of Dose
per pCi/g) | Half-life, yr | in 1st year Fep-surf  |Source (m2) Fam (mrem/yr)

10,000 5.97E-01 1.12E-09

1,000 3.22E-01 6.06E-10

1.35E-05 | 5.73E+03 | 1.00E+00 | 1.40E-04 100 1.08E-01 2.03E-10
36 5.21E-02 9.80E-11

10 1.75E-02 3.30E-11

4 7.31E-03 1.38E-11

42




Comparison of the dose results for C-14 between the spreadsheets and RESRAD-BUILD
are presented in Table 2.43. Because of the limited number of annuli used in the spreadsheets to
approximate the area of the circular sources, it is expected that the estimations of external
radiation doses are not as precise by spreadsheets as by the RESRAD-BUILD code. In general,
the differences are less than 3%. Based on the comparison, it is judged that the external radiation
dose modeling was correctly implemented in the RESRAD-BUILD code.

Results for Mn-54. Radiation dose at the receptor location (0, 0, 1) (m) from each area
source considered was estimated first. Table 2.44 shows the calculation of Fcp, the cover and
depth factor, for Mn-54. Table 2.45 shows the estimation of Fawm-ref fOr the reference area source,
which is made of soil having an infinite extent. In the estimation, an area of about 3,000,000 m?
was used for the reference source. Tables 2.46 to 2.51 show the estimation of Fam’s for the six
circular area sources considered in this comparison. After Fcp and Fam’s were available, external
radiation doses resulting from Mn-54 in each of the six circular area sources were estimated by
adjusting the external radiation dose conversion factor for an infinite volume source from
FGR 12, as shown in Table 2.52.

Radiation doses at the receptor location (0, 0, 0.3) (m) were estimated with the same
procedure used for estimating the doses at the receptor location (0, 0, 1) (m). Because the source
thickness (assumed to be 0.001 cm) and cover thickness (0 cm) did not change, the value of Fcp
stayed the same, as shown in Table 2.44. The values of Fam for each of the six circular area
sources were estimated as the sum of the Fam’s for individual annuli that constitute the area
source. Because the design of tables used for estimating Fam’s were the same as that of Tables
2.46 to 2.51, these estimation tables are not presented here; only the final values of Fawm for each
area source are presented, in Table 2.53, which shows the calculation of radiation doses at the
receptor location. Table 2.54 shows the calculation of radiation doses at the receptor location
(0,0, 4) (m).

Comparison of the dose results for Mn-54 between the spreadsheets and RESRAD-
BUILD are presented in Table 2.55. Because of the limited number of annuli used in the
spreadsheets to approximate the area of the circular sources, it is expected that the estimation of
external radiation doses is not as precise by spreadsheets as by the RESRAD-BUILD code. In
general, the largest differences are about 3%. Based on the comparison, it is judged that the
external radiation dose modeling was correctly implemented in the RESRAD-BUILD code.

Results for Tc-99. Radiation dose at the receptor location (0, 0, 1) (m) from each area
source considered was estimated first. Table 2.56 shows the calculation of Fcp, the cover and
depth factor, for Tc-99. Table 2.57 shows the estimation of Fam-rer for the reference area source,
which is made of soil having an infinite extent. In the estimation, an area of about 3,000,000 m?
was used for the reference source. Tables 2.58 to 2.63 show the estimation of Fam’s for the six
circular area sources considered in this comparison. After Fcp and Fam’s were available, external
radiation doses resulting from Tc-99 in each of the six circular area sources were estimated by
adjusting the external radiation dose conversion factor for an infinite volume source from
FGR 12, as shown in Table 2.64.
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Table 2.43 Comparison of Radiation Dose (mrem/yr) Estimated by RESRAD-BUILD and Spreadsheets from
C-14 in Six Area Sources without Cover

Receptor Location {0, 0, 1) {m)

Receptor Location (0, 0, 0.3) {m)

Receptor Location (0, 0, 4) {(m)

Dose
Dose Results Ratio - Results Ratio - Dose Results Ratio -
from Dose Results RESRAD- from Dose Results RESRAD- from Dose Results RESRAD-
Area of RESRAD- from BUILD/ RESRAD- from BUILD/ RESRAD- from BUILD/
Source (m?) BUILD Spreadsheets Spreadsheets BUILD Spreadsheets Spreadsheets BUILD Spreadsheets Spreadsheets
10,000 1.58E-09 1.58E-09 1.00 1.96E-09 1.94E-09 1.01 1.13E-09 1.12E-09 1.01
1,000 1.04E-09 1.05E-09 0.99 1.42E-09 1.42E-09 1.00 6.00E-10 6.06E-10 0.99
100 5.83E-10 5.90E-10 0.99 9.52E-10 9.52E-10 1.00 1.98E-10 2.03E-10 0.97
36 4.11E-10 4.15E-10 0.99 7.72E-10 7.69E-10 1.00 9.56E-11 9.80E-11 0.98
10 2.29E-10 2.32E-10 0.99 5.62E-10 5.61E-10 1.00 3.17E-11 3.30E-11 0.96
4 1.30E-10 1.32E-10 0.99 4.22E-10 4.20E-10 1.01 1.34E-11 1.38E-11 0.97
Table 2.44 Calculation of Fcp for Mn-54 in an Area Source without Cover
Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g) 0.085 0.915 1.22 0.088
Reference source - Cover material = none Cover thickness, cm = 0 Density of cover, g/cm3 = 1.6
Source density , g/cm3 = 1.6 Source thickness, cm = 0.001
Surface activity conversion factor, (pCi/g)/(pCi/m2) 0.0625

FCD

_ D(Tc=t.Ts=ts)
T D(T.=0.Tg=x)

= AQ'KAPJC(I —e

“Kapsts) 4 Be KBPelc(1 — e~ KBPsts)

FCD-surf=0.00001841

(Note: FCD-surf = FCD x Surface activity conversion factor)
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Table 2.45 Calculation of Fam for Mn-54 in a Reference Area Source without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass Attenuation Mass (fa/’a i, +f,la’,)
Conversion Coefficient Attenuation Attenuation Coefficient Attenuation T P
Factor (source) Coefficient Coefficient (concrete) Coefficient (f" L f)
#photons  Energy 1 Yield 1 FE (pSv-cm2) (/cm) (ref) (fem)  (soil) (fem) (fecm) (air) (fcm)
1 0.835 1 0.825 3.189 8.48E-05 8.48E-05 7.08E-02 1.67E-01 8.48E-05
ta(cm)= 100 tc (cm) = 0 Source-ref area (m2) = 3.36E+06
Receptor Receptor
exp(-ux)/x2 -dist. in -ref-  dist. in-ref- mfp-dist. in- mfp-dist. in- Vol-source- Ant x dist-  distance-ref locationy, location g,
ref air (cm) cover (cm) ref-air ref-cover BF-ref-air  BF-ref-cover ref Fam-ref  refA2 {cm2) (cm) r-ref(m) ta+tc(m) ta (m) cm cm

7.89E-06 1.00E+02 0.00E+00 8.48E-03 0.00E+00 1.01E+00 1.00E+00 0.00E+00 0.00E+00 1.26E+05 1.00E+02 1.00E+00 0 1

7.81E-06 1.00E+02 0.00E+00 8.52E-03 0.00E+00 1.01E+00 1.00E+00 3.14E-02 2.47E-07 1.27E+05 1.00E+02 1.00E+00 0 1

7.80E-06 = 1.01E+02 0.00E+00 8.52E-03 0.00E+00 1.01E+00 1.00E+00 1.91E-03 1.51E-08  1.27E+05 1.01E+02  1.00E+00 0 1

7.80E-06 1.01E+02 0.00E+00 8.52E-03 0.00E+00 1.01E+00 1.00E+00 2.03E-03 1.60E-08 1.27E+05 1.01E+02 1.00E+00 0 1

7.79E-06 1.01E+02 0.00E+00 8.53E-03 0.00E+00 1.01E+00 1.00E+00 2.15E-03 1.69E-08 1.27E+05 1.01E+02 1.00E+00 0 1

7.79E-06 1.01E+02 0.00E+00 8.53E-03 0.00E+00 1.01E+00 1.00E+00 2.29E-03 1.79E-08 1.27E+05 1.01E+02 1.00E+00 0 1

7.78E-06 1.01E+02 0.00E+00 8.53E-03 0.00E+00 1.01E+00 1.00E+00 2.42E-03 1.90E-08 1.27E+05 1.01E+02 1.00E+00 0 1

7.78E-06 1.01E+02 0.00E+00 8.54E-03 0.00E+00 1.01E+00 1.00E+00 2.57E-03 2.02E-08 1.28E+05 1.01E+02 1.00E+00 0 1 0 100
7.77E-06 1.01E+02 0.00E+00 8.54E-03 0.00E+00 1.01E+00 1.00E+00 2.73E-03 2.14E-08 1.28E+05 1.01E+02 1.00E+00 0 1

5.05E-09 3.43E+03 0.00E+00 2.91E-01 0.00E+00 1.29E+00 1.00E+00 1.44E+02 9.34E-07 1.48E+08 3.43E+03 1.00E+00 34 1

4.83E-09 3.50E+03 0.00E+00 2.97E-01 0.00E+00 1.29E+00 1.00E+00 1.49E+02 9.33E-07 1.54E+08 3.50E+03 1.00E+00 35 1

4.61E-09 3.57E+03 0.00E+00 3.03E-01 0.00E+00 1.30E+00 1.00E+00 1.55E+02 9.31E-07 1.60E+08 3.57E+03 1.00E+00 36 1

4.41E-09 3.64E+03 0.00E+00 3.09E-01 0.00E+00 1.31E+00 1.00E+00 1.62E+02 9.30E-07 1.67E+08 3.64E+03 1.00E+00 36 1

4.21E-09 3.71E+03 0.00E+00 3.15E-01 0.00E+00 1.31E+00 1.00E+00 1.68E+02 9.29E-07 1.73E+08 3.71E+03 1.00E+00 37 1

4.02E-09 3.79E+03 0.00E+00 3.21E-01 0.00E+00 1.32E+00 1.00E+00 1.75E+02 9.27E-07 1.80E+08 3.79E+03 1.00E+00 38 1

1.77E-15 9.94E+04 0.00E+00 8.42E+00 0.00E+00 2.48E+01 1.00E+00 1.21E+05 5.29E-09 1.24E+11 9.94E+04 1.00E+00 994 1

1.44E-15 1.01E+05 0.00E+00 8.59E+00 0.00E+00 2.56E+01 1.00E+00 1.25E+05 4.61E-09 1.29E+11 1.01E+05 1.00E+00 1014 1

1.16E-15 1.03E+05 0.00E+00 8.76E+00 0.00E+00 2.64E+01 1.00E+00 1.30E+05 4.00E-09 1.34E+11 1.03E+05 1.00E+00 1034 1

S Fyy-ref=  1.83E-04
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Table 2.46 Calculation of Fam for Mn-54 in an Area Source of 4 m? without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass  Attenuation Mass [= (fal"g i p,+ fﬂ:)
Conversion  Coefficient =~ Attenuation Attenuation Coefficient Attenuation (fa +1 + t)
Factor (source) Coefficient Coefficient (concrete) Coefficient
#photons ~ Energy 1 Yield 1 FE (pSv-cm2) (fcm) (ref) (fcm)  (soil) (fem) (fcm) (air) (/cm)
1 0.835 1 0.825 3.189 8.48E-05 8.48E-05 7.08E-02 1.67E-01 8.48E-05
ta (cm) = 100 tc{cm)=0 Source area (m2)= 4 Source-ref area (m2)=  3.36E+06
dist. in- dist. in- Ar x dist- Receptor = Receptor
exp(-ux)/x2 - mfp-dist. in mfp-dist. in-  source-air source- BF-source- sourcer?  distance-  r- source locationy location z
source -source-air source-cover (cm) cover (cm) BF-source-air cover Vol-source | Fyy,-source (cm2) source (cm) (m) ta+tc (m) ta (m) (cm) (cm)
7.80E-06  8.48E-03  0.00E+00  1.00E+02  0.00E+00  1.01E+00  1.00E+00  0.00E+00 0.00E+00 1.26E+05 1.00E+02  0.00E+00 1 1
7.81E-06 = 8.52E-03  0.00E+00 = 1.00E+02  0.00E+00  1.01E+00  1.00E+00  3.14E-02  2.47E-07 = 1.27E+05 1.00E+02 = 1.00E-01 1 1
7.80E-06  8.52E-03  0.00E+00  1.01E+02  0.00E+00  1.01F+00  1.00E+00  1.91E-03  1.51E-08 1.27E+05 1.01E+02  1.03E-01 1 1
7.80E-06 = 8.52E-03  0.00E+00 = 1.01E+402  0.00E+00  1.01E+00  1.00E+00  2.03E-03  1.60E-08 = 1.27E+05 1.01E+02  1.06E-01 1 1
7.79E-06 =~ 853E-03  0.00E+00 = 1.01F+02  0.00F+00  1.01F+00  1.00E+00  2.15E-03  1.69F-08 1.27E+05 1.01E+02  1.09E-01 1 1
7.79E-06  8.53E-03  0.00E+00  1.01E+402  0.00E+00  1.01E+00  1.00E+00  2.296-03  1.79E-08 = 1.27E+05 = 1.01E+02  1.13E-01 1 1
7.78E-06 = 8.53E-03 0.00E+00 1.01E+02 0.00E+00 1.01E+00 1.00E+00 2.42E-03 1.00E-08  1.27E+05 1.01E+02  1.16E-01 1 1
7.78E-06  8.54E-03  0.00E+00 = 1.01E+02  0.00E+00  1.01E+00  1.00E+00  2.57E-03 = 2.02E-08 = 1.28E+05 1.01E+02  1.19E-01 1 1
7.77E-06  8.54E-03  0.00E+00  1.01E+02  0.00E+00  1.01F+00  1.00E+00  2.73E-03  2.14E-08  1.28E+05 1.01E+02  1.23E-01 1 1
7.76E-06  8.55E-03  0.00E+00 = 1.01E+02  0.00E+00  1.01E+00  1.00E+00  2.90E-03 = 2.27E-08 = 1.28E+05 1.01E+02  1.27E-01 1 1
7.75E-06  8.55E-03  0.00E+00  1.01E+02  0.00E+00  1.01E+00  1.00E+00  3.07E-03  2.40E-08  1.28E+05 1.01E+02  1.30E-01 1 1
7.756-06  8.55E-03  0.00E+00 = 1.01E+402  0.00E+00  1.01E+00  1.00E+00  3.26E-03  2.55E-08  1.28E+05  1.01E+02  1.34E-01 1 1
7.74E-06 =~ 8.56E-03  0.00E+00 = 1.01E+02  0.00F+00  1.01F+00  1.00E+00  3.46E-03  2.70F-08 1.28F+05 1.01E+02  1.38E-01 1 1
7.73E-06  8.56E-03  0.00E+00 = 1.01E+402  0.00E+00  1.01E+00  1.00E+00  3.67E-03 = 2.86E-08 = 1.28E+05 1.01E+02  1.43E-01 1 1 0 100
3.92E-06 1.20E-02 0.00E+00 1.42E+02 0.00E+00 1.01E+00 1.00E+00 1.81E-01 7.20E-07 2.52E+05 1.42E+02 1.00E+00 1 1
3.80E-06 1.22E-02 0.00E+00 1.44E+02 0.00E+00 1.01E+00 1.00E+00 1.93E-01 7.41E-07 2.60E+05 1.44E+02 1.03E+00 1 1
3.68E-06 1.24E-02 0.00E+00 1.46E+02 0.00E+00 1.01E+00 1.00E+00 2.04E-01 7.62E-07 2.68E+05 1.46E+02 1.06E+00 1 1
3.57E-06 1.26E-02 0.00E+00 1.48E+02 0.00E+00 1.01E+00 1.00E+00 2.17E-01 7.83E-07 2.77E+405 1.48E+02 1.10E+00 1 1
3.45E-06 1.28E-02 0.00E+00 1.51E+02 0.00E+00 1.01E+00 1.00E+00 2.30E-01 8.04E-07 2.86E+05 1.51E+02 1.13E+00 1 1
>FAM-source= 2.03E-05
FAM= 7.73E-02
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Table 2.47 Calculation of Fam for Mn-54 in an Area Source of 10 m? without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass Attenuation Mass ;= ('ra‘ua Tt -'lf;)
Conversion Coefficient Attenuation Attenuation Coefficient Attenuation (fa +1, +.']
Factor (source) Coefficient Coefficient (concrete) Coefficient
#photons  Energy 1 Yield 1 FE (pSv-cm2) (fecm) (ref) (fem)  (soil) (/cm) (fcm) (air) (fcm)
1 0.835 1 0.825 3.189 8.48E-05 8.48E-05 7.08E-02 1.67E-01 8.48E-05
ta (cm) = 100 tc(cm)= 0 Source area (m2) = 10 Siource-ref area (m2) = 3.36E+06
dist. in- dist. in- A7t x dist- Receptor  Receptor
exp(-ux)/x2 - mfp-dist. in mfp-dist. in-  source-air source- BF-source- sourcer?  distance-  r- source locationy location z
source -source-air source-cover (cm) cover (cm) BF-source-air cover Vol-source | F,,,-source (cm2) source (cm) (m) ta +tc (m) ta (m) (cm) (ecm)
3.34E-06 1.30E-02 0.00E+00 1.53E+02 0.00E+00 1.01E+00 1.00E+00 2.44E-01 8.25E-07 2.96E+05 1.53E+02 1.16E+00 1 1
3.22E-06 1.32E-02 0.00E+00 1.56E+02 0.00E+00 1.01E+00 1.00E+00 2.59E-01 8.45E-07 3.06E+05 1.56E+02 1.20E+00 1 1
3.11E-06 1.35E-02 0.00E+00 1.59E+02 0.00E+00 1.01E+00 1.00E+00 2.75E-01 8.66E-07 3.17E+05 1.59E+02 1.23E+00 1 1
3.00E-06 1.37E-02 0.00E+00 1.62E+02 0.00E+00 1.01E+00 1.00E+00 2.91E-01 8.86E-07 3.29E+05 1.62E+02 1.27E+00 1 1
2.89E-06 1.40E-02 0.00E+00 1.65E+02 0.00E+00 1.01E+00 1.00E+00 3.09E-01 9.06E-07 3.41E+05 1.65E+02 1.31E+00 1 1
2.78E-06 1.42E-02 0.00E+00 1.68E+02 0.00E+00 1.01E+00 1.00E+00 3.28E-01 9.25E-07 3.54E+05 1.68E+02 1.35E+00 1 1
2.68E-06 1.45E-02 0.00E+00 1.71E+02 0.00E+00 1.01E+00 1.00E+00 3.48E-01 9.45E-07 3.68E+05 1.71E+02 1.39E+00 1 1
2.57E-06 1.48E-02 0.00E+00 1.75E+02 0.00E+00 1.01E+00 1.00E+00 3.69E-01 9.64E-07 3.83E+05 1.75E+02 1.43E+00 1 1
2.47E-06 1.51E-02 0.00E+00 1.78E+02 0.00E+00 1.01E+00 1.00E+00 3.91E-01 9.82E-07 3.98E+05 1.78E+02 1.47E+00 1 1 0 100
2.37E-06 1.54E-02 0.00E+00 1.82E+02 0.00E+00 1.02E+00 1.00E+00 4,15E-01 1.00E-06 4.15E+05 1.82E+02 1.52E+00 1 1
2.28E-06 1.57E-02 0.00E+00 1.86E+02 0.00E+00 1.02E+00 1.00E+00 4.41E-01 1.02E-06 4.33E+05 1.86E+02 1.56E+00 1 1
2.18E-06 1.61E-02 0.00E+00 1.89E+02 0.00E+00 1.02E+00 1.00E+00 4.67E-01 1.04E-06 4.51E+05 1.89E+02 1.61E+00 1 1
2.09E-06 1.64E-02 0.00E+00 1.94E+02 0.00E+00 1.02E+00 1.00E+00 4.96E-01 1.05E-06 4.71E+05 1.94E+02 1.66E+00 1 1
2.00E-06 1.68E-02 0.00E+00 1.98E+02 0.00E+00 1.02E+00 1.00E+00 5.26E-01 1.07E-06 4.92E+05 1.98E+02 1.71E+00 1 1
1.91E-06 1.72E-02 0.00E+00 2.02E+02 0.00E+00 1.02E+00 1.00E+00 5.58E-01 1.08E-06 5.15E+05 2.02E+02 1.76E+00 1 1
1.85E-06 1.74E-02 0.00E+00 2.05E+02 0.00E+00 1.02E+00 1.00E+00 3.93E-01 7.40E-07 5.30E+05 2.05E+02 1.79E+00 1 1
>FAM-source= 3.55E-05
FAM= 1.35E-01
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Table 2.48 Calculation of Fam for Mn-54 in an Area Source of 36 m?without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass Attenuation Mass ("‘a/ua i+ m')
Conversion Coefficient = Attenuation Attenuation Coefficient Attenuation H=——
Factor (source) Coefficient Coefficient (concrete) Coefficient (rﬂ T f)
# photons ~ Energy 1 Yield 1 FE (pSv-cm2) (fcm) (ref) (fem)  (soil) (fcm) {fcm) (air) (fcm)
1 0.835 1 0.825 3.189 8.48E-05 8.48E-05 7.08E-02 1.67E-01 8.48E-05
ta (cm) = 100 tc(em)= 0 Source area (m2) = 36 Siource-ref area (m2) = 3.36E+06
dist. in- dist. in- A7t x dist- Receptor  Receptor
exp(-ux)/x2 - mfp-dist. in mfp-dist. in-  source-air source- BF-source- sourcer?  distance-  r- source locationy location z
source -source-air source-cover (cm) cover (cm) BF-source-air cover Vol-source . -source (cm2) source (cm) (m) ta +tc (m) ta (m) (cm) (cm)
1.74E-06  1.80E-02  0.00E+00  2.12E+02  0.00E+00  1.02E+00  1.00E+00  4.25E-01 = 7.54E-07 5.64E+05 2.12E+02  1.87E+00 1 1
1.69E-06  1.82E-02  0.00E+00  2.15E+02  0.00E+00  1.02E+00  1.00E+00  4.42E-01  7.61E-07 5.81F+05 2.15E+02  1.90E+00 1 1
1.64E-06  1.856-02  0.00E+00  2.18E+02  0.00E+00  1.02E+00  1.00E+00  4.60E-01 = 7.67E-07 6.00E+05 = 2.18E+02  1.94E+00 1 1
1.59E-06  1.88E-02  0.00E+00 = 2.22F+02  0.00E+00  1.02E+00  1.00E+00  4.79E-01 = 7.73E-07  6.19F+05 = 2.22E+02  1.98F+00 1 1
1.54E-06  1.91E-02  0.00E+00  2.25E+02  0.00E+00  1.02E+00  1.00E+00  4.98E-01 = 7.79E-07 6.39E+05 225402  2.02E+00 1 1
1.49E-06  1.94E-02  0.00E+00  2.29E+02  0.00E+00  1.02E+00  1.00E+00  5.18E-01  7.85E-07 6.60E+05 2.29E+02  2.06E+00 1 1
1.44E-06 1.97E-02  0.00E+00  2.33E+02  0.00E+00  1.02E+00  1.00E+00  5.30E-01 = 7.01E-07 6.81E+05  2.33E+02  2.10E+00 1 1
1.39E-06  2.01E-02  0.00E+00  2.37E+02  0.00E+00  1.02E+00  1.00E+00  5.61E-01 = 7.97E-07  7.04E+05 2.37E+02  2.14E+00 1 1
1.35E-06 2.04E-02 0.00E+00 2.40E+02 0.00E+00 1.02E+00 1.00E+00 5.84E-01 8.03E-07 7.27E+05 2.40E+02 2.19E+00 1 1
1.30E-06 2.07E-02 0.00E+00 2.44E+02 0.00E+00 1.02E+00 1.00E+00 6.07E-01 8.08E-07 7.51E+05 2.44E402 2.23E400 1 1 0 100
1.26E-06 2.11E-02 0.00E+00 2.49E+02 0.00E+00 1.02E+00 1.00E+00 6.32E-01 8.13E-07 7.76E+05 2.49E+02 2.28E+00 1 1
1.22E-06 2.14E-02 0.00E+00 2.53E+02 0.00E+00 1.02E+00 1.00E+00 6.57E-01 8.18E-07 8.03E+05 2.53E+02 2.32E+00 1 1
8.02E-07 2.64E-02 0.00E+00 3.11E+02 0.00E+00 1.03E+00 1.00E+00 1.06E+00 8.70E-07 1.21E+06 3.11E+02 2.94E+00 1 1
7.73E-07 2.68E-02 0.00E+00 3.16E+02 0.00E+00 1.03E+00 1.00E+00 1.10E+00 8.73E-07 1.26E+06 3.16E+02 3.00E+00 1 1
7.46E-07  2.73E-02 0.00E+00 3.22E+02 0.00E+00 1.03E+00 1.00E+00 1.14E+00  8.77E-07  1.30E+06  3.22E+02  3.06E+00 1 1
7.19E-07 2.78E-02 0.00E+00 3.28E+02 0.00E+00 1.03E+00 1.00E+00 1.19E+00 8.80E-07 1.35E+06 3.28E+02 3.12E+00 1 1
6.94E-07 2.83E-02 0.00E+00 3.34E+02 0.00E+00 1.03E+00 1.00E+00 1.24E+00 8.83E-07 1.40E+06 3.34E+02 3.19E+00 1 1
6.69E-07 2.88E-02 0.00E+00 3.40E+02 0.00E+00 1.03E+00 1.00E+00 1.29E+00 8.86E-07 1.45E+06 3.40E+02 3.25E+00 1 1
6.44E-07 2.93E-02 0.00E+00 3.46E+02 0.00E+00 1.03E+00 1.00E+00 1.34E+00 8.89E-07 1.51E+06 3.46E+02 3.31E+00 1 1
>FAM-source= 6.20E-05
FAM= 2.36E-01
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Table 2.49 Calculation of Fau for Mn-54 in an Area Source of 100 m? without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose. Attem..la.tlon mass. Mass. A‘rtemfa.‘rlon Mass. (!_ ey +f,li,)
Conversion Coefficient Attenuation Attenuation Coefficient Attenuation =& g e
Factor (source) Coefficient Coefficient (concrete) Coefficient ('fa +ti+ 'f)
# photons  Fnergy 1 Yield 1 FE (pSv-cm2) (fem) (ref) (fem)  (soil) (fem) (fcm) (air) (fcm)
1 0.835 1 0.825 3.189 8.48E-05 8.48E-05 7.08E-02 1.67E-01 8.48E-05
ta (cm) = 100 tc{cm)=0 Source area (m2) = 100 Siource-ref area (m2) = 3.36E+06
dist. in- dist. in- A1t x dist- Receptor  Receptor
exp(-ux)/x2 - mfp-dist. in mfp-dist. in-  source-air source- BF-source- source”r?2  distance-  r- source locationy location z
source -source-air source-cover (cm) cover (cm) BF-source-air cover Vol-source | F,,-source (cm2) source (cm) (m) ta +tc (m) ta (m) (cm) (cm)
5.00E-07 3.04E-02  0.00E+00 = 3.50F+02  0.00E+00  1.03E+00  1.00E+00  1.45E+00 8.95E-07 1.62E+06 3.50E+02  3.45E+00 1 1
5.77E-07  3.10E-02  0.00E+00 = 3.66E+02 = 0.00E+00  1.03E+00  1.00E+00 = 1.51E+00 8.97E-07 1.68E+06 3.66E+02  3.52E+00 1 1
5.56E-07 3.16E-02  0.00E+00 = 3.72E402 = 0.00E+00  1.03E+00  1.00E+00 = 1.57E+00 0.00E-07 1.74E+06 = 3.72E+02  3.59E+00 1 1
5.35E-07  3.226-02  0.00E+00 = 3.79E+402  0.00E+00  1.03E+00  1.00E+00  1.63E+00  0.03E-07 1.81E+06 3.79E+02  3.66E+00 1 1
5.16E-07  3.28E-02 0.00E+00 3.86E+02 0.00E+00 1.03E+00 1.00E+00 1.70E+00  9.05E-07 1.88E+06  3.86E+02  3.73E+00 1 1
4.96E-07 3.34E-02 0.00E+00 3.94E+02 0.00E+00 1.03E+00 1.00E+00 1.77E+00 9.07E-07 1.95E+06 3.94E+02 3.81E+00 1 1
4.78E-07 3.40E-02 0.00E+00 4.01E+02 0.00E+00 1.03E+00 1.00E+00 1.84E+00 9.10E-07 2.02E+06 4.01E+02 3.88E+00 1 1
4.60E-07 3.46E-02 0.00E+00 4.09E+02 0.00E+00 1.03E+00 1.00E+00 1.91E+00 9.12E-07 2.10E+06 4.09E+02 3.96E+00 1 1
4.43E-07 3.53E-02 0.00E+00 4.16E+02 0.00E+00 1.03E+00 1.00E+00 1.99E+00 9.14E-07 2.18E+06 4.16E+02 4.04E+00 1 1
4.27E-07 3.60E-02 0.00E+00 4.24E+02 0.00E+00 1.04E+00 1.00E+00 2.07E+00 9.16E-07 2.26E+06 4.24E+02 4.12E+00 1 1
4.11E-07 3.66E-02 0.00E+00 4.32E+02 0.00E+00 1.04E+00 1.00E+00 2.16E+00 9.18E-07 2.35E+06 4.32E+02 4.20E+00 1 1
3.95E-07 3.73E-02 0.00E+00 4.40E+02 0.00E+00 1.04E+00 1.00E+00 2.24E+00 9.20E-07 2.44E+06 4.40E+02 4.29E+00 1 1
3.80E-07 3.80E-02 0.00E+00 4.49E+02 0.00E+00 1.04E+00 1.00E+00 2.33E+400 9.22E-07 2.53E+06 4.49E+02 4.37E+00 1 1 0 100
3.66E-07 3.88E-02 0.00E+00 4.57E+02 0.00E+00 1.04E+00 1.00E+00 2.43E+00 9.23E-07 2.63E+06 4.57E+02 4.46E+00 1 1
3.52E-07 3.95E-02 0.00E+00 4.66E+02 0.00E+00 1.04E+00 1.00E+00 2.53E+00 9.25E-07 2.73E+06 4.66E+02 4.55E+00 1 1
3.39E-07 4.02E-02 0.00E+00 4.75E+02 0.00E+00 1.04E+00 1.00E+00 2.63E+00 9.27E-07 2.83E+06 4.75E+02 4.64E+00 1 1
3.26E-07 4.10E-02 0.00E+00 4.84E+02 0.00E+00 1.04E+00 1.00E+00 2.73E+00 9.28E-07 2.94E+06 4.84E+02 4.73E+00 1 1
3.14E-07 4.18E-02 0.00E+00 4.93E+02 0.00E+00 1.04E+00 1.00E+00 2.85E+00 9.30E-07 3.06E+06 4.93E+02 4.83E+00 1 1
3.02E-07 4.26E-02 0.00E+00 5.03E+02 0.00E+00 1.04E+00 1.00E+00 2.96E+00 9.31E-07 3.18E+06 5.03E+02 4.93E+00 1 1
2.90E-07 4.34E-02 0.00E+00 5.12E+02 0.00E+00 1.04E+00 1.00E+00 3.08E+00 9.33E-07 3.30E+06 5.12E+02 5.02E+00 1 1
2.79E-07 4.43E-02 0.00E+00 5.22E+02 0.00E+00 1.04E+00 1.00E+00 3.20E+00 9.34E-07 3.43E+06 5.22E+02 5.12E+00 1 1
2.69E-07 4.51E-02 0.00E+00 5.32E+02 0.00E+00 1.04E+00 1.00E+00 3.33E+400 9.35E-07 3.56E+06 5.32E+02 5.23E+00 1 1
2.58E-07 4.60E-02 0.00E+00 5.42E+02 0.00E+00 1.05E+00 1.00E+00 3.47E+00 9.36E-07 3.70E+06 5.42E+02 5.33E+00 1 1
2.48E-07 4.69E-02 0.00E+00 5.53E+02 0.00E+00 1.05E+00 1.00E+00 3.61E+00 9.38E-07 3.84E+06 5.53E+02 5.44E+00 1 1
2.39E-07 4.78E-02 0.00E+00 5.64E+02 0.00E+00 1.05E+00 1.00E+00 3.75E+00 9.39E-07 3.99E+06 5.64E+02 5.55E+00 1 1
2.30E-07 4.87E-02 0.00E+00 5.75E+02 0.00E+00 1.05E+00 1.00E+00 3.91E+00 9.40E-07 4.15E+06 5.75E+02 5.66E+00 1 1
>FAM-source= 8.60E-05
FAM= 3.27E-01
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Table 2.50 Calculation of Fau for Mn-54 in an Area Source of 1,000 m2without Cover at the Receptor Location of (0, 0, 1) (m)

Fluence to Effective
Effective Mass Mass
Dose Attenuation = Effective mass Mass Attenuation Mass (faﬂ,, v+ fﬂ/)
Conversion  Coefficient Attenuation  Attenuation Coefficient = Attenuation e S
Factor (source)  Coefficient (ref) Coefficient (concrete) Coefficient (f“‘ Lt .r)
# photons Energy 1 Yield 1 FE (pSv-cm2) (fcm) (/cm) (soil) (fcm) (/cm) (air) (/cm)
1 0.835 1 0.825 3.189 8.48E-05 8.48E-05 7.08E-02 1.67E-01 8.48E-05
ta (cm) = 100 tc(cm) =0 Source area (m2) = 1000 Siource-ref area (m2) = 3.36E+06
dist. in- 4n x dist- Receptor  Receptor
exp(-ux)/x2 - mfp-dist. in- mfp-dist. in- dist. in -source- source- BF-source- sourcen2 distance- | r- source locationy  location z
source source-air  source-cover air (cm) cover (cm) BF-source-air cover Vol-source | F,,-source (em2) source (cm) (m) ta+tc(m) ta (m) (cm) (cm)
2.21E-07 4.96E-02 0.00E+00 5.86E+02 0.00E+00 1.05E+00 1.00E+00 4.06E+00 9.41E-07 4.31E+06 5.86E+02 5.77E+00 1 1
2.12E-07 5.06E-02 0.00E+00 5.97E+02 0.00E+00 1.05E+00 1.00E+00 4.23E+00 9.42E-07 4.48E+06 5.97E+02 5.89E+00 1 1
2.04E-07 5.16E-02 0.00E+00 6.09E+02 0.00E+00 1.05E+00 1.00E+00 4.40E+00 9.43E-07 4.66E+06 6.09E+02 6.00E+00 1 1
1.96E-07 5.26E-02 0.00E+00 6.20E+02 0.00E+00 1.05E+00 1.00E+00 4.58E+00 9.44E-07 4.84E+06 6.20E+02 6.12E+00 1 1
1.88E-07 5.36E-02 0.00E+00 6.33E+02 0.00E+00 1.05E+00 1.00E+00 4.76E+00 9.45E-07 5.03E+06 6.33E+02 6.25E+00 1 1
1.81E-07 5.47E-02 0.00E+00 6.45E+02 0.00E+00 1.05E+00 1.00E+00 4.95E+00 9.46E-07 5.23E+06 6.45E+02 6.37E+00 1 1
1.74E-07 5.57E-02 0.00E+00 6.58E+02 0.00E+00 1.06E+00 1.00E+00 5.15E+00 9.46E-07 5.43E+06 6.58E+02 6.50E+00 1 1
1.67E-07 5.68E-02 0.00E+00 6.70E+02 0.00E+00 1.06E+00 1.00E+00 5.36E+00 9.47E-07 5.65E+06 6.70E+02 6.63E+00 1 1
1.61E-07 5.79E-02 0.00E+00 6.83E+02 0.00E+00 1.06E+00 1.00E+00 5.58E+00 9.48E-07 5.87E+06 6.83E+02 6.76E+00 1 1 0 100
1.54E-07 5.91E-02 0.00E+00 6.97E+02 0.00E+00 1.06E+00 1.00E+00 5.80E+00 9.49E-07 6.10E+06 6.97E+02 6.90E+00 1 1
1.48E-07 6.02E-02 0.00E+00 7.11E+02 0.00E+00 1.06E+00 1.00E+00 6.04E+00 9.49E-07 6.35E+06 7.11E+02 7.03E+00 1 1
2.65E-08 1.37E-01 0.00E+00 1.62E+03 0.00E+00 1.14E+00 1.00E+00 3.19E+01 9.58E-07 3.30E+07 1.62E+03 1.62E+01 1 1
2.54E-08 1.40E-01 0.00E+00 1.65E+03 0.00E+00 1.14E+00 1.00E+00 3.32E+01 9.57E-07 3.43E+07 1.65E+03 1.65E+01 1 1
2.43E-08 1.43E-01 0.00E+00 1.68E+03 0.00E+00 1.14E+00 1.00E+00 3.45E+01 9.57E-07 3.57E+07 1.68E+03 1.68E+01 1 1
2.33E-08 1.46E-01 0.00E+00 1.72E+03 0.00E+00 1.14E+00 1.00E+00 3.59E+01 9.57E-07 3.71E+07 1.72E+03 1.71E+01 1 1
2.23E-08 1.49E-01 0.00E+00 1.75E+03 0.00E+00 1.15E+00 1.00E+00 3.73E+01 9.57E-07 3.86E+07 1.75E+03 1.75E+01 1 1
2.14E-08 1.51E-01 0.00E+00 1.79E+03 0.00E+00 1.15E+00 1.00E+00 3.88E+01 9.56E-07 4.01E+07 1.79E+03 1.78E+01 1 1
2 FAM-source= 1.41E-04
FAM= 5.37E-01
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Table 2.51 Calculation of Fam for Mn-54 in an Area Source of 10,000 m? without Cover at the Receptor Location of (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass Attenuation Mass
Conversion Coefficient Attenuation Attenuation Coefficient Attenuation 1= (fw”g +1H, +fﬂ;)
Factor (source) Coefficient Coefficient (concrete) Coefficient (fa +1 + f)
# photons ~ Energy 1 Yield 1 FE (pSv-cm2) (fcm) (ref) (fem)  (soil) (fcm) {fcm) (air) (fcm)
1 0.835 1 0.825 3.189 8.48E-05 8.48E-05 7.08E-02 1.67E-01 8.48E-05
ta (cm) = 100 tc(em)= 0 Source area (m2) = 10000 Siource-ref area (m2) = 3.36E+06
dist. in- dist. in- A7t x dist- Receptor  Receptor
exp(-ux)/x2 - mfp-dist. in mfp-dist. in-  source-air source- BF-source- sourcer?  distance-  r- source locationy location z
source -source-air source-cover (cm) cover (cm) BF-source-air cover Vol-source . -source (cm2) source (cm) (m) ta +tc (m) ta (m) (cm) (cm)
2.05E-08 1.55E-01 0.00E+00 1.82E+03 0.00E+00 1.15E+00 1.00E+00 4.04E+01 9.56E-07 4.18E+07 1.82E+03 1.82E+01 1 1
1.97E-08 1.58E-01 0.00E+00 1.86E+03 0.00E+00 1.16E+00 1.00E+00 4.21E+01 9.56E-07 4.34E+07 1.86E+03 1.86E+01 1 1
1.88E-08 1.61E-01 0.00E+00 1.90E+03 0.00E+00 1.16E+00 1.00E+00 4.37E+01 9.55E-07 4.52E+07 1.90E+03 1.89E+01 1 1
1.81E-08 1.64E-01 0.00E+00 1.93E+03 0.00E+00 1.16E+00 1.00E+00 4.55E+01 9.55E-07 4.70E+07 1.93E+03 1.93E+01 1 1
1.73E-08 1.67E-01 0.00E+00 1.97E+03 0.00E+00 1.17E+00 1.00E+00 4.74E+01 9.55E-07 4.89E+07 1.97E+03 1.97E+01 1 1
1.66E-08 1.71E-01 0.00E+00 2.01E+03 0.00E+00 1.17E+00 1.00E+00 4.93E+01 9.54E-07 5.09E+07 2.01E+03 2.01E+01 1 1
1.59E-08 1.74E-01 0.00E+00 2.05E+03 0.00E+00 1.17E+00 1.00E+00 5.13E+01 9.54E-07 5.29E+07 2.05E+03 2.05E+01 1 1
1.52E-08 1.77E-01 0.00E+00 2.09E+03 0.00E+00 1.18E+00 1.00E+00 5.33E+01 9.53E-07 5.51E+07 2.09E+03 2.09E+01 1 1
1.46E-08 1.81E-01 0.00E+00 2.13E+03 0.00E+00 1.18E+00 1.00E+00 5.55E+01 9.53E-07 5.73E+07 2.13E+03 2.13E+01 1 1
1.40E-08 1.85E-01 0.00E+00 2.18E+03 0.00E+00 1.18E+00 1.00E+00 5.77E+01 9.53E-07 5.96E+07 2.18E+03 2.17E+401 1 1
1.34E-08 1.88E-01 0.00E+00 2.22E403 0.00E+00 1.19E+00 1.00E+00 6.01E+01 9.52E-07 6.20E+07 2.22E403 2.22E+01 1 1 0 100
1.28E-08 1.92E-01 0.00E+00 2.26E+03 0.00E+00 1.19E+00 1.00E+00 6.25E+01 9.52E-07 6.45E+07 2.26E+03 2.26E+01 1 1
1.23E-08 1.96E-01 0.00E+00 2.31E+03 0.00E+00 1.19E+00 1.00E+00 6.50E+01 9.51E-07 6.71E+07 2.31E+03 2.31E+401 1 1
1.99E-09 4.32E-01 0.00E+00 5.10E+03 0.00E+00 1.43E+00 1.00E+00 3.17E+02 8.99E-07 3.27E+08 5.10E+03 5.10E+01 1 1
1.89E-09  4.41E-01 0.00E+00 5.20E+03 0.00E+00 1.44E+00 1.00E+00 3.30E+02 = 8.97E-07 3.40E+08 5.20E+03  5.20E+01 1 1
1.80E-09 4.50E-01 0.00E+00 5.30E+03 0.00E+00 1.44E+00 1.00E+00 3.43E+02 8.94E-07 3.54E+08 5.30E+03 5.30E+01 1 1
1.72E-09 4.59E-01 0.00E+00 5.41E+03 0.00E+00 1.45E+00 1.00E+00 3.57E+02 8.92E-07 3.08E+08 5.41E+03 5.41E+01 1 1
1.64E-09 4.68E-01 0.00E+00 5.52E+03 0.00E+00 1.46E+00 1.00E+00 3.71E+02 8.89E-07 3.83E+08 5.52E+03 5.52E+01 1 1
1.56E-09 4.77E-01 0.00E+00 5.63E+03 0.00E+00 1.47E+00 1.00E+00 3.86E+02 8.87E-07 3.98E+08 5.63E+03 5.63E+01 1 1
>FAM-source= 1.95E-04
FAM= 7.42E-01




Table 2.52 Estimation of External Radiation Dose at the Receptor
Location (0, 0, 1) (m) from Mn-54 in Six Area Sources without Cover

DCF-inf Average Estimated
(mrem/yr Decay Factor Area of Dose
per pCi/g) |Half-life,yr| in 1styear Fep-surf  |Source (m2) Fam (mrem/yr)

10,000 7.42E-01 4.83E-05

1,000 5.37E-01 3.49E-05

5.16E+00 | 8.56E-01 | 6.85E-01 1.84E-05 100 3.278:01 2.126:05
36 2.36E-01 1.53E-05

10 1.35E-01 8.77E-06

4 7.73E-02 5.03E-06

Table 2.53 Estimation of External Radiation Dose at the Receptor
Location (0, 0, 0.3) (m) from Mn-54 in Six Area Sources without Cover

DCF-inf Average Estimated
(mrem/yr Decay Factor Area of Dose
per pCi/g) |Half-life, yr | in 1styear Feg-surf  |Source (m2) Fam (mrem/yr)

10,000 9.64E-01 6.28E-05

1,000 7.58E-01 4.94E-05

5.16E+00 | 8.56E-01 | 6.85E-01 1.84E-05 100 >-46E-01 3.55E-05
36 4.51E-01 2.93E-05

10 3.34E-01 2.18E-05

4 2.53E-01 1.65E-05

Table 2.54 Estimation of External Radiation Dose at the Receptor
Location (0, 0, 4) (m) from Mn-54 in Six Area Sources without Cover

DCF-inf Average Estimated
(mrem/yr Decay Factor Area of Dose
per pCi/g) |Half-life, yr| in 1styear Feo-surf  |Source (m2) Fam (mrem/yr)

10,000 4.85E-01 3.16E-05

1,000 2.83E-01 1.85E-05

5.16E+00 | 8.56E-01 | 6.85E-01 1.84E-05 100 1.03E-01 673806
36 5.09E-02 3.31E-06

10 1.73E-02 1.13E-06

4 7.26E-03 4.73E-07
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Table 2.55 Comparison of Radiation Doses (mrem/yr) Estimated by RESRAD-BUILD and Spreadsheets from Mn-54 in Six Area Sources
without Cover

Receptor Location (0, 0, 1) {m) Receptor Location (0, 0, 0.3) (m) Receptor Location (0, 0, 4) (m)
Dose Results Dose Results
Dose Results  Dose Results Ratio - from Dose Results Ratio - from Dose Results Ratio -
Area of from RESRAD- from RESRAD-BUILD/ RESRAD- from RESRAD-BUILD/ | RESRAD- from RESRAD-BUILD/
Source (m’) BUILD Spreadsheets = Spreadsheets BUILD Spreadsheets  Spreadsheets BUILD Spreadsheets Spreadsheets

10,000 4.80E-05 4.83E-05 0.99 6.25E-05 6.28E-05 1.00 3.13E-05 3.16E-05 0.99
1,000 3.46E-05 3.49E-05 0.99 4.92E-05 4.94E-05 1.00 1.82E-05 1.85E-05 0.99
100 2.10E-05 2.12E-05 0.99 3.55E-05 3.55E-05 1.00 6.58E-06 6.73E-06 0.98
36 1.52E-05 1.53E-05 0.99 2.94E-05 2.93E-05 1.00 3.25E-06 3.31E-06 0.98
10 8.65E-06 8.77E-06 0.9 2.17E-05 2.18E-05 1.00 1.09E-06 1.13E-06 0.97
4 4.97E-06 5.03E-06 0.99 1.65E-05 1.65E-05 1.00 4.61E-07 4. 73E-07 0.97

Table 2.56 Calculation of Fcp for Tc-99 in an Area Source without Cover

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g) 0.787 0.213 0.211 2.63
Reference source - Cover material = none Cover thickness, cm = 0 Density of cover, g/cm3 = 1.6
Source density , g/cm3 = 1.6 Source thickness, cm = 0.001

Surface activity conversion factor, (pCi/g)/(pCi/m?2) 0.0625

Fep = —D(T‘:t"rs=r‘_] = Ae KaPcte(] — ¢7KapPsts) + Be KpPcle(1 — ¢ ~KBPSts)
D(T.=0.Tg=x)

FCD-surf=0.00007250 (Note: FCD-surf = FCD x Surface activity conversion factor)
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Table 2.57 Calculation of Fam for Tc-99 in a Reference Area Source without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to  Effective Mass
Effective Mass Effective Attenuatio Mass ﬂ:w
Dose Attenuation mass Mass n Attenuatio [fa +1, +1)
Conversion Coefficient Attenuation Attenuation Coefficient n
Factor (source}  Coefficient Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (/cm) (ref) (fcm) (soil) (/fcm) (fem) (air) (/cm)
1 0.101 0.001772 0.98 0.361 1.88E-04 1.88E-04 2.77E-01  4.26E-01 1.8BE-04
ta (cm) = 100 tc(cm)=0 Source-ref area (m2) = 3.36E+06
dist. in- Receptor Receptor
exp(-ux)/x2 - dist. in -ref- ref-cover mfp-dist. mfp-dist. in- BF-ref-  Vol-source- 4m x dist-  distance- ta + tc location y location z
ref air (cm) (cm) in -ref-air ref-cover  BF-ref-air cover ref Fag-ref  refA2 (cm2) ref(cm) r-ref (m) (m) ta (m) (cm) (cm)

7.81E-06 1.00E+02 0.00E+00 1.88E-02 0.00E+00 1.05E+00 1.00E+00 0.00E+00  0.00E+00 1.26E+05 1.00E+02 0.00E+00 1 1.00

7.73E-06 1.00E+02 0.00E+00 1.88E-02 0.00E+00 1.05E+00 1.00E+00 3.14E-02 2.55E-07 1.27E+05 1.00E+02 1.00E-01 1 1.00

7.72E-06 1.01E+02 0.00E+00 1.89E-02 0.00E+00 1.05E+00 1.00E+00 1.91E-03 1.55E-08 1.27E+05 1.01E+02 1.03E-01 1 1.00

7.72E-06 1.01E+02 0.00E+00 1.89E-02 0.00E+00 1.05E+00 1.00E+00 2.03E-03 1.65E-08 1.27E+05 1.01E+02 1.06E-01 1 1.00

7.71E-06 1.01E+02 0.00E+00 1.89E-02 0.00E+00 1.05E+00 1.00E+00 2.15E-03 1.75E-08 1.27E+05 1.01E+02 1.09E-01 1 1.00

7.71E-06 1.01E+02 0.00E+00 1.89E-02 0.00E+00 1.05E+00 1.00E+00 2.29E-03 1.85E-08 1.27E+05 1.01E+02 1.13E-01 1 1.00

7.70E-06 1.01E+02 0.00E+00 1.89E-02 0.00E+00 1.05E+00 1.00E+00 2.42E-03 1.96E-08 1.27E+05 1.01E+02 1.16E-01 1 1.00

7.70E-06 1.01E+02 0.00E+00 1.89E-02 0.00E+00 1.05E+00 1.00E+00 2.57E-03 2.08E-08 1.28E+05 1.01E+02 1.19E-01 1 1.00 0 100
7.69E-06 1.01E+02 0.00E+00 1.89E-02 0.00E+00 1.05E+00 1.00E+00 2.73E-03 2.21E-08 1.28E+05 1.01E+02 1.23E-01 1 1.00

3.55E-09 3.43E+03 0.00E+00 6.43E-01 0.00E+00  2.95E+00 1.00E+00 1.44E+02 1.50E-06 1.48E+08 3.43E+03 3.43E+01 1 1.00

3.37E-09 3.50E+03 0.00E+00 6.56E-01 0.00E+00  3.00E+00 1.00E+00 1.49E+02 1.51E-06  1.54E+08 3.50E+03 3.50E+01 1 1.00

3.20E-09 3.57E+03 0.00E+00 6.69E-01 O0.00E+00  3.06E+00 1.00E+00 1.55E+02 1.52E-06 1.60E+08 3.57E+03 3.57E+01 1 1.00

3.03E-09 3.64E+03 0.00E+00 6.83E-01 0.00E+00  3.11E+00 1.00E+00 1.62E+02 1.53E-06 1.67E+08 3.64E+03 3.64E+01 1 1.00

2.87E-09 3.71E+03 0.00E+00 6.96E-01 0.00E+00  3.17E+00 1.00E+00 1.68E+02 1.53E-06 1.73E+08 3.71E+03 3.71E+01 1 1.00

2.72E-09 3.79E+03 0.00E+00 7.10E-01 O0.00E+00  3.23E+00 1.00E+00 1.75E+02 1.54E-06  1.B0E+08 3.79E+03 3.79E+01 1 1.00

6.49E-20 9.94E+04 0.00E+00 1.86E+01 0.00E+00 1.53E+03 1.00E+00 1.21E+05 1.20E-11 1.24E+11 9.94E+04 9.94E+02 1 1.00

4.29E-20 1.01E+05 O0.00E+00 1.90E+01 O0.00E+00 1.61E+03 1.00E+00 1.25E+05  8.66E-12 1.29E+11 1.01E+05 1.01E+03 1 1.00

2.82E-20 1.03E+05 0.00E+00 1.94E+01 0.00E+00 1.68E+03 1.00E+00 1.30E+05 6.20E-12 1.34E+11 1.03E+05 1.03E+03 1 1.00

E FAM—ref = 3.52E-04
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Table 2.58 Calculation of Fam for Tc-99 in an Area Source of 4 m? without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to
Effective
Dose

Conversion Coefficient Attenuation Attenuation Coefficient

Effective
Mass
Attenuation

Effective
mass Mass

Mass

Attenuatio

n

Mass
Attenuatio
n

(£ 40,41 g1 +11.)
(#,+1 +1)

Factor (source)  Coefficient Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (/cm) (ref) (fcm) (soil) (fcm) (fcm) (air) (/cm)
1 0.101 0.001772 0.98 0.361 1.88E-04 1.88E-04 2.77E-01 4.26E-01 1.88E-04
ta (cm) = 100 tc(cm)=0 Source area (m2) = 4 Source-ref area (m2) = 3.36E+06
mfp-dist.  dist. in - dist. in- 4 x dist- | distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - in-source- source- source-  BF-source- BF-source- source®2  source r-source ta+tc location y location z

source source-air cover air (cm)  cover (cm) air cover Vol-source Fyy-source  (cm2) (cm) (m) (m) ta (m) (cm) (cm)
7.81E-06 1.88E-02 0.00E+00 1.00E+02 0.00E+00 1.05E+00 1.00E+00 0.00E+00 0.00E+00 1.26E+05 1.00E+02 0.00E+00 1 1.00

7.73E-06 1.88E-02 0.00E+00 1.00E+02 0.00E+00 1.05E+00 1.00E+00 3.14E-02 2.55E-07 1.27E+05 1.00E+02 1.00E-01 1 1.00

7.72E-06 1.89E-02  0.00E+00 1.01E+02 0.00E+00 1.05E+00  1.00E+00 1.91E-03 = 1.55E-08 1.27E+05 1.01E+02 1.03E-01 1 1.00

7.72E-06 1.89E-02 0.00E+00 1.01E+02 0.00E+00 1.05E+00 1.00E+00 2.03E-03 1.65E-08 1.27E+05 1.01E+02 1.06E-01 1 1.00

7.71E-06 1.89E-02 0.00E+00 1.01E+02 0.00E+00 1.05E+00 1.00E+00 2.15E-03 1.75E-08 1.27E+05 1.01E+02 1.09E-01 1 1.00

7.71E-06 1.89E-02 0.00E+00 1.01E+02 O0.00E+00 1.05E+00  1.00E+00  2.29E-03  1.85E-08 1.27E+05 1.01E+02 1.13E-01 1 1.00

7.70E-06 1.89E-02 0.00E+00 1.01E+02 0.00E+00 1.05E+00 1.00E+00 2.42E-03 1.96E-08 1.27E+05 1.01E+02 1.16E-01 1 1.00

7.70E-06 1.89E-02 0.00E+00 1.01E+02 0.00E+00 1.05E+00 1.00E+00 2.57E-03 2.08E-08 1.28E+05 1.01E+02 1.19E-01 1 1.00

7.69E-06 1.89E-02 0.00E+00 1.01E+02 0.00E+00 1.05E+00 1.00E+00 2.73E-03 2.21E-08 1.28E+05 1.01E+02 1.23E-01 1 1.00

7.68E-06 1.89E-02 0.00E+00 1.01E+02 O0.00E+00 1.05E+00  1.00E+00  2.90E-03  2.34E-08 1.28E+05 1.01E+02 1.27E-01 1 1.00

7.67E-06 1.89E-02 0.00E+00 1.01E+02 0.00E+00 1.05E+00 1.00E+00 3.07E-03 2.48E-08 1.28E+05 1.01E+02 1.30E-01 1 1.00

7.67E-06 1.89E-02 0.00E+00 1.01E+02 0.00E+00 1.05E+00 1.00E+00 3.26E-03 2.63E-08 1.28E+05 1.01E+02 1.34E-01 1 1.00

7.66E-06 1.89E-02 0.00E+00 1.01E+02 0.00E+00 1.05E+00 1.00E+00 3.46E-03 2.78E-08 1.28E+05 1.01E+02 1.38E-01 1 1.00

7.65E-06 1.89E-02 0.00E+00 1.01E+02 0.00E+00 1.05E+00 1.00E+00 3.67E-03 2.95E-08 1.28E+05 1.01E+02 1.43E-01 1 1.00 1 100
3.86E-06 2.66E-02 0.00E+00 1.42E+02 0.00E+00 1.07E+00 1.00E+00 1.81E-01 7.51E-07 2.52E+05 1.42E+02 1.00E+00 1 1.00

3.75E-06 2.70E-02 0.00E+00 1.44E+02 0.00E+00 1.07E+00  1.00E+00 1.93E-01 = 7.74E-07 2.60E+05 1.44E+02 1.03E+00 1 1.00

3.63E-06 2.74E-02 0.00E+00 1.46E+02 0.00E+00 1.07E+00 1.00E+00 2.04E-01 7.96E-07 2.68E+05 1.46E+02 1.06E+00 1 1.00

3.51E-06 2.78E-02 0.00E+00 1.48E+02 0.00E+00 1.07E+00 1.00E+00 2.17E-01 8.19E-07 2.77E+05 1.48E+02 1.10E+00 1 1.00

3.40E-06 2.83E-02 0.00E+00 1.51E+02 0.00E+00 1.08E+00 1.00E+00 2.30E-01 8.41E-07 2.86E+05 1.51E+02 1.13E+00 1 1.00

¥ FAM-source = 2.11E-05
FAM = 6.00E-02
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Table 2.59 Calculation of Fam for Tc-99 in an Area Source of 10 m? without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to  Effective Mass
Effective Mass Effective Attenuatio Mass ;:w
Dose Attenuation mass Mass n Attenuatio r\fa +1, +1)
Conversion Coefficient Attenuation Attenuation Coefficient n
Factor (source)  Coefficient Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) {(/cm) (ref) (fcm) (soil) (fcm) (fcm) (air) (/cm)
1 0.101 0.001772 0.98 0.361 1.88E-04 1.88E-04 2.77E-01 4.26E-01 1.88E-04
ta (cm) = 100 tc (cm)=0 Source area (m2) = 10 Source-ref area (m2) = 3359362
mfp-dist.  dist. in - dist. in- 4m x dist- | distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - in-source- source- source-  BF-source- BF-source- source2  source r-source ta+tc locationy location z

source source-air cover air (cm)  cover (cm) air cover Vol-source Fyy-source  (cm2) (cm) {m) {m) ta (m) (cm) (cm)
3.29E-06 2.88E-02 0.00E+00 1.53E+02 0.00E+00 1.08E+00 1.00E+00 2.44E-01 8.64E-07 2.96E+05 1.53E+02 1.16E+00 1 1.00

3.17E-06 2.93E-02 0.00E+00 1.56E+02 0.00E+00 1.08E+00 1.00E+00  2.59E-01  8.86E-07 3.06E+05 1.56E+02 1.20E+00 1 1.00

3.06E-06 2.98E-02 0.00E+00 1.59E+02 0.00E+00 1.08E+00 1.00E+00 2.75E-01 9.08E-07 3.17E+05 1.59E+02 1.23E+00 1 1.00

2.95E-06 3.03E-02 0.00E+00 1.62E+02 0.00E+00 1.08E+00 1.00E+00 2.91E-01 9.30E-07 3.20E+05 1.62E+02 1.27E+00 1 1.00

2.84E-06 3.09E-02 0.00E+00 1.65E+02 0.00E+00 1.08E+00 1.00E+00 3.09E-01 9.52E-07 3.41E+05 1.65E+02 1.31E+00 1 1.00

2.74E-06 3.15E-02 0.00E+00 1.68E+02 0.00E+00 1.08E+00 1.00E+00 3.28E-01 9.73E-07 3.54E+05 1.68E+02 1.35E+00 1 1.00

2.63E-06 3.21E-02 0.00E+00 1.71E+02 0.00E+00 1.09E+00 1.00E+00 3.48E-01 9.94E-07 3.68E+05 1.71E+02 1.39E+00 1 1.00

2.53E-06 3.27E-02 0.00E+00 1.75E+02 0.00E+00 1.09E+00 1.00E+00 3.69E-01 1.01E-06  3.83E+05 1.75E+02 1.43E+00 1 1.00

2.43E-06 3.34E-02 0.00E+00 1.78E+02 0.00E+00 1.09E+00 1.00E+00  3.91E-01  1.04E-06 3.98E+05 1.78E+02 1.47E+00 1 1.00 0 100
2.33E-06 3.41E-02 0.00E+00 1.82E+02 0.00E+00 1.09E+00 1.00E+00 4.15E-01 1.06E-06 4.15E+05 1.82E+02 1.52E+00 1 1.00

2.23E-06 3.48E-02 0.00E+00 1.86E+02 0.00E+00 1.09E+00 1.00E+00 4.41E-01 1.08E-06 4.33E+05 1.86E+02 1.56E+00 1 1.00

2.14E-06 3.55E-02 0.00E+00 1.89E+02 0.00E+00 1.10E+00 1.00E+00 4.67E-01 1.09E-06 4.51E+05 1.89E+02 1.61E+00 1 1.00

2.05E-D6 3.63E-02 0.00E+00 1.94E+02 0.00E+00 1.10E+00 1.00E+00 4.96E-01 1.11E-06 4.71E+05 1.94E+02 1.66E+00 1 1.00

1.96E-06 3.71E-02 0.00E+00 1.98E+02 0.00E+00 1.10E+00 1.00E+00 5.26E-01 1.13E-06 4.92E+05 1.98E+02 1.71E+00 1 1.00

1.87E-06 3.79E-02 0.00E+00 2.02E+02 0.00E+00 1.10E+00 1.00E+00 5.58E-01 1.15E-06  5.15E+05 2.02E+02 1.76E+00 1 1.00

1.81E-06 3.85E-02 0.00E+00 2.05E+02 0.00E+00 1.10E+00 1.00E+00  3.93E-01  7.87E-07 5.30E+05 2.05E+02 1.79E+00 1 1.00

> Fam-source = 3.71E-05
Fa= 1.05E-01
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Table 2.60 Calculation of Fam for Tc-99 in an Area Source of 36 m? without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to  Effective Mass
Effective Mass Effective Attenuatio Mass ﬂzw
Dose Attenuation mass Mass n Attenuatio ['fa +1, +1)
Conversion Coefficient Attenuation Attenuation Coefficient n
Factor (source)  Coefficient Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (/ecm) (ref) (/fcm) (soil) (/fcm) (fcm) (air) (/cm)
1 0.101 0.001772 0.98 0.361 1.88E-04 1.88E-04 2.77E-01 4.26E-01 1.88E-04
ta (cm) = 100 tc (cm) =0 Source area (m2) = 36 Source-ref area (m2) = 3359362
mfp-dist.  dist. in - dist. in- 4m x dist- | distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - in-source- source- source-  BF-source- BF-source- source®2  source r-source ta+tc location y location z

source source-air cover air (cm)  cover (cm) air cover Vol-source Fuy-source  (cm2) (cm) {m) (m) ta (m) (cm) (cm)
1.71E-06 3.97E-02 0.00E+00 2.12E+02 0.00E+00 1.11E+00 1.00E+00  4.25E-01  8.02E-07 5.64E+05 2.12E+02 1.87E+00 1 1.00

1.65E-06 4.03E-02 0.00E+00 2.15E+02 0.00E+00 1.11E+00 1.00E+00 4.42E-01 8.10E-07 5.81E+05 2.15E+02 1.90E+00 1 1.00

1.60E-06 4.10E-02 0.00E+00 2.18E+02 0.00E+00 1.11E+00 1.00E+00 4.60E-01 8.18E-07 6.00E+05 2.18E+02 1.94E+00 1 1.00

1.55E-06 4.16E-02  0.00E+00 2.22E+02 0.00E+00 1.11E+00 1.00E+00  4.79E-01 @ 8.25E-07 6.19E+05 2.22E+02 1.98E+00 1 1.00

1.50E-06 4.23E-02 0.00E+00 2.25E+02 0.00E+00 1.11E+00 1.00E+00 4.98E-01 8.33E-07 6.39E+05 2.25E+02 2.02E+00 1 1.00

1.45E-06 4.30E-02 0.00E+00 2.29E+02 0.00E+00 1.12E+00 1.00E+00 5.18E-01 8.40E-07 6.60E+05 2.20E+02 2.06E+00 1 1.00

1.41E-06 4,37E-02 0.00E+00 2.33E+02 0.00E+00 1.12E+00 1.00E+00  5.39E-01  8.47E-07 6.81E+05 2.33E+02 2.10E+00 1 1.00

1.36E-06 4.44E-02 0.00E+00 2.37E+02 0.00E+00 1.12E+00 1.00E+00 5.61E-01 8.54E-07 7.04E+05 2.37E+02 2.14E+00 1 1.00

1.32E-06 4.51E-02 0.00E+00 2.40E+02 0.00E+00 1.12E+00 1.00E+00 5.84E-01 8.61E-07 7.27E+05 2.40E+02 2.19E+00 1 1.00

1.27E-06 4.58E-02 0.00E+00 2.44E+02 0.00E+00 1.12E+00 1.00E+00 6.07E-01 8.67E-07 7.51E+05 2.44E+02 2.23E+00 1 1.00 0 100
1.23E-06 4.66E-02 0.00E+00 2.49E+02 0.00E+00 1.13E+00 1.00E+00 6.32E-01 8.74E-07  7.76E+05 2.49E+02 2.28E+00 1 1.00

1.19E-06 4.74E-02 0.00E+00 2.53E+02 0.00E+00 1.13E+00 1.00E+00 6.57E-01 8.80E-07 8.03E+05 2.53E+02 2.32E+00 1 1.00

7.77E-07 5.83E-02 0.00E+00 3.11E+02 0.00E+00 1.16E+00 1.00E+00  1.06E+00 9.50E-07 1.21E+06 3.11E+02 2.94E+00 1 1.00

7.49E-07 5.93E-02 0.00E+00 3.16E+02 0.00E+00 1.16E+00 1.00E+00 1.10E+00 9.55E-07 1.26E+06 3.16E+02 3.00E+00 1 1.00

7.22E-07 6.04E-02 0.00E+00 3.22E+02 0.00E+00 1.16E+00 1.00E+00 1.14E+00 9.60E-07 1.30E+06 3.22E+02 3.06E+00 1 1.00

6.95E-07 6.15E-02 0.00E+00 3.28E+02 0.00E+00 1.17E+00 1.00E+00  1.19E+00 9.65E-07 1.35E+06 3.28E+02 3.12E+00 1 1.00

6.70E-07 6.26E-02 0.00E+00 3.34E+02 0.00E+00 1.17E+00 1.00E+00 1.24E+00 9.70E-07 1.40E+06 3.34E+02 3.19E+00 1 1.00

6.46E-07 6.38E-02 0.00E+00 3.40E+02 0.00E+00 1.17E+00 1.00E+00 1.29E+00 9.75E-07 1.45E+06 3.40E+02 3.25E+00 1 1.00

6.22E-07 6.49E-02 0.00E+00 3.46E+02 0.00E+00 1.17E+00 1.00E+00  1.34E+00 9.80E-07 1.51E+06 3.46E+02 3.31E+00 1 1.00

> Fam-source = 6.58E-05
Fam= 1.87E-01
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Table 2.61 Calculation of Fam for Tc-99 in an Area Source of 100 m?without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to = Effective Mass
Effective Mass Effective Attenuatio Mass ﬂ:w
Dose  Attenuation mass Mass n Attenuatio (fa L +t)
Conversion Coefficient Attenuation Attenuation Coefficient n
Factor (source) Coefficient Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm32) (fcm) (ref) (fcm) | (scil) (fcm) (fcm) (air) {/cm)
1 0.101 0.001772 0.98 0.361 1.88E-04 1.88E-04 2.77E-01  4.26E-01 1.88E-04
ta (cm) = 100 tc(cm)= 0 Source area (m2) = 100 Source-ref area (m2) = 3.4E+06
mfp-dist. dist. in - dist. in- A4n x dist-  distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - in-source- source- source-  BF-source- BF-source- sourcer2 | source r-source ta+tc locationy location z
source source-air cover air (cm)  cover (cm) air cover Vol-source Fyy-source  (em2) (cm) (m) (m) ta (m) (em) (cm)
5.77E-07 ©6.73E-02 0.00E+00 3.59E+02 O0.00E+00 1.18E+00 1.00E+00 1.45E+00  9.89E-07 1.62E+06 3.59E+02 3.45E+00 1 1.00
5.55E-07 6.86E-02 0.00E+00 3.66E+02 O0.00E+00 1.18E+00 1.00E+00 1.51E+00 9.94E-07 1.68E+06 3.66E+02 3.52E+00 1 1.00
5.35E-07 ©6.99E-02 0.00E+00 3.72E+02 O0.00E+00 1.19E+00 1.00E+00 1.57E+00  9.98E-07 1.74E+06 3.72E+02 3.59E+00 1 1.00
5.15E-07 7.11E-02 0.00E+00 3.79E+02 0.00E+00 1.19E+00 1.00E+00 1.63E+00 1.00E-06 = 1.81E+06 3.79E+02 3.66E+00 1 1.00
4.95E-07 7.25E-02 0.00E+00 3.86E+02 O0.00E+00 1.20E+00 1.00E+00 1.70E+00 1.01E-06 @ 1.88E+06 3.86E+02 3.73E+00 1 1.00
4.77E-07 7.38E-02  0.00E+00 3.94E+02 0.00E+00 1.20E+00 1.00E+00 1.77E+00 1.01E-06 = 1.85E+06 3.94E+02 3.81E+00 1 1.00
4.59E-07 7.52E-02 0.00E+00 4.01E+02 O0.00E+00 1.20E+00 1.00E+00 1.84E+00 1.02E-06 = 2.02E+06 4.01E+02 3.88E+00 1 1.00
4. 41E-07 7.66E-02 0.00E+00 4.09E+02 0.00E+00 1.21E+00 1.00E+00 1.91E+00 1.02E-06  2.10E+06 4.09E+02 3.96E+00 1 1.00
4.25E-07 7.81E-02 0.00E+00 4.16E+02 0.00E+00 1.21E+00 1.00E+00 1.99E+00 1.02E-06  2.18E+06 4.16E+02 4.04E+00 1 1.00
4.08E-07 7.95E-02 0.00E+00 4.24E+02 0.00E+00 1.21E+00 1.00E+00 2.07E+00 1.03E-06  2.26E+06 4.24E+02 4.12E+00 1 1.00
3.93E-07 8.10E-02 0.00E+00 4.32E+02 0.00E+00 1.22E+00 1.00E+00 2.16E+00 1.03E-06 = 2.35E+06 4.32E+02 4.20E+00 1 1.00
3.78E-07 8.26E-02 0.00E+00 4.40E+02 0.00E+00 1.22E+00 1.00E+00 2.24E+00 1.04E-06  2.44E+06 4.40E+02 4.29E+00 1 1.00
3.63E-07 8.41E-02 0.00E+00 4.49E+02 0.00E+00 1.23E+00 1.00E+00 2.33E+00 1.04E-06  2.53E+06 4.49E+02 4.37E+00 1 1.00 0 100
3.49E-07 8.57E-02 0.00E+00 4.57E+02 0.00E+00 1.23E+00 1.00E+00 2.43E+00 1.04E-06 = 2.63E+06 4.57E+02 4.46E+00 1 1.00
3.36E-07 8.74E-02 0.00E+00 4.66E+02 O0.00E+00 1.24E+00 1.00E+00 2.53E+00 1.05E-06 = 2.73E+06 4.66E+02 4.55E+00 1 1.00
3.23E-07 8.90E-02 0.00E+00 4.75E+02 0.00E+00 1.24E+00 1.00E+00 2.63E+00 1.05E-06 2.83E+06 4.75E+02 4.64E+00 1 1.00
3.10E-07 9.07E-02 0.00E+00 4.84E+02 0.00E+00 1.24E+00 1.00E+00 2.73E+00 1.06E-06  2.94E+06 4.84E+02 4.73E+00 1 1.00
2.98E-07 9.25E-02 0.00E+00 4.93E+02 0.00E+00 1.25E+00 1.00E+00 2.85E+00 1.06E-06 = 3.06E+06 4.93E+02 4.83E+00 1 1.00
2.87E-07 9.43E-02 0.00E+00 5.03E+02 O0.00E+00  1.25E+00 1.00E+00 2.96E+00 1.06E-06 = 3.18E+06 5.03E+02 4.93E+00 1 1.00
2.75E-07 9.61E-02 0.00E+00 5.12E+02 0.00E+00 1.26E+00 1.00E+00 3.08E+00 1.07E-06 = 3.30E+06 5.12E+02 5.02E+00 1 1.00
2.65E-07 9.79E-02 0.00E+00 5.22E+02 0.00E+00 1.26E+00 1.00E+00 3.20E+00 1.07E-06 = 3.43E+06 5.22E+02 5.12E+00 1 1.00
2.54E-07 9.98E-02 0.00E+00 5.32E+02 0.00E+00 1.27E+00 1.00E+00 3.33E+00 1.08E-06 3.56E+06 5.32E+02 5.23E+00 1 1.00
2.44E-07 1.02E-01 0.00E+00 5.42E+02 O0.00E+00 1.27E+00 1.00E+00 3.47E+00 1.08E-06 @ 3.70E+06 5.42E+02 5.33E+00 1 1.00
2.35E-07 1.04E-01 0.00E+00 5.53E+02 O0.00E+00 1.28E+00 1.00E+00 3.61E+00 1.08E-06 = 3.84E+06 5.53E+02 5.44E+00 1 1.00
2.25E-07 1.06E-01 0.00E+00 5.64E+02 0.00E+00 1.28E+00 1.00E+00 3.75E+00 1.09E-06  3.99E+06 5.64E+02 5.55E+00 1 1.00
2.16E-07 1.08E-01 0.00E+00 5.75E+02 0.00E+00 1.29E+00 1.00E+00 3.91E+00 1.09E-06 4.15E+06 5.75E+02 5.66E+00 1 1.00
% Fag-source = 9.29E-05
Fam= 2.64E-01
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Table 2.62 Calculation of Fam for Tc-99 in an Area Source of 1,000 m? without Cover at the Receptor Location (0, 0, 10) (m)

Fluence to  Effective Mass
Effective Mass Effective Attenuatio Mass ﬂ:w
Dose Attenuation mass Mass n Attenuatio [fa +1, +1)
Conversion Coefficient Attenuation Attenuation Coefficient n
Factor (source)  Coefficient Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (/cm) (ref) (fem) (soil) (/fcm) (fem) (air) (/cm)
1 0.101 0.001772 0.98 0.361 1.88E-04 1.88E-04 2.77E-01 4.26E-01 1.88E-04
ta (cm) = 100 tc(cm)=0 Source area (m2) = 1000 Source-ref area (m2) = 3.36E+06
mfp-dist.  dist. in - dist. in- 4m x dist- | distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - in-source- source- source-  BF-source- BF-source- source2  source r-source ta+tc location y location z

source source-air cover air (cm)  cowver (cm) air cover Vol-source Fyy-source  (cm2) (cm) (m) (m) ta (m) (cm) (cm)
2.08E-07 1.10E-01 0.00E+00 5.86E+02 0.00E+00 1.30E+00 1.00E+00 = 4.06E+00  1.09E-06 4.31E+06 5.86E+02 5.77E+00 1 1.00

2.00E-07 1.12E-01 0.00E+00 5.97E+02 0.00E+00 1.30E+00 1.00E+00 4.23E+00 1.10E-06 4.48E+06 5.97E+02 5.89E+00 1 1.00

1.92E-07 1.14E-01 0.00E+00 6.09E+02 0.00E+00 1.31E+00 1.00E+00 4.40E+00 1.10E-06 4.66E+06 6.09E+02 6.00E+00 1 1.00

1.84E-07 1.16E-01 0.00E+00 6.20E+02 0.00E+00 1.31E+00 1.00E+00 4.58E+00 1.11E-06 4.84E+06 6.20E+02 6.12E+00 1 1.00

1.77E-07 1.19E-01 0.00E+00 6.33E+02 0.00E+00 1.32E+00 1.00E+00 4.76E+00 1.11E-06  5.03E+06 ©6.33E+02 6.25E+00 1 1.00

1.69E-07 1.21E-01 0.00E+00 6.45E+02 0.00E+00 1.33E+00 1.00E+00 4.95E+00 1.11E-06 5.23E+06 ©6.45E+02 6.37E+00 1 1.00

1.63E-07 1.23E-01 0.00E+00 6.58E+02 0.00E+00 1.33E+00 1.00E+00 5.15E+00 1.12E-06 5.43E+06 6.58E+02 6.50E+00 1 1.00

1.56E-07 1.26E-01 0.00E+00 6.70E+02 0.00E+00 1.34E+00 1.00E+00 @ 5.36E+00  1.12E-06 5.65E+06 6.70E+02 6.63E+00 1 1.00

1.50E-07 1.28E-01 0.00E+00 6.83E+02 0.00E+00 1.35E+00 1.00E+00 5.58E+00 1.12E-06 5.87E+06 6.83E+02 6.76E+00 1 1.00 0 100
1.44E-07 1.31E-01 0.00E+00 6.97E+02 0.00E+00 1.35E+00 1.00E+00 5.80E+00 1.13E-06 6.10E+06 6.97E+02 6.90E+00 1 1.00

1.38E-07 1.33E-01 0.00E+00 7.11E+02 0.00E+00 1.36E+00 1.00E+00  6.04E+00 1.13E-06 6.35E+06 7.11E+02 7.03E+00 1 1.00

2.24E-08 3.04E-01 0.00E+00 1.62E+03 0.00E+00 1.82E+00 1.00E+00 3.19E+01 1.30E-06 3.30E+07 1.62E+03 1.62E+01 1 1.00

2.14E-08 3.10E-01 0.00E+00 1.65E+03 0.00E+00 1.83E+00 1.00E+00 3.32E+01 1.30E-06  3.43E+07 1.65E+03 1.65E+01 1 1.00

2.04E-08 3.16E-01 0.00E+00 1.68E+03 0.00E+00 1.85E+00 1.00E+00 3.45E+01 1.31E-06 3.57E+07 1.68E+03 1.68E+01 1 1.00

1.95E-08 3.22E-01 0.00E+00 1.72E+03 0.00E+00 1.87E+00 1.00E+00 3.59E+01 1.31E-06 3.71E+07 1.72E+03 1.71E+01 1 1.00

1.87E-08 3.29E-01 0.00E+00 1.75E+03 0.00E+00 1.88E+00 1.00E+00 3.73E+01 1.31E-06 3.86E+07 1.75E+03 1.75E+01 1 1.00

1.78E-08 3.35E-01 0.00E+00 1.79E+03 0.00E+00 1.90E+00 1.00E+00  3.88E+01 1.32E-06 4.01E+07 1.79E+03 1.78E+01 1 1.00

> Fay-source = 1.63E-04
Fam= 4.62E-01
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Table 2.63 Calculation of Fam for Tc-99 in an Area Source of 10,000 m? without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to  Effective Mass
Effective Mass Effective Attenuatio Mass ﬂzw
Dose Attenuation mass Mass n Attenuatio ['fa +1, +1)
Conversion Coefficient Attenuation Attenuation Coefficient n
Factor (source)  Coefficient Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (/ecm) (ref) (/fcm) (soil) (/fcm) (fcm) (air) (/cm)
1 0.101 0.001772 0.98 0.361 1.88E-04 1.88E-04 2.77E-01 4.26E-01 1.88E-04
ta (cm) = 100 tc (cm) =0 Source area (m2) = 10000 Source-ref area (m2) = 3.36E+06
mfp-dist.  dist. in - dist. in- 4m x dist- | distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - in-source- source- source-  BF-source- BF-source- source®2  source r-source ta+tc location y location z
source source-air cover air (cm)  cover (cm) air cover Vol-source Fuy-source  (cm2) (cm) {m) (m) ta (m) (cm) (cm)
1.70E-08 3.42E-01 0.00E+00 1.82E+03 0.00E+00 1.92E+00 1.00E+00  4.04E+01 1.32E-06 4.18E+07 1.82E+03 1.82E+01 1 1.00
1.62E-08 3.49E-01 0.00E+00 1.86E+03 0.00E+00 1.94E+00 1.00E+00 4.21E+01 1.32E-06 4.34E+07 1.86E+03 1.86E+01 1 1.00
1.55E-08 3.56E-01 0.00E+00 1.90E+03 0.00E+00 1.96E+00 1.00E+00 4.37E+01 1.33E-06 4.52E+07 1.90E+03 1.89E+01 1 1.00
1.48E-08 3.63E-01 0.00E+00 1.93E+03 0.00E+00 1.98E+00 1.00E+00  4.55E+01 1.33E-06 4.70E+07 1.93E+03 1.93E+01 1 1.00
1.41E-08 3.70E-01 0.00E+00 1.97E+03 O0.00E+00 2.00E+00 1.00E+00 4.74E+01 1.34E-06 4.89E+07 1.97E+03 1.97E+01 1 1.00
1.35E-08 3.77E-01  0.00E+00 2.01E+03 O0.00E+00  2.02E+00 1.00E+00 4.93E+01 1.34E-06 5.09E+07 2.01E+03 2.01E+01 1 1.00
1.29E-08 3.85E-01 0.00E+00 2.05E+03 0.00E+00 2.04E+00 1.00E+00  5.13E+01 1.34E-06 5.29E+07 2.05E+03 2.05E+01 1 1.00
1.23E-08 3.93E-01 O0.00E+00 2.09E+03 O0.00E+00  2.06E+00 1.00E+00 5.33E+01 1.35E-06 5.51E+07 2.09E+03 2.09E+01 1 1.00
1.17E-08 4.00E-01 0.00E+00 2.13E+03 0.00E+00  2.08E+00 1.00E+00 5.55E+01 1.35E-06 5.73E+07 2.13E+03 2.13E+01 1 1.00
1.12E-08 4.08E-01 0.00E+00 2.18E+03 0.00E+00 2.10E+00 1.00E+00 5.77E+01 1.35E-06 5.96E+07 2.18E+03 2.17E+01 1 1.00
1.06E-08 4.16E-01 0.00E+00 2.22E+03 0.00E400  2.12E+00 1.00E+00 6.01E+01 1.36E-06 6.20E+07 2.22E+03 2.22E+01 1 1.00 0 100
1.01E-08 4.25E-01 0.00E+00 2.26E+03 0.00E+00  2.14E+00 1.00E+00 6.25E+01 1.36E-06 6.45E+07 2.26E+03 2.26E+01 1 1.00
9.66E-09 4.33E-01 0.00E+00 2.31E+03 0.00E+00  2.17E+00 1.00E+00 6.50E+01 1.36E-06 6.71E+07 2.31E+03 2.31E+01 1 1.00
1.18E-09 9.56E-01 0.00E+00 5.10E+03 O0.00E+00 4.26E+00 1.00E+00 3.17E+02 1.59E-06 3.27E+08 5.10E+03 5.10E+01 1 1.00
1.11E-09 9.75E-01 O0.00E+00 5.20E+03 O0.00E+00  4.34E+00 1.00E+00 3.30E+02 1.59E-06 3.40E+08 5.20E+03 5.20E+01 1 1.00
1.05E-09 9.95E-01 0.00E+00 5.30E+03 0.00E+00 4.42E+00 1.00E+00  3.43E+02 1.59E-06 3.54E+08 5.30E+03 5.30E+01 1 1.00
9.86E-10 1.01E+00 O0.00E+00 5.41E+03 O0.00E+00 4.55E+00 1.00E+00 3.57E+02 1.60E-06 3.68E+08 5.41E+03 5.41E+01 1 1.00
9.29E-10 1.03E+00 O0.00E+00 5.52E+03 O0.00E+00  4.69E+00 1.00E+00 3.71E+02 1.62E-06 3.83E+08 5.52E+03 5.52E+01 1 1.00
8.74E-10 1.06E+00 0.00E+00 5.63E+03 0.00E+00 4.83E+00 1.00E+00  3.86E+02 1.63E-06 3.98E+08 5.63E+03 5.63E+01 1 1.00

> Fay-source = 2.48E-04
FAM = 7.04E-01




Table 2.64 Estimation of External Radiation Dose at the Receptor
Location (0, 0, 1) (m) from Tc-99 in Six Area Sources without Cover

Average
DCF-inf Decay Area of Estimated
{mrem/yr per Factor in Source Dose
pCi/g) Half-life, yr | 1styear | Fgp-surf (m2) Fam (mrem/yr)

10,000 7.04E-01 6.40E-09
1,000 4.62E-01 4.20E-09

1.26E-04 | 2.13E+05 |1.00E+00 | 7.25E-05 100 2.64E-01 | 2.40E-09
36 1.87E-01 | 1.70E-09
10 1.05E-01 | 9.58E-10
4 6.00E-02 | 5.46E-10

Radiation doses at the receptor location (0, 0, 0.3) (m) were estimated with the same
procedure used for estimating the doses at the receptor location (0, 0, 1) (m). Because the source
thickness (assumed to be 0.001 cm) and cover thickness (0 cm) did not change, the value of Fcp
stayed the same, as shown in Table 2.56. The values of Fam for each of the six circular area
sources were estimated as the sum of the Fam’s for individual annuli that constitute the area
source. Because the design of tables used for estimating Fam’s was the same as that of
Tables 2.58 to 2.63, these estimation tables are not presented here; only the final value of Fam for
each area source are presented, in Table 2.65, which shows the calculation of radiation doses at
the receptor location (0, 0, 0.3) (m). Table 2.66 shows the calculation of radiation doses at the
receptor location (0, 0, 4) (m).

Comparison of the dose results for Tc-99 between the spreadsheets and RESRAD-
BUILD are presented in Table 2.67. Because of the limited number of annuli used in the
spreadsheets to approximate the area of the circular sources, it is expected that the estimation of
external radiation doses is not as precise by spreadsheets as by the RESRAD-BUILD code. In
general, the differences are less than 3%. Based on the comparison, it is judged that the external
radiation dose modeling was correctly implemented in the RESRAD code.

2.3.1.2 Risk Results without Shielding

In the spreadsheets, estimates of cancer risks were obtained by multiplying the RESRAD-
BUILD dose results with the radionuclide-specific dose-to-risk conversion factors presented in
Table 2.10. Tables 2.68, 2.69, and 2.70 compare the cancer risk estimates from the spreadsheets
and from the RESRAD-BUILD code for C-14, Mn-54, and Tc-99, respectively, at the three
receptor locations associated with external radiation from the six circular area sources without
cover. The estimates from the spreadsheets and from RESRAD-BUILD agree with each other.
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Table 2.65 Estimation of External Radiation Dose at the Receptor
Location (0, 0, 0.3) (m) from Tc-99 in Six Area Sources without Cover

DCF-inf Average Area of Estimated
(mrem//yr per Decay Factor Source Dose

pCi/g) Half-life, yr | in 1st year Feg-surf (m2) Fam (mrem/yr)

10,000 8.72E-01 7.94E-09

1,000 6.31E-01 5.74E-09

1.26E-04 | 2.13E+05 | 1.00E+00 7.25E-05 100 4.30E-01 3.928-:09

36 3.50E-01 3.18E-09

10 2.57E-01 2.33E-09

4 1.93E-01 1.75E-09

Table 2.66 Estimation of External Radiation Dose at the Receptor
Location (0, 0, 4) (m) from Tc-99 in Six Area Sources without Cover

DCF-inf Average Area of Estimated
(mrem//yr per Decay Factor Source Dose

pCi/g) Half-life, yr | in 1st year Fep-surf (m2) Fam (mrem/yr)

10,000 4.99E-01 4.54E-09

1,000 2.61E-01 2.38E-09

1.26E-04 | 2.13E+05 | 1.00E+00 7.25E-05 100 8.88£-02 8.08E-10

36 4.30E-02 3.92E-10

10 1.45E-02 1.32E-10

4 6.07E-03 5.52E-11
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Table 2.67 Comparison of Radiation Doses (mrem/yr) Estimated by RESRAD-BUILD and Spreadsheets from
Tc-99 in Six Area Sources without Cover

Receptor Location (0, 0, 1) (m) Receptor Location (0, 0, 0.3) (m) Receptor Location (0, 0, 4) (m)
Dose
Dose Results Ratio - Results Ratio - Dose Results Dose Results
from Dose Results RESRAD- from Dose Results RESRAD- from from Ratio -
Area of RESRAD- from BUILD/ RESRAD- from BUILD/ RESRAD-  Spreadsheet RESRAD-BUILD/
Source (m?) BUILD Spreadsheets Spreadsheets BUILD Spreadsheets Spreadsheets BUILD 5 Spreadsheets
10,000 6.50E-09 6.40E-09 1.02 8.12E-09 7.94E-09 1.02 4.61E-09 4.54E-09 1.01
1,000 4.19E-09 4.20E-09 1.00 5.80E-09 5.74E-09 1.01 2.34E-09 2.38E-09 0.98
100 2.41E-09 2.40E-09 1.00 3.99E-09 3.92E-09 1.02 7.88E-10 8.08E-10 0.97
36 1.72E-09 1.70E-09 1.01 3.27E-09 3.18E-09 1.03 3.84E-10 3.92E-10 0.98
10 9.66E-10 9.58E-10 1.01 2.41E-09 2.32E-09 1.03 1.28E-10 1.32E-10 0.97
4 5.53E-10 5.46E-10 1.01 1.81E-09 1.75E-09 1.03 5.39E-11 5.52E-11 0.98

Table 2.68 Comparison of Cancer Risks (1/yr) Estimated by Spreadsheets and RESRAD-BUILD from C-14 in
Six Area Sources without Cover

Receptor Location (0, 0, 1) (m) Receptor Location (0, 0, 0.3) (m) Receptor Location (0, 0, 4) (m)
Dose
Dose Results Results Ratio - Dose Results
from Dose Results Ratio - from Dose Results RESRAD- from Dose Results Ratio -
Area of RESRAD- from RESRAD-BUILD/| RESRAD- from BUILD/ RESRAD- from RESRAD-BUILD/
Source (m2) BUILD Spreadsheets Spreadsheets BUILD Spreadsheets Spreadsheets BUILD Spreadsheets = Spreadsheets
10,000 9.22E-16 9.23E-16 1.00 1.14E-15 1.15E-15 0.99 6.57E-16 6.60E-16 1.00
1,000 6.08E-16 6.08E-16 1.00 8.26E-16 8.30E-16 1.00 3.49E-16 3.51E-16 1.00
100 3.39E-16 3.41E-16 1.00 5.54E-16 5.56E-16 1.00 1.15E-16 1.16E-16 0.99
36 2.39E-16 2.40E-16 1.00 4.49E-16 4.51E-16 1.00 5.57E-17 5.59E-17 1.00
10 1.33E-16 1.34E-16 0.99 3.27E-16 3.28E-16 1.00 1.85E-17 1.85E-17 1.00
4 7.59E-17 7.60E-17 1.00 2.46E-16 2.47E-16 1.00 7.77E-18 7.83E-18 0.99
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Table 2.69 Comparison of Cancer Risks (1/yr) Estimated by RESRAD-BUILD and Spreadsheets from Mn-54 in
Six Area Sources without Cover

Receptor Location (0, 0, 1) {m) Receptor Location (0, 0, 0.3) (m) Receptor Location (0, 0, 4) (m)
Dose Results Dose Results
Dose Results  Dose Results Ratio - from Dose Results Ratio - from Dose Results Ratio -
Area of from RESRAD- from RESRAD-BUILD/ RESRAD- from RESRAD-BUILD/ RESRAD- from RESRAD-BUILD/
Source (m2) BUILD Spreadsheets  Spreadsheets BUILD Spreadsheets  Spreadsheets BUILD Spreadsheets = Spreadsheets

10,000 3.62E-11 3.62E-11 1.00 4.72E-11 471E-11 1.00 2.35E-11 2.36E-11 1.00
1,000 2.61E-11 2.61E-11 1.00 3.71E-11 3.71E-11 1.00 1.37E-11 1.37E-11 1.00
100 1.59E-11 1.58E-11 1.00 2.68E-11 2.68E-11 1.00 4.96E-12 4.96E-12 1.00
36 1.15E-11 1.15E-11 1.00 2.21E-11 2.22E-11 1.00 2.45E-12 2.45E-12 1.00
10 6.52E-12 6.52E-12 1.00 1.64E-11 1.64E-11 1.00 8.23E-13 8.22E-13 1.00
4 3.75E-12 3.75E-12 1.00 1.24E-11 1.24E-11 0.99 3.47E-13 3.48E-13 1.00

Table 2.70 Comparison of Cancer Risks (1/yr) Estimated by RESRAD-BUILD and Spreadsheets from Tc-99 in
Six Area Source without Cover

Receptor Location (0, 0, 1) (m) Receptor Location (0, 0, 0.3) (m) Receptor Location (0, 0, 4) (m)
Dose
Dose Results Ratio - Results Ratio - Dose Results Dose Results
from Dose Results RESRAD- from Dose Results RESRAD- from from Ratio -
Area of RESRAD- from BUILD/ RESRAD- from BUILD/ RESRAD-  Spreadsheet RESRAD-BUILD/
Source (m2) BUILD Spreadsheets Spreadsheets BUILD Spreadsheets Spreadsheets BUILD 5 Spreadsheets
10,000 4.22E-15 4.20E-15 1.00 5.20E-15 5.25E-15 0.99 2.99E-15 2.98E-15 1.00
1,000 2.61E-15 2.71E-15 0.96 3.76E-15 3.75E-15 1.00 1.52E-15 1.51E-15 1.01
100 1.59E-15 1.56E-15 1.02 2.59E-15 2.58E-15 1.00 5.11E-16 5.09E-16 1.00
36 1.15E-15 1.11E-15 1.03 2.12E-15 2.11E-15 1.00 2.49E-16 2.48E-16 1.00
10 6.27E-16 6.24E-16 1.00 1.56E-15 1.56E-15 1.00 8.30E-17 8.27E-17 1.00
4 3.58E-16 3.57E-16 1.00 1.18E-15 1.17E-15 1.01 3.50E-17 3.48E-17 1.01




2.3.1.3 Dose Results with Concrete Shielding

Results for C-14. To verify external dose modeling when radiation was attenuated by
shielding materials in RESRAD-BUILD, the radiation doses at the receptor location (0, 0, 1) (m)
from each of the six area sources with a concrete cover of 1-cm thickness were estimated with
spreadsheets.

Table 2.71 shows the calculation of Fcp, the cover and depth factor, for C-14. Table 2.72
shows the estimation of Fawm-rer fOr the reference area source, which is made of soil having an
infinite extent. In the estimation, an area of about 3,000,000 m? was used for the reference
source. Tables 2.73 to 2.78 show the estimation of Fam’s for the six circular area sources
considered in this comparison. After Fcp and Faw’s were available, external radiation doses
resulting from C-14 in each of the six circular area sources were estimated by adjusting the
external radiation dose conversion factor for an infinite volume source from FGR 12, as shown
in Table 2.79.

Radiation doses at the same receptor location (0, 0, 1) (m) but with a concrete cover of
5-cm thickness on each of the six area sources were then estimated. Table 2.80 shows the
calculation of Fcp, the cover and depth factor, for C-14. The Fawm-ref for the reference source and
Fawm for each of the six circular area sources were estimated with the same calculations as
implemented in Tables 2.72 to 2.78 but for a cover thickness of 5 cm. The final values of Fam for
each area source are listed in Table 2.81, which shows the calculation of external radiation doses
attenuated by the 5-cm concrete cover at the receptor location.

Comparisons of the dose results for C-14 between the spreadsheets and RESRAD-
BUILD are presented in Table 2.82. In general, the differences are less than 7%. Based on the
comparison, it is judged that the external radiation dose modeling was correctly implemented in
the RESRAD-BUILD code.

Results for Mn-54. To verify external dose modeling when radiation was attenuated by
shielding materials in RESRAD-BUILD, the radiation doses at the receptor location (0, 0, 1) (m)
from each of the six area sources with a concrete cover of 1-cm thickness were estimated with
spreadsheets. Table 2.83 shows the calculation of Fcp, the cover and depth factor, for Mn-54.
Table 2.84 shows the estimation of Faw.ref for the reference area source, which is made of soil
having an infinite extent. In the estimation, an area of about 3,000,000 m? was used for the
reference source. Tables 2.85 to 2.90 show the estimation of Fam’s for the six circular area
sources considered in this comparison. After Fcp and Fam’s were available, external radiation
dose resulting from Mn-54 in each of the six circular area sources were estimated by adjusting
the external radiation dose conversion factor for an infinite volume source from FGR 12, as
shown in Table 2.91.
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Table 2.71 Calculation of Fcp for C-14 in an Area Source with a Cover of 1 cm

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g) 0.642 0.358 0.294 3.39
Reference source — Cover material = none Cover thickness, cm = Density of cover, g/fcm3 = 2.4
Source density , g/fcm3 = 1.6 Source thickness, cm = 0.001
Surface activity conversion factor, (pCi/g)/(pCi/m2) 0.0625
_ D(Te=toTg=tg) -Kapete -Kapsts -Kgpctc -Kppsts
Fep Dt Tecm) Ae (1-e ) + Be (1-e )
FCD-surf= 0.00000935 (Note: FCD-surf = FCD x Surface activity conversion factor)
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Table 2.72 Calculation of Fam for C-14 in a Reference Area Source with a Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass Attenuation Mass ;:w
Conversion Coefficient  Attenuation Attenuation Coefficient Attenuation [fa +1 +1)
Factor (source) Coefficient = Coefficient  (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (fcm) (ref) (fem)  (soil) (fcm) (fcm) (air) (/cm)
1 0.049 8.65E-04 0.1 0.220 1.02E-02 8.94E-03 8.68E-01 9.99E-01 2.59E-04
ta (cm)= 99 tc{cm)=1 Source area (m2) = 4 Source-ref area (m2) = 3.36E+06
Receptor Receptor
exp(-ux)/x2 - dist. in -ref-  dist. in-ref- mfp-dist. in-  mfp-dist. in- Vol-source- 4m x dist-refr2  distance- ta+tc location y location z
ref air (cm) cover (cm) ref-air ref-cover BF-ref-air  BF-ref-cover ref Faw-ref (cm2) ref (cm) r-ref (m) {m) ta (m) (cm) (cm)
3.25E-06 9.90E+01 1.00E+00 2.56E-02 8.68E-01 1.07E+00 1.96E+00 0.00E+00 0.00E+00 1.26E+05 1.00E+02 0.00E+00 1 0.99
3.21E-06 9.95E+01 1.00E+00 2.57E-02 8.73E-01 1.07E+00 1.97E+00 3.14E-02 2.13E-07 1.27E+05 1.00E+02 1.00E-01 1 0.99
3.20E-06 9.95E+01 1.01E+00 2.57E-02 8.73E-01 1.07E+00 1.97E+00 1.91E-03 1.30E-08 1.27E+05 1.01E+02 1.03E-01 1 0.99
3.20E-06 9.96E+01 1.01E+00 2.58E-02 8.73E-01 1.07E+00 1.97E+00 2.03E-03 1.37E-08 1.27E+05 1.01E+02 1.06E-01 1 0.99
3.20E-06 9.96E+01 1.01E+00 2.58E-02 8.73E-01 1.07E+00 1.97E+00 2.15E-03 1.46E-08 1.27E+05 1.01E+02 1.09E-01 1 0.99
3.19E-06 9.96E+01 1.01E+00 2.58E-02 8.74E-01 1.07E+00 1.97E+00 2.29E-03 1.54E-08 1.27E+05 1.01E+02 1.13E-01 1 0.99
3.19E-06 9.97E+01 1.01E+00 2.58E-02 8.74E-01 1.07E+00 1.97E+00 2.42E-03 1.64E-08 1.27E+05 1.01E+02 1.16E-01 1 0.99
3.19E-06 9.97E+01 1.01E+00 2.58E-02 8.74E-01 1.07E+00 1.97E+00 2.57E-03 1.74E-08 1.28E+05 1.01E+02 1.19E-01 1 0.99 0 100
3.18E-06 9.97E+01 1.01E+00 2.58E-02 8.75E-01 1.07E+00 1.97E+00 2.73E-03 1.84E-08 1.28E+05 1.01E+02 1.23E-01 1 0.99
3.23E-22 3.40E+03 3.43E+01 8.79E-01 2.98E+01 3.77E+00 1.42E+01 1.44E+02 2.49E-18 1.48E+08 3.43E+03 3.43E+01 1 0.99
1.68E-22 3.46E+03 3.50E+01 8.96E-01 3.04E+01 3.83E+00 1.45E+01 1.49E+02 1.40E-18 1.54E+08 3.50E+03 3.50E+01 1 0.99
8.66E-23 3.53E+03 3.57E+01 9.14E-01 3.10E+01 3.89E+00 1.47E+01 1.55E+02 7.72E-19 1.60E+08 3.57E+03 3.57E+01 1 0.99
4.40E-23 3.60E+03 3.64E+01 9.32E-01 3.16E+01 3.96E+00 1.50E+01 1.62E+02 4.22E-19 1.67E+08 3.64E+03 3.64E+01 1 0.99
2.21E-23 3.68E+03 3.71E+01 9.51E-01 3.22E+01 4.02E+00 1.52E+01 1.68E+02 2.27E-19 1.73E+08 3.71E+03 3.71E+01 1 0.99
1.09E-23 3.75E+03 3.79E+01 9.70E-01 3.29E+01 4.09E+00 1.55E+01 1.75E+02 1.21E-19 1.80E+08 3.79E+03 3.79E+01 1 0.99
0.00E+00 9.84E+04 9.94E+02 2.55E+01 8.63E+02 3.80E+02 1.84E+01 1.21E+05 0.00E+00 1.24E+11 9.94E+04 9.94E+02 1 0.99
0.00E+00 1.00E+05 1.01E+03 2.60E+01 8.80E+02 3.97E+02 1.84E+01 1.25E+05 0.00E+00 1.29E+11 1.01E+05 1.01E+03 1 0.99
0.00E+00 1.02E+05 1.03E+03 2.65E+01 8.08E+02 4.14E+02 1.84E+01 1.30E+05 0.00E+00 1.34E+11 1.03E+05 1.03E+03 1 0.99
S Fay-ref=  3.50E-05
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Table 2.73 Calculation of Fam for C-14 in an Area Source of 4 m? with a Concrete Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass Attenuation Mass ‘HZM
Conversion Coefficient Attenuation Attenuation Coefficient Attenuation tfg +1, +1)
Factor (source) Coefficient = Coefficient  (concrete) Coefficient
# photons ~ Energy 1 Yield 1 FE (pSv-cm2) (/ecm) (ref) (fcm)  (soil) (fcm) (/cm) (air) {/cm)
1 0.049 8.65E-04 0.1 0.220 1.02E-02 8.94E-03 8.68E-01 9.99E-01 2.59E-04
ta (cm)= 99 tc(cm)=1 Source area (m2)= 4 Source-ref area (m2) = 3359362
dist. in- A1 x dist- distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - mfp-dist. in- dist. in -source- source- BF-source- sourcen? source r-source ta+tc location y location z
source source-air source-cover air {cm) cover (cm) BF-source-air cover Vol-source  Fpy-source (cm2) {cm) (m) (m) ta (m) (cm) {cm)
2.86E-06 2.56E-02 9.99E-01 9.90E+01 1.00E+00 1.07E+00 1.71E+00 0.00E+00 0.00E+00 1.26E+05 1.00E+02 0.00E+00 1 0.99
2.81E-06 2.57E-02 1.00E+00 9.95E+01 1.00E+00 1.07E+00 1.71E+00 3.14E-02 1.63E-07 1.27E+05 1.00E+02 1.00E-01 1 0.99
2.81E-06 2.57E-02 1.00E+00 9.95E+01 1.01E+00 1.07E+00 1.71E+00 1.91E-03 9.91E-09 1.27E+05 1.01E+02 1.03E-01 1 0.99
2.81E-06 2.58E-02 1.00E+00 9.96E+01 1.01E+00 1.07E+00 1.71E+00 2.03E-03 1.05E-08 1.27E+05 1.01E+02 1.06E-01 1 0.99
2.80E-06 2.58E-02 1.00E+00 9.96E+01 1.01E+00 1.07E+00 1.71E+00 2.15E-03 1.11E-08 1.27E+05 1.01E+02 1.09E-01 1 0.99
2.80E-06 2.58E-02 1.01E+00 9.96E+01 1.01E+00 1.07E+00 1.71E+00 2.29E-03 1.18E-08 1.27E+05 1.01E+02 1.13E-01 1 0.99
2.80E-06 2.58E-02 1.01E+00 9.97E+01 1.01E+00 1.07E+00 1.71E+00 2.42E-03 1.25E-08 1.27E+05 1.01E+02 1.16E-01 1 0.99
2.80E-06 2.58E-02 1.01E+00 9.97E+01 1.01E+00 1.07E+00 1.71E+00 2.57E-03 1.33E-08 1.28E+05 1.01E+02 1.19E-01 1 0.99
2.79E-06 2.58E-02 1.01E+00 9.97E+01 1.01E+00 1.07E+00 1.72E+00 2.73E-03 1.40E-08 1.28E+05 1.01E+02 1.23E-01 1 0.99
2.79E-06 2.58E-02 1.01E+00 9.98E+01 1.01E+00 1.07E+00 1.72E+00 2.90E-03 1.49E-08 1.28E+05 1.01E+02 1.27E-01 1 0.99
2.78E-06 2.58E-02 1.01E+00 9.98E+01 1.01E+00 1.08E+00 1.72E+00 3.07E-03 1.58E-08 1.28E+05 1.01E+02 1.30E-01 1 0.99
2.78E-06 2.58E-02 1.01E+00 9.99E+01 1.01E+00 1.08E+00 1.72E+00 3.26E-03 1.67E-08 1.28E+05 1.01E+02 1.34E-01 1 0.99
2.77E-06 2.59E-02 1.01E+00 9.99E+01 1.01E+00 1.08E+00 1.72E+00 3.46E-03 1.77E-08 1.28E+05 1.01E+02 1.38E-01 1 0.99
2.77E-06 2.59E-02 1.01E+00 1.00E+02 1.01E+00 1.08E+00 1.72E+00 3.67E-03 1.87E-08 1.28E+05 1.01E+02 1.43E-01 1 0.99 0 100
9.29E-07 3.63E-02 1.41E+00 1.40E+02 1.42E+00 1.11E+00 1.92E+00 1.81E-01 3.57E-07 2.52E+05 1.42E+02 1.00E+00 1 0.99
8.82E-07 3.68E-02 1.44E+00 1.42E+02 1.44E+00 1.11E+00 1.93E+00 1.93E-01 3.62E-07 2.60E+05 1.44E+02 1.03E+00 1 0.99
8.36E-07 3.74E-02 1.46E+00 1.45E+02 1.46E+00 1.11E+00 1.94E+00 2.04E-01 3.67E-07 2.68E+05 1.46E+02 1.06E+00 1 0.99
7.90E-07 3.80E-02 1.48E+00 1.47E+02 1.48E+00 1.11E+00 1.95E+00 2.17E-01 3.71E-07 2.77E+05 1.48E+02 1.10E+00 1 0.99
7.46E-07 3.86E-02 1.51E+00 1.49E+02 1.51E+00 1.11E+00 1.96E+00 2.30E-01 3.74E-07 2.86E+05 1.51E+02 1.13E+00 1 0.99
> Fa-source = 1.14E-05
Fam=  3.27E-01




69

Table 2.74 Calculation of Fam for C-14 in an Area Source of 10 m? with a Concrete Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass Attenuation Mass ;:w
Conversion Coefficient Attenuation Attenuation Coefficient Attenuation [fa +1 +1)
Factor (source) Coefficient = Coefficient  (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (fcm) (ref) (fem)  (soil) (fcm) (fcm) (air) {/cm)
1 0.049 8.65E-04 0.1 0.220 1.02E-02 8.94E-03 8.68E-01 9.99E-01 2.59E-04
ta (cm)= 99 tc{cm)=1 Source area (m2) = 10 Source-ref area (m2) = 3.36E+06
dist. in- 4m x dist- distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - mfp-dist. in- dist. in -source- source- BF-source- sourcen2 source r-source ta+tc location y location z
source source-air source-cover air (cm) cover (cm) BF-source-air cover Vol-source  F,,-source (cm2) (cm) (m) (m) ta (m) (cm) (cm)
7.03E-07  3.93E-02  1.53E+00 1.52E+02  1.53E+00  1.11E+00  1.97E+00  2.44E-01  3.77E-07 2.96E405  1.53E+02 1.16E+00 1 0.99
6.61E-07  4.00E-02  1.56E+00 1.54E402  1.56E+00  1.12E+00 1.00E+00  2.58E-01  3.79E-07 3.06E+05  1.56E+02 1.20E+00 1 0.99
6.20E-07  4.07E-02  1.59E+00 1.576+02  1.59E+00  1.12E400  2.00E+00  2.756-01  3.81E-07 3.17E405  1.59E+02 1.23E+00 1 0.99
5.81E-07  4.14E-02  1.62E+00 1.60E+02  1.62E+00  1.12E+00  2.01E+00  2.91E-01  3.82E-07 3.20E405  1.62E+02 1.27E+00 1 0.99
5.43E-07  4.226-02  1.65E+00 1.63E+02  1.65E+00  1.126400  2.03E+00  3.096-01 = 3.82E-07 3.41E405  1.65E+02 1.31E+00 1 0.99
5.06E-07 = 4.30E-02  1.68E+00 1.66E+02  1.68E+00  1.12E+00  2.04E+00  3.286-01  3.81E-07 3.54E405  1.68E+02 1.35E+00 1 0.99
4.71E-07  4.38E-02  1.71E+00 1.69E+02  1.71E+00  1.13E400  2.06E+00  3.48E-01  3.80E-07 3.68E405  1.71E+02 1.39E+00 1 0.99
4.37E-07  4.47E-02  1.74E+00 1.73E+02  1.75E+00  1.13E+00  2.08E+00  3.696-01  3.78E-07 3.83E405  1.75E+02 1.43E+00 1 0.99
4.056-07 ~ 4.56E-02  1.78E+00 1.76E+02  1.78E+00  1.13E400  2.09E+00  3.91E-01  3.76E-07 3.08E405  1.78E+02 1.47E+00 1 0.99 0 100
3.74E-07  4.65E-02  1.81E+00 1.80E+02  1.82E+00  1.14E+00  2.11E+00  4.15E-01  3.73E-07 4,15E+05  1.82E+02 1.52E+00 1 0.99
3.45E-07 4.75E-02 1.85E+00 1.84E+02 1.86E+00 1.14E+00 2.13E+00 4.41E-01 3.69E-07 4.33E+05 1.86E+02 1.56E+00 1 0.99
3.18E-07 4.85E-02 1.89E+00 1.88E+02 1.89E+00 1.14E+00 2.15E+00 4.67E-01 3.65E-07 4.51E+05 1.89E+02 1.61E+00 1 0.99
2.92E-07 4.96E-02 1.93E+00 1.92E+02 1.94E+00 1.14E+00 2.17E+00 4.96E-01 3.60E-07 4.71E+05 1.94E+02 1.66E+00 1 0.99
2.68E-07 5.07E-02 1.98E+00 1.96E+02 1.98E+00 1.15E+00 2.19E+00 5.26E-01 3.54E-07 4.92E+05 1.98E+02 1.71E+00 1 0.99
2.45E-07 5.18E-02 2.02E+00 2.00E+02 2.02E+00 1.15E+00 2.21E+00 5.58E-01 3.47E-07 5.15E+05 2.02E+02 1.76E+00 1 0.99
2.30E-07 5.26E-02 2.05E+00 2.03E+02 2.05E+00 1.15E+00 2.22E+00 3.93E-01 2.31E-07 5.30E+05 2.05E+02 1.79E+00 1 0.99
> Fag-source = 1.73E-05
Faw=  4.93E-01
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Table 2.75 Calculation of Fam for C-14 in an Area Source of 36 m? with a Concrete Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass Attenuation Mass ‘HZM
Conversion Coefficient Attenuation Attenuation Coefficient Attenuation tfg +1, +1)
Factor (source) Coefficient = Coefficient  (concrete) Coefficient
# photons ~ Energy 1 Yield 1 FE (pSv-cm2) (/ecm) (ref) (fcm)  (soil) (fcm) (/cm) (air) {/cm)
1 0.049 8.65E-04 0.1 0.220 1.02E-02 8.94E-03 8.68E-01 9.99E-01 2.59E-04
ta (cm)= 99 tc(cm)=1 Source area (m2) = 36 Source-ref area (m2) = 3359362
dist. in- A1 x dist- distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - mfp-dist. in- dist. in -source- source- BF-source- sourcen? source r-source ta+tc location y location z
source source-air source-cover air {cm) cover (cm) BF-source-air cover Vol-source  Fpy-source (cm2) {cm) (m) (m) ta (m) (cm) {cm)
2.03E-07 5.42E-02 2.11E+00 2.10E+02 2.12E+00 1.16E+00 2.24E+00 4.25E-01 2.24E-07 5.64E+05 2.12E+02 1.87E+00 1 0.99
1.90E-07 5.51E-02 2.15E+00 2.13E+02 2.15E+00 1.16E+00 2.25E+00 4.42E-01 2.20E-07 5.81E+05 2.15E+02 1.90E+00 1 0.99
1.78E-07 5.59E-02 2.18E+00 2.16E+02 2.18E+00 1.16E+00 2.27E+00 4.60E-01 2.16E-07 6.00E+05 2.18E+02 1.94E+00 1 0.99
1.66E-07 5.68E-02 2.22E+00 2.20E+02 2.22E+00 1.17E+00 2.28E+00 4.79E-01 2.12E-07 6.19E+05 2.22E+02 1.98E+00 1 0.99
1.55E-07 5.77E-02 2.25E+00 2.23E+02 2.25E+00 1.17E+00 2.28E+00 4.98E-01 2.07E-07 6.39E+05 2.25E+02 2.02E+00 1 0.99
1.45E-07 5.87E-02 2.29E+00 2.27E+02 2.29E+00 1.17E+00 2.30E+00 5.18E-01 2.03E-07 6.60E+05 2.29E+02 2.06E+00 1 0.99
1.35E-07 5.96E-02 2.32E+00 2.30E+02 2.33E+00 1.17E+00 2.32E+00 5.39E-01 1.98E-07 6.81E+05 2.33E+02 2.10E+00 1 0.99
1.26E-07 6.06E-02 2.36E+00 2.34E+02 2.37E+00 1.18E+00 2.33E+00 5.61E-01 1.94E-07 7.04E+05 2.37E+02 2.14E+00 1 0.99
1.17E-07 6.16E-02 2.40E+00 2.38E+02 2.40E+00 1.18E+00 2.34E+00 5.84E-01 1.89E-07 7.27E+05 2.40E+02 2.19E+00 1 0.99
1.09E-07 6.26E-02 2.44E+00 2.42E+02 2.44E+00 1.18E+00 2.36E+00 6.07E-01 1.84E-07 7.51E+05 2.44E+02 2.23E+00 1 0.99 0 100
1.01E-07 6.37E-02 2.48E+00 2.46E+02 2.49E+00 1.18E+00 2.37E+00 6.32E-01 1.79E-07 7.76E+05 2.49E+02 2.28E+00 1 0.99
9.36E-08 6.47E-02 2.52E+00 2.50E+02 2.53E+00 1.19E+00 2.39E+00 6.57E-01 1.74E-07 8.03E+05 2.53E+02 2.32E+00 1 0.99
3.41E-08 7.96E-02 3.10E+00 3.08E+02 3.11E+00 1.23E+00 2.59E+00 1.06E+00 1.15E-07 1.21E+06 3.11E+02 2.94E+00 1 0.99
3.11E-08 8.10E-02 3.16E+00 3.13E+02 3.16E+00 1.24E+00 2.60E+00 1.10E+00 1.10E-07 1.26E+06 3.16E+02 3.00E+00 1 0.99
2.83E-08 8.25E-02 3.22E+00 3.19E+02 3.22E+00 1.24E+00 2.62E+00 1.14E+00 1.05E-07 1.30E+06 3.22E+02 3.06E+00 1 0.99
2.57E-08 8.40E-02 3.28E+00 3.25E+02 3.28E+00 1.24E+00 2.64E+00 1.19E+00 1.00E-07 1.35E+06 3.28E+02 3.12E+00 1 0.99
2.33E-08 8.55E-02 3.34E+00 3.31E+02 3.34E+00 1.25E+00 2.66E+00 1.24E+00 9.58E-08 1.40E+06 3.34E+02 3.19E+00 1 0.99
2.11E-08 8.71E-02 3.40E+00 3.37E+02 3.40E+00 1.25E+00 2.67E+00 1.29E+00 9.12E-08 1.45E+006 3.40E+02 3.25E+00 1 0.99
1.91E-08 8.87E-02 3.46E+00 3.43E+02 3.46E+00 1.26E+00 2.69E+00 1.34E+00 8.68E-08 1.51E+06 3.46E+02 3.31E+00 1 0.99
> Fag-source = 2.23E-05
Fam=  6.36E-01
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Table 2.76 Calculation of Fam for C-14 in an Area Source of 100 m? with a Concrete Cover of 1 cm at the Recetpor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass Attenuation Mass ;:w
Conversion Coefficient Attenuation Attenuation Coefficient Attenuation [fa +1 +1)
Factor (source) Coefficient = Coefficient  (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (fcm) (ref) (fcm)  (soil) (fcm) (fcm) (air) (/cm)
1 0.049 8.65E-04 0.1 0.220 1.02E-02 8.94E-03 8.68E-01 9.99E-01 2.59E-04
ta (cm)= 99 tc{cm)=1 Source area (m2) = 100 Source-ref area (m2) = 3359362
dist. in- 4m x dist- distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - mfp-dist. in- dist. in -source- source- BF-source- sourcen2 source r-source ta+tc location y location z
source source-air source-cover air (cm) cover (cm) BF-source-air cover Vol-source  F,-source (cm2) (cm) (m) (m) ta (m) (cm) (em)
1.56E-08 9.20E-02 3.59E+00 3.55E+02 3.59E+00 1.27E+00 2.73E+00 1.45E+00 7.83E-08 1.62E+06 3.59E+02 3.45E+00 1 0.99
1.40E-08 9.37E-02 3.65E+00 3.62E+02 3.66E+00 1.27E+00 2.75E+00 1.51E+00 7.42E-08 1.68E+06 3.66E+02 3.52E+00 1 0.99
1.26E-08 9.54E-02 3.72E+00 3.69E+02 3.72E+00 1.28E+00 2.77E+00 1.57E+00 7.02E-08 1.74E+06 3.72E+02 3.59E+00 1 0.99
1.13E-08 9.72E-02 3.79E+00 3.76E+02 3.79E+00 1.28E+00 2.79E+00 1.63E+00 6.64E-08 1.81E+06 3.79E+02 3.66E+00 1 0.99
1.02E-08 9.90E-02 3.86E+00 3.83E+02 3.86E+00 1.29E+00 2.81E+00 1.70E+00 6.26E-08 1.88E+06 3.86E+02 3.73E+00 1 0.99
9.10E-09 1.01E-01 3.93E+00 3.90E+02 3.94E+00 1.29E+00 2.84E+00 1.77E+00 5.90E-08 1.95E+06 3.94E+02 3.81E+00 1 0.99
8.13E-09 1.03E-01 4.01E+00 3.97E+02 4.01E+00 1.30E+00 2.86E+00 1.84E+00 5.55E-08 2.02E+06 4.01E+02 3.88E+00 1 0.99
7.25E-09 1.05E-01 4.08E+00 4.04E4+02 4.09E+00 1.30E+00 2.88E+00 1.91E+00 5.21E-08 2.10E+06 4.09E+02 3.96E+00 1 0.99
6.46E-09 1.07E-01 4.16E+00 4.12E+02 4.16E+00 1.31E+00 2.90E+00 1.99E+00 4.89E-08 2.18E+06 4.16E+02 4.04E+00 1 0.99
5.74E-09 1.09E-01 4.24E+00 4.20E+02 4.24E4+00 1.32E+00 2.92E+00 2.07E+00 4.57E-08 2.26E+006 4.24E+02 4.12E+00 1 0.99
5.09E-09 1.11E-01 4.32E+00 4.28E+02 4.32E+00 1.32E+00 2.95E+00 2.16E+00 4.28E-08 2.35E+06 4.32E+02 4.20E+00 1 0.99
4.51E-09 1.13E-01 4. 40E+00 4.36E+02 4.40E+00 1.33E+00 2.97E+00 2.24E+00 3.99E-08 2.44E+06 4.40E+02 4.29E+00 1 0.99
3.99E-09 1.15E-01 4 A8E+00 4. 44E+02 4.49E+00 1.33E+00 2.99E+00 2.33E+00 3.72E-08 2.53E+06 4.49E+02 4.37E+00 1 0.99 0 100
3.52E-09 1.17E-01 4.57E+00 4.53E+02 4.57E+00 1.34E+00 3.02E+00 2.43E+00 3.46E-08 2.63E+06 4.57E+02 4.46E+00 1 0.99
3.10E-09 1.19E-01 4.65E+00 4.61E+02 4.66E+00 1.35E+00 3.04E+00 2.53E+00 3.21E-08 2.73E+06 4.66E+02 4.55E+00 1 0.99
2.73E-09 1.22E-01 4.74E+00 4.70E+02 4.75E+00 1.35E+00 3.07E+00 2.63E+00 2.97E-08 2.83E+06 4.75E+02 4.64E+00 1 0.99
2.39E-09 1.24E-01 4.83E+00 4.79E4+02 4.84E+00 1.36E+00 3.09E+00 2.73E+00 2.75E-08 2.94E+06 4.84E+02 4.73E+00 1 0.99
2.09E-09 1.26E-01 4.93E+00 4.88E+02 4.93E+00 1.37E+00 3.12E+00 2.85E+00 2.54E-08 3.06E+06 4.93E+02 4.83E+00 1 0.99
1.83E-09 1.29E-01 5.02E+00 4.98E+02 5.03E+00 1.37E+00 3.14E+00 2.96E+00 2.34E-08 3.18E+06 5.03E+02 4.93E+00 1 0.99
1.60E-09 1.31E-01 5.12E+00 5.07E+02 5.12E+00 1.38E+00 3.17E+00 3.08E+00 2.15E-08 3.30E+06 5.12E+02 5.02E+00 1 0.99
1.39E-09 1.34E-01 5.21E+00 5.17E+02 5.22E+00 1.39E+00 3.20E+00 3.20E+00 1.97E-08 3.43E+06 5.22E+02 5.12E+00 1 0.99
1.21E-09 1.36E-01 5.32E+00 5.27E+02 5.32E+00 1.40E+00 3.22E+00 3.33E+00 1.81E-08 3.56E+06 5.32E+02 5.23E+00 1 0.99
1.04E-09 1.39E-01 5.42E+00 5.37E+02 5.42E+00 1.40E+00 3.25E+00 3.47E+00 1.65E-08 3.70E+06 5.42E+02 5.33E+00 1 0.99
9.02E-10 1.42E-01 5.52E+00 5.47E+02 5.53E+00 1.41E+00 3.28E+00 3.61E+00 1.51E-08 3.84E+06 5.53E+02 5.44E+00 1 0.99
7.78E-10 1.44E-01 5.63E+00 5.58E+02 5.64E+00 1.42E+00 3.30E+00 3.75E+00 1.37E-08 3.99E+06 5.64E+02 5.55E+00 1 0.99
6.70E-10 1.47E-01 5.74E+00 5.69E+02 5.75E+00 1.43E+00 3.33E+00 3.91E+00  1.24E-08 4.15E+06 5.75E+02 5.66E+00 1 0.99
> Fuy-source = 2.33E-05
Fam=  6.66E-01
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Table 2.77 Calculation of Fam for C-14 in an Area Source of 1,000 m? with a Concrete Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass Attenuation Mass ;:w
Conversion Coefficient  Attenuation Attenuation Coefficient Attenuation [fa +1 +1)
Factor (source) Coefficient =~ Coefficient  (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (fcm) (ref) (fem)  (soil) (fcm) (fcm) (air) (/cm)
1 0.049 8.65E-04 0.1 0.220 1.02E-02 8.94E-03 8.68E-01 9.99E-01 2.59E-04
ta (cm)= 99 tc{cm)=1 Source area (m2) = 1000 Source-ref area (m2) = 3359362
dist. in- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - mfp-dist. in- dist. in -source- source- BF-source- 41 x dist- distance- r- source, location = location
source source-air source-cover air cover BF-source-air cover Vol-source  Fy,-source sourcen2 source m ta+tc,m ta,m ¥, cm z,cm
5.756-10  1.50E-01  5.85E+00 5.80E+02  5.86E+00  1.44E+00  3.36E+00  4.06E+00  1.13E-08 4,31E+06  5.86E+02 5.77E+00 1 0.99
4.92E-10 1.53E-01 5.96E+00 5.91E+02 5.97E+00 1.44E+00 3.39E+00 4.23E+00 1.02E-08 4.48E+06 5.97E+02 5.89E+00 1 0.99
4.21E-10 1.56E-01 6.08E+00 6.03E+02 6.09E+00 1.45E+00 3.42E+00 4.40E+00 9.20E-09 4.66E+06 6.09E+02 6.00E+00 1 0.99
3.59E-10 1.59E-01 6.20E+00 6.14E+02 6.20E+00 1.46E+00 3.45E+00 4.58E+00 8.27E-09 4.84E+06 6.20E+02 6.12E+00 1 0.99
3.05E-10 1.62E-01 6.32E+00 6.26E+02 6.33E+00 1.47E+00 3.48E+00 4. 76E+00 7.43E-09 5.03E+06 6.33E+02 6.25E+00 1 0.99
2.58E-10 1.65E-01 6.44E+00 6.38E+02 6.45E+00 1.48E+00 3.51E+00 4.95E+00 6.65E-09 5.23E+06 6.45E+02 6.37E+00 1 0.99
2.19E-10 1.68E-01 6.57E+00 6.51E+02 6.58E+00 1.49E+00 3.54E+00 5.15E+00 5.94E-09 5.43E+06 6.58E+02 6.50E+00 1 0.99
1.84E-10 1.72E-01 6.70E+00 6.64E+02 6.70E+00 1.50E+00 3.57E+00 5.36E+00 5.29E-09 5.65E+06 6.70E+02 6.63E+00 1 0.99
1.55E-10 1.75E-01 6.83E+00 6.77E+02 6.83E+00 1.51E+00 3.60E+00 5.58E+00 4.70E-09 5.87E+06 6.83E+02 6.76E+00 1 0.99 0 100
1.30E-10 1.78E-01 6.96E+00 6.90E+02 6.97E+00 1.52E+00 3.64E+00 5.80E+00 4.17E-09 6.10E+06 6.97E+02 6.90E+00 1 0.99
1.09E-10 1.82E-01 7.10E+00 7.03E+02 7.11E+00 1.53E+00 3.67E+00 6.04E+00 3.68E-09 6.35E+06 7.11E+02 7.03E+00 1 0.99
1.90E-15 4.15E-01 1.62E+01 1.60E+03 1.62E+01 2.20E+00 5.52E+00 3.19E+01 7.37E-13 3.30E+07 1.62E+03 1.62E+01 1 0.99
1.31E-15 4.23E-01 1.65E+01 1.63E+03 1.65E+01 2.23E+00 5.58E+00 3.32E+01 5.41E-13 3.43E+07 1.65E+03 1.65E+01 1 0.99
9.01E-16 4.31E-01 1.68E+01 1.67E+03 1.68E+01 2.25E+00 5.63E+00 3.45E+01 3.94E-13 3.57E+07 1.68E+03 1.68E+01 1 0.99
6.14E-16 4.40E-01 1.72E+01 1.70E+03 1.72E+01 2.28E+00 5.69E+00 3.59E+01 2.86E-13 3.71E+07 1.72E+03 1.71E+01 1 0.99
4.16E-16 4.49E-01 1.75E+01 1.73E+03 1.75E+01 2.30E+00 5.75E+00 3.73E+01 2.06E-13 3.86E+07 1.75E+03 1.75E+01 1 0.99
2.79E-16 4.58E-01 1.78E+01 1.77E+03 1.79E+01 2.33E+00 5.81E+00 3.88E+01 1.47E-13 4.01E+07 1.79E+03 1.78E+01 1 0.99
> Fam-source = 2.34E-05
Fam=  6.69E-01
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Table 2.78 Calculation of Fam for C-14 in an Area Source of 10,000 m? with a Concrete Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation mass Mass Attenuation Mass ‘HZM
Conversion Coefficient Attenuation Attenuation Coefficient Attenuation tfg +1, +1)
Factor (source) Coefficient = Coefficient  (concrete) Coefficient
# photons ~ Energy 1 Yield 1 FE (pSv-cm2) (/ecm) (ref) (fcm)  (soil) (fcm) (/cm) (air) {/cm)
1 0.049 8.65E-04 0.1 0.220 1.02E-02 8.94E-03 8.68E-01 9.99E-01 2.59E-04
ta (cm)= 99 tc(cm)=1 Source area (m2) = 10000 Source-ref area (m2) = 3359362
dist. in- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - mfp-dist. in- dist. in -source- source- BF-source- 4 x dist- distance- r- source, location location
source source-air source-cover air cover BF-source-air cover Vol-source  F,-source sourceh2 source m ta+tc,m ta,m y, cm z, cm
1.86E-16 4.67E-01 1.82E+01 1.80E+03 1.82E+01 2.36E+00 5.88E+00 4.04E+01 1.04E-13 4.18E+07 1.82E+03 1.82E+01 1 0.99
1.23E-16 4.76E-01 1.86E+01 1.84E+03 1.86E+01 2.38E+00 5.94E+00 4.21E+01 7.35E-14 4.34E+07 1.86E+03 1.86E+01 1 0.99
8.12E-17 4.86E-01 1.89E+01 1.88E+03 1.90E+01 2.41E+00 6.01E+00 4.37E+01 5.14E-14 4.52E+07 1.90E+03 1.89E+01 1 0.99
5.30E-17 4.95E-01 1.93E+01 1.91E+03 1.93E+01 2.44E+00 6.07E+00 4.55E+01 3.57E-14 4.70E+07 1.93E+03 1.93E+01 1 0.99
3.43E-17 5.05E-01 1.97E+01 1.95E+03 1.97E+01 2.47E+00 6.14E+00 4. 74E+01 2.46E-14 4.89E+07 1.97E+03 1.97E+01 1 0.99
2.20E-17 5.15E-01 2.01E+01 1.99E+03 2.01E+01 2.50E+00 6.21E+00 4.93E+01 1.69E-14 5.09E+07 2.01E+03 2.01E+01 1 0.99
1.40E-17 5.26E-01 2.05E+01 2.03E+03 2.05E+01 2.54E+00 6.27E+00 5.13E+01 1.15E-14 5.29E+07 2.05E+03 2.05E+01 1 0.99
8.87E-18 5.36E-01 2.09E+01 2.07E+03 2.09E+01 2.58E+00 6.34E+00 5.33E+01 7.73E-15 5.51E+07 2.09E+03 2.09E+01 1 0.99
5.56E-18 5.47E-01 2.13E+01 2.11E+03 2.13E+01 2.61E+00 6.41E+00 5.55E+01 5.17E-15 5.73E+07 2.13E+03 2.13E+01 1 0.99
3.45E-18 5.58E-01 2.17E+01 2.16E+03 2.18E+01 2.65E+00 6.47E+00 5.77E+01 3.42E-15 5.96E+07 2.18E+03 2.17E+01 1 0.99
2.13E-18 5.69E-01 2.22E+01 2.20E+03 2.22E+01 2.69E+00 6.54E+00 6.01E+01 2.25E-15 6.20E+07 2.22E+03 2.22E+01 1 0.99 0 100
1.30E-18 5.80E-01 2.26E+01 2.24E+03 2.26E+01 2.73E+00 6.61E+00 6.25E+01 1.47E-15 6.45E+07 2.26E+03 2.26E+01 1 0.99
7.86E-19 5.92E-01 2.31E+01 2.29E+03 2.31E+01 2.77E+00 6.69E+00 6.50E+01 9.46E-16 6.71E+07 2.31E+03 2.31E+01 1 0.99
6.43E-32 1.31E+00 5.09E+01 5.05E+03 5.10E+01 5.49E+00 8.90E+00 3.17E+02 9.95E-28 3.27E+08 5.10E+03 5.10E+01 1 0.99
2.18E-32 1.33E+00 5.19E+01 5.15E+03 5.20E+01 5.60E+00 8.90E+00 3.30E+02 3.58E-28 3.40E+08 5.20E+03 5.20E+01 1 0.99
7.21E-33 1.36E+00 5.30E+01 5.25E+03 5.30E+01 5.71E+00 8.90E+00 3.43E+02 1.26E-28 3.54E+08 5.30E+03 5.30E+01 1 0.99
2.34E-33 1.39E+00 5.40E+01 5.35E+03 5.41E+01 5.82E+00 8.90E+00 3.57E+02 4.33E-29 3.68E+08 5.41E+03 5.41E+01 1 0.99
7.43E-34 1.41E+00 5.51E+01 5.46E+03 5.52E+01 5.94E+00 8.90E+00 3.71E+02 1.46E-29 3.83E+08 5.52E+03 5.52E+01 1 0.99
2.31E-34 1.44E+00 5.62E+01 5.57E+03 5.63E+01 6.06E+00 8.90E+00 3.86E+02 4.81E-30 3.98E+08 5.63E+03 5.63E+01 1 0.99
> Fam-source = 2.34E-05
Fam=  6.69E-01




Table 2.79 Estimation of External Radiation Dose at the Receptor
Location (0, 0, 1) (m) from C-14 in Six Area Sources with a Concrete
Cover of 1 cm

DCF-inf Average Estimated
(mrem/yr Decay Factor Area of Dose
per pCi/g) | Half-life, yr | in 1st year Feg-surf Source (m2) Fam (mrem/yr)

10,000 6.69E-01 8.41E-11

1,000 6.69E-01 8.41E-11

1.35E-05 | 5.73E+03 | 1.00E+00 9.35E-06 100 6.06E-01 8.37E-11
36 6.36E-01 8.01E-11

10 4.93E-01 6.21E-11

4 3.27E-01 4.12E-11

Table 2.80 Calculation of Fcp for C-14 in an Area Source with a Cover of 5 cm

Reference source —

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g)
Cover material =

none

0.642
Cover thickness, cm =

0.358

0.294

D(T =0.Tg=x)

Source density , g/cm3 = 1.6 Source thickness, cm =
Surface activity conversion factor, (pCi/g)/(pCi/m2) 0.0625
Fop = DTe=teTs=ts) _ Ae KaPcte(] — e~KaPsts) 4 Be~KBPcte(] — e ~KBPsts)

FCD-surf= 0.00000055

(Note: FCD-surf = FCD x Surface activity conversion factor)

3.39

Density of cover, g/cm3 =
0.001

1.6

Table 2.81 Estimation of External Radiation Dose at the Receptor
Location (0, 0, 1) (m) from C-14 in Six Area Sources with a Concrete
Cover of 5cm

DCF-inf Average Estimated
(mrem/yr Decay Factor Area of Dose
per pCi/g) | Half-life, yr | in 1st year Feo-surf Source (m2) Fam (mrem/yr)

10,000 3.53E-01 2.63E-12

1,000 3.53E-01 2.63E-12

1.35E-05 | 5.73E+03 | 1.00E+00 5.54E-07 100 3.53-01 2.63-12
36 3.53E-01 2.63E-12

10 3.52E-01 2.62E-12

4 3.31E-01 2.47E-12

74




Table 2.82 Comparison of External Radiation Doses (mrem/yr) at the Receptor Location (0, 0, 1)

(m) Estimated by RESRAD-BUILD and Spreadsheets from C-14 in Six Area Sources with

Concrete Covers

With 1-cm Cover With 5-cm Cover
from Dose Results Ratio - Results Dose Results Ratio -
Area of RESRAD- from RESRAD-BUILD/ from from RESRAD-BUILD/
Source (m?) BUILD Spreadsheets Spreadsheets RESRAD-  Spreadsheets Spreadsheets
10,000 8.54E-11 8.41E-11 1.02 2.81E-12 2.63E-12 1.07
1,000 8.47E-11 8.41E-11 1.01 2.81E-12 2.63E-12 1.07
100 8.53E-11 8.37E-11 1.02 2.81E-12 2.63E-12 1.07
36 8.17E-11 8.01E-11 1.02 2.81E-12 2.63E-12 1.07
10 6.35E-11 6.21E-11 1.02 2.81E-12 2.62E-12 1.07
4 4.23E-11 4.12E-11 1.03 2.63E-12 247E-12 1.07

Table 2.83 Calculation of Fcp for Mn-54 in

an Area Source with a Cover of 1 cm

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g)
Cover material =

Source density , g/cm3 =
Surface activity conversion factor, (pCi/g)/(pCi/m2)

Reference source — none

0.085 0.915 1.22
Cover thickness, cm = 1

0.088

1.6 Source thickness, cm =
0.0625

0.001

D(T =t Ts=ts

F.r =
@ D(T=0.Tg=x)

) = Ae KaPcle(] — eKaPsts) + BeKePcle(] — ¢~Kppsls)

FCD-surf= 0.00000707

(Note: FCD-surf = FCD x Surface activity conversion factor)

Density of cover, g/em3 =

2.4

75
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Table 2.84 Calculation of Fam for Mn-54 in a Reference Area Source with a Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Mass
Dose Attenuation  Effective mass Mass Attenuation Mass = w
Conversion  Coefficient Attenuation  Attenuation Coefficient  Attenuation ("a +i+ f)
Factor (source)  Coefficient (ref) Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (/cm) (/cm) (soil) (fcm) (/cm) (air) {/cm)
1 0.835 1.00E+00 0.825 3.189 1.76E-03 1.78E-03 1.70E-01 1.67E-01 8.48E-05
ta (cm) =99 tc(em)=1 Source-ref area (m2) = 3.36E+06
Receptor Receptor
exp(-ux)/x2 - dist. in-ref-air  dist. in-ref- mfp-dist. in -ref- mfp-dist. in- Vol-source- An x dist-refA2 distance-ref locationy locationz
ref (cm) cover {cm) air ref-cover BF-ref-air BF-ref-cover ref Fam-ref (cm2) (cm) r-ref(m) ta+tc(m) ta (m) (cm) (cm)
6.66E-06 9.90E+01 1.00E+00 8.39E-03 1.70E-01 1.01E+00 1.16E+00 0.00E+00 0.00E+00 1.26E+05 1.00E+02 1.00E+00 0 0.99
6.58E-06 9.95E+01 1.00E+00 8.43E-03 1.71E-01 1.01E+00 1.17E+00 3.14E-02 2.43E-07 1.27E+05 1.00E+02 1.00E+00 0 0.99
6.58E-06 9.95E+01 1.01E+00 8.44E-03 1.71E-01 1.01E+00 1.17E+00 1.91E-03 1.48E-08 1.27E+05 1.01E+02 1.00E+00 0 0.99
6.57E-06 9.96E+01 1.01E+00 8.44E-03 1.71E-01 1.01E+00 1.17E+00 2.03E-03 1.57E-08 1.27E+05 1.01E+02 1.00E+00 0 0.99
6.57E-06 9.96E+01 1.01E+00 8.44E-03 1.71E-01 1.01E+00 1.17E+00 2.15E-03 1.66E-08 1.27E+05 1.01E+02 1.00E+00 0 0.99
6.56E-06 9.96E+01 1.01E+00 8.45E-03 1.71E-01 1.01E+00 1.17E+00 2.29E-03 1.76E-08 1.27E+05 1.01E+02 1.00E+00 0 0.99
6.56E-06 9.97E+01 1.01E+00 8.45E-03 1.71E-01 1.01E+00 1.17E+00 2.42E-03 1.87E-08 1.27E+05 1.01E+02 1.00E+00 0 0.99
6.55E-06 9.97E+01 1.01E+00 8.45E-03 1.71E-01 1.01E+00 1.17E+00 2.57E-03 1.98E-08 1.28E+05 1.01E+02 1.00E+00 0 0.99 0 100
6.55E-06 9.97E+01 1.01E+00 8.46E-03 1.71E-01 1.01E+00 1.17E+00 2.73E-03 2.10E-08 1.28E+05 1.01E+02 1.00E+00 0 0.99
1.49E-11 3.40E+03 3.43E+01 2.88E-01 5.83E+00 1.28E+00 1.18E+01 1.44E+02 3.25E-08 1.48E+08 3.43E+03 1.00E+00 34 0.99
1.26E-11 3.46E+03 3.50E+01 2.94E-01 5.95E+00 1.29E400 1.21E+01 1.49E+02 2.96E-08 1.54E+08 3.50E+03 1.00E+00 35 0.99
1.07E-11 3.53E+03 3.57E+01 3.00E-01 6.07E+00 1.30E+00 1.25E+01 1.55E+02 2.70E-08 1.60E+08 3.57E+03 1.00E+00 36 0.99
9.08E-12 3.60E+03 3.64E+01 3.06E-01 6.19E+00 1.30E+00 1.28E+01 1.62E+02 2.45E-08 1.67E+08 3.64E+03 1.00E+00 36 0.99
7.66E-12 3.68E+03 3.71E+01 3.12E-01 6.31E+00 1.31E+00 1.32E+01 1.68E+02 2.22E-08 1.73E+08 3.71E+03 1.00E+00 37 0.99
6.45E-12 3.75E+03 3.79E+01 3.18E-01 6.44E+00 1.31E+00 1.36E+01 1.75E+02 2.01E-08 1.80E+08 3.79E+03 1.00E+00 38 0.99
8.48E-89 9.84E+04 9.94E+02 8.34E+00 1.69E+02 2.44E+01 2.43E+02 1.21E405 6.07E-80 1.24E+11 9.94E+04 1.00E+00 994 0.99
2.35E-90 1.00E+05 1.01E+03 8.51E+00 1.72E+02 2.52E+01 2.43E+02 1.25E+05 1.81E-81 1.29E+11 1.01E+05 1.00E+00 1014 0.99
6.09E-92 1.02E+05 1.03E+03 8.68E+00 1.76E+02 2.60E+01 2.43E+02 1.30E+05 5.02E-83 1.34E+11 1.03E+05 1.00E+00 1034 0.99
>FAM-ref= 1.12E-04
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Table 2.85 Calculation of Fam for Mn-54 in an Area Source of 4 m? with a Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Mass
Dose Attenuation = Effective mass Mass Attenuation Mass i°= M
Conversion  Coefficient Attenuation  Attenuation Coefficient  Attenuation (“a +i+ f)
Factor (source)  Coefficient (ref) Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (/cm) (/cm) (soil) (fcm) (/cm) (air) {/cm)
1 0.835 1.00E+00 0.825 3.189 1.76E-03 1.78E-03 1.70E-01 1.67E-01 8.48E-05
ta (cm) =99 tc (cm) =1 Source area (m2) = 4 Source-ref area (m2) = 3.36E+06
dist. in- 4 x dist- Receptor =~ Receptor
exp(-ux)/x2 - mfp-dist. in- mfp-dist. in- dist. in -source- source- BF-source- sourcen2 distance- | r-source locationy  location z
source source-air  source-cover air (cm) cover {cm) BF-source-air cover Vol-source | F,,-source (cm2) source (cm) (m) ta + tc (m) ta (m) (em) (cm)
6.67E-06 8.39E-03 1.67E-01 9.90E+01 1.00E+00  1.01E+00 1.16E+00 0.00E+00  0.00E+00 1.26E+05  1.00E+02  0.00E+00 1 0.99
6.60E-06 8.43E-03 1.68E-01 9.95E+01 1.00E+00  1.01E+00 1.16E+00 3.14E-02  2.43E-07 1276405  1.00E+02  1.00E-01 1 0.99
6.60E-06 8.44E-03 1.68E-01 9.95E+401 1.01E+00  1.01E+00 1.16E+00 1.91E-03  1.48E-08 1276405  1.01E+02  1.03E-01 1 0.99
6.59E-06 8.44E-03 1.68E-01 9.96E+01 1.01E+00  1.01E+00 1.16E+00 2.03E-03 | 1.57E-08 1.276+05 1.01E+02  1.06E-01 1 0.99
6.59E-06 8.44E-03 1.68E-01 9.96F+01 1.01E+00  1.01E+00 1.16E+00 2.156-03  1.66E-08 1.276+05  1.01E+02 = 1.09E-01 1 0.99
6.58E-06 8.45E-03 1.69E-01 9.96E+01 1.01E+00  1.01E+00 1.16E+00 2.296-03  1.76E-08 1.276+05  1.01F+02 = 1.13E-01 1 0.99
6.58E-06 8.45E-03 1.69E-01 9.97E+01 1.01E+00  1.01E+00 1.16E+00 2.42E-03  1.86E-08 1.27E405  1.01E+02  1.16E-01 1 0.99
6.57E-06 8.45E-03 1.69E-01 9.97E+01 1.01E+00  1.01E+00 1.16E+00 2.57E-03  1.98E-08 1.286+05  1.01E+02  1.19E-01 1 0.99
6.56E-06 8.46E-03 1.69E-01 9.97E+01 1.01E+00  1.01E+00 1.16E+00 2.736-03  2.10E-08 1286405  1.01E+02  1.23E-01 1 0.99
6.56E-06 8.46E-03 1.69E-01 9.98E+01 1.01E+00  1.01E+00 1.16E+00 2.90E-03  2.22E-08 1.28E+05  1.01E+02  1.27E-01 1 0.99
6.55E-06 8.46E-03 1.69E-01 9.98E+01 1.01E+00  1.01E+00 1.16E+00 3.07E-03 | 2.35E-08 1.28E+05 1.01E+02  1.30E-01 1 0.99
6.54E-06 8.47€-03 1.69E-01 9.99F+01 1.01E+00  1.01E+00 1.16E+00 3.26E-03  2.49E-08 1.28E+05  1.01F+02  1.34E-01 1 0.99
6.54E-06 8.47E-03 1.69E-01 9.99F+01 1.01E+00  1.01E+00 1.16E+00 3.46E-03  2.64E-08 1.28F+05  1.01F+02 = 1.38E-01 1 0.99
6.53E-06 8.48E-03 1.69E-01 1.00E+02 1.01E+00  1.01E+00 1.16E+00 3.67E-03  2.80E-08 1.28E405  1.01E+02  1.43E-01 1 0.99 0 100
3.09E-06 1.19E-02 2.37E-01 1.40E+02 1.42E+00 1.01E+00 1.23E+00 1.81E-01 6.95E-07 2.52E+05 1.42E+02 1.00E+00 1 0.99
2.99E-06 1.21E-02 2.41E-01 1.42E+02 1.44E+00 1.01E+00 1.23E+00 1.93E-01 7.15E-07 2.60E+05 1.44E+02 1.03E+00 1 0.99
2.89E-06 1.23E-02 2.45E-01 1.45E+02 1.46E+00 1.01E+00 1.23E+00 2.04E-01 7.35E-07 2.68E+05 1.46E+02 1.06E+00 1 0.99
2.78E-06 1.25E-02 2.48E-01 1.47E+02 1.48E+00 1.01E+00 1.24E+00 2.17E-01 7.55E-07 2.77E+05 1.48E+02 1.10E+00 1 0.99
2.68E-06 1.27E-02 2.53E-01 1.49E+02 1.51E+00 1.01E+00 1.24E+00 2.30E-01 7.74E-07 2.86E+05 1.51E+02 1.13E+00 1 0.99
>FAM-source= 1.98E-05
FAM=  1.76E-01
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Table 2.86 Calculation of Fam for Mn-54 in an Area Source of 10 m? with a Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Mass
Dose Attenuation = Effective mass Mass Attenuation Mass = w
Conversion Coefficient Attenuation  Attenuation Coefficient  Attenuation (fa +i+ f)
Factor (source)  Coefficient (ref) Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (fcm) (/em) (soil) (fcm) (/cm) (air) (fcm)
1 0.835 1.00E+00 0.825 3.189 1.76E-03 1.78E-03 1.70E-01 1.67E-01 8.48E-05
ta (cm) = 99 tc{em) =1 Source area (m2) = 10 Source-ref area (m2) = 3.36E+06
dist. in- 4an x dist- Receptor  Receptor
exp(-ux)/x2 - mfp-dist. in- mfp-dist. in- dist. in -source- source- BF-source- sourcen? distance- | r- source locationy locationz
source source-air  source-cover air (cm) cover (cm) BF-source-air cover Viol-source | F,,-source (em2) source (cm) (m) ta +tc (m) ta (m) (em) (cm)
2.58E-06 1.29E-02 2.57E-01 1.52E+02 1.53E+00 1.01E+00 1.24E+00 2.44E-01 7.94E-07 2.96E+05 1.53E+02 1.16E+00 1 0.99
2.48E-06 1.31E-02 2.61E-01 1.54E+02 1.56E+00 1.01E+00 1.25E+00 2.59E-01 8.13E-07 3.06E+05 1.56E+02 1.20E+00 1 0.99
2.38E-06 1.33E-02 2.66E-01 1.57E+02 1.59E+00 1.01E+00 1.25E+00 2.75E-01 8.31E-07 3.17E+05 1.59E+02 1.23E+00 1 0.99
2.28E-06 1.36E-02 2.71E-01 1.60E+02 1.62E+00 1.01E+00 1.26E+00 2.91E-01 8.50E-07 3.29E+05 1.62E+02 1.27E+00 1 0.99
2.20E-06 1.38E-02 2.76E-01 1.63E+02 1.65E+00 1.01E+00 1.26E+00 3.09E-01 8.68E-07 3.41E+05 1.65E+02 1.31E+00 1 0.99
2.10E-06 1.41E-02 2.81E-01 1.66E+02 1.68E+00 1.01E+00 1.27E+00 3.28E-01 8.85E-07 3.54E+05 1.68E+02 1.35E+00 1 0.99
2.01E-06 1.44E-02 2.87E-01 1.69E+02 1.71E+00 1.01E+00 1.27E+00 3.48E-01 9.02E-07 3.68E+05 1.71E+02 1.39E+00 1 0.99
1.92E-06 1.46E-02 2.92E-01 1.73E+02 1.75E+00 1.01E+00 1.28E+00 3.69E-01 9.19E-07 3.83E+05 1.75E+02 1.43E+00 1 0.99
1.84E-06 1.49E-02 2.98E-01 1.76E+02 1.78E+00 1.01E+00 1.28E+00 3.91E-01 9.35E-07 3.98E+05 1.78E+02 1.47E+00 1 0.99 0 100
1.75E-06 1.52E-02 3.04E-01 1.80E+02 1.82E+00 1.02E+00 1.29E+00 4.15E-01 9.51E-07 4.15E+05 1.82E+02 1.52E+00 1 0.99
1.67E-06 1.56E-02 3.11E-01 1.84E+02 1.86E+00 1.02E+00 1.29E+00 4.41E-01 9.66E-07 4.33E+05 1.86E+02 1.56E+00 1 0.99
1.59E-06 1.59E-02 3.17E-01 1.88E+02 1.89E+00 1.02E+00 1.30E+00 4.67E-01 9.81E-07 4.51E+05 1.89E+02 1.61E+00 1 0.99
1.51E-06 1.62E-02 3.24E-01 1.92E+02 1.94E+00 1.02E+00 1.31E+00 4.96E-01 9.95E-07 4.71E+05 1.94E+02 1.66E+00 1 0.99
1.43E-06 1.66E-02 3.31E-01 1.96E+02 1.98E+00 1.02E+00 1.31E+00 5.26E-01 1.01E-06 4.92E+05 1.98E+02 1.71E+00 1 0.99
1.36E-06 1.70E-02 3.39E-01 2.00E+02 2.02E+00 1.02E+00 1.32E+00 5.58E-01 1.02E-06 5.15E+05 2.02E+02 1.76E+00 1 0.99
1.31E-06 1.72E-02 3.44E-01 2.03E+02 2.05E+00 1.02E+00 1.33E+00 3.93E-01 6.96E-07 5.30E+05 2.05E+02 1.79E+00 1 0.99
2>FAM-source= 3.42E-05
FAM=  3.05E-01
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Table 2.87 Calculation of Fam for Mn-54 in an Area Source of 36 m?with a Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Mass
Dose Attenuation = Effective mass Mass Attenuation Mass = w
Conversion Coefficient Attenuation  Attenuation Coefficient  Attenuation ("a +i+ f)
Factor (source)  Coefficient (ref) Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (fcm) (/cm) (soil) (fcm) (/cm) (air) (fcm)
1 0.835 1.00E+00 0.825 3.189 1.76E-03 1.78E-03 1.70E-01 1.67E-01 8.48E-05
ta (cm) =99 tc(cm)=1 Source area (m2) = 36 Source-ref area (m2) = 3.36E+06
dist. in- 4m x dist- Receptor  Receptor
exp(-ux)/x2 - mfp-dist. in- mfp-dist. in- dist. in -source- source- BF-source- sourcen? distance- | r- source locationy location z
source source-air  source-cover air (cm) cover (cm) BF-source-air cover Vol-source | F,,-source (cm2) source (cm) (m) ta+tc(m) ta (m) (cm) (cm)
1.22E-06 1.78E-02 3.55E-01 2.10E+02 2.12E+00 1.02E+00 1.34E+00 4,25E-01 7.07E-07 5.64E+05 2.12E+02 1.87E+00 1 0.99
1.18E-06 1.80E-02 3.60E-01 2.13E+02 2.15E+00 1.02E+00 1.34E+00 4.42E-01 7.12E-07 5.81E+05 2.15E+02 1.90E+00 1 0.99
1.14E-06 1.83E-02 3.66E-01 2.16E+02 2.18E+00 1.02E+00 1.35E+00 4.60E-01 7.17E-07 6.00E+05 2.18E+02 1.94E+00 1 0.99
1.09E-06 1.86E-02 3.72E-01 2.20E+02 2.22E+00 1.02E+00 1.35E+00 4.79E-01 7.21E-07 6.19E+05 2.22E+02 1.88E+00 1 0.99
1.05E-06 1.89E-02 3.77E-01 2.23E+02 2.25E+00 1.02E+00 1.36E+00 4.98E-01 7.26E-07 6.39E+05 2.25E+02 2.02E+00 1 0.99
1.01E-06 1.92E-02 3.84E-01 2.27E+02 2.29E+00 1.02E+00 1.36E+00 5.18E-01 7.30E-07 6.60E+05 2.29E+02 2.06E+00 1 0.99
9.75E-07 1.95E-02 3.90E-01 2.30E+02 2.33E+00 1.02E+00 1.37E+00 5.39E-01 7.34E-07 6.81E+05 2.33E+02 2.10E+00 1 0.99
9.38E-07 1.99E-02 3.96E-01 2.34E+02 2.37E+00 1.02E+00 1.38E+00 5.61E-01 7.38E-07 7.04E+05 2.37E+402 2.14E+00 1 0.99
9.01E-07 2.02E-02 4.03E-01 2.38E+02 2.40E+00 1.02E+00 1.38E+00 5.84E-01 7.42E-07 7.27E+05 2.40E+02 2.19E+00 1 0.99
8.66E-07 2.05E-02 4.09E-01 2.42E+02 2.44E+00 1.02E+00 1.39E+00 6.07E-01 7.45E-07 7.51E+05 2.44E+02 2.23E+00 1 0.99 0 100
8.32E-07 2.09E-02 4.16E-01 2.46E+02 2.49E+00 1.02E+00 1.40E+00 6.32E-01 7.48E-07 7.76E+05 2.49E+02 2.28E+00 1 0.99
7.99E-07 2.12E-02 4.23E-01 2.50E+02 2.53E+00 1.02E+00 1.40E+00 6.57E-01 7.51E-07 8.03E+05 2.53E+02 2.32E+00 1 0.99
4.77E-07 2.61E-02 5.20E-01 3.08E+02 3.11E+00 1.03E+00 1.50E+00 1.06E+00 7.74E-07 1.21E+06 3.11E+02 2.94E+00 1 0.99
4.55E-07 2.66E-02 5.30E-01 3.13E+02 3.16E+00 1.03E+00 1.51E+00 1.10E+00 7.76E-07 1.26E+06 3.16E+02 3.00E+00 1 0.99
4.35E-07 2.70E-02 5.39E-01 3.19E+02 3.22E+00 1.03E+00 1.52E+00 1.14E+00 7.77E-07 1.30E+06 3.22E+02 3.06E+00 1 0.99
4.15E-07 2.75E-02 5.49E-01 3.25E+402 3.28E+00 1.03E+00 1.53E+00 1.19E+00 7.78E-07 1.35E+06 3.28E+02 3.12E+00 1 0.99
3.97E-07 2.80E-02 5.59E-01 3.31E+02 3.34E+00 1.03E+00 1.54E+00 1.24E+00 7.79E-07 1.40E+06 3.34E+02 3.19E+00 1 0.99
3.78E-07 2.85E-02 5.69E-01 3.37E+02 3.40E+00 1.03E+00 1.55E+00 1.29E+00 7.79E-07 1.45E+06 3.40E+02 3.25E+00 1 0.99
3.61E-07 2.91E-02 5.80E-01 3.43E+02 3.46E+00 1.03E+00 1.57E+00 1.34E+00 7.80E-07 1.51E+06 3.46E+02 3.31E+00 1 0.99
2 Fay-source = 5.83E-05
Faw= 5.19E-01
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Table 2.88 Calculation of Fam for Mn-54 in an Area Source of 100 m? with a Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Mass
Dose Attenuation Effective mass Mass Attenuation Mass U= w
Conversion Coefficient = Attenuation Attenuation Coefficient  Attenuation (r, + .+ 1)
Factor (source)  Coefficient (ref) Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm?2) (/fcm) (/cm) (sail) (/fcm) {/cm) (air) {/cm)
1 0.835 1.00E+00 0.825 3.189 1.76E-03 1.78E-03 1.70E-01 1.67E-01 8.48E-05
ta (cm)= 99 tc(cm)=1 Source area (m2) = 100 Source-ref area (m2) = 3.36E+06
dist. in- 4m x dist- Receptor  Receptor
exp(-ux)/x2 - mfp-dist. in- mfp-dist. in- dist. in -source- source- BF-source- sourcer2 distance- - source locationy  location z
source source-air  source-cover air (cm) cover (cm) BF-source-air cover Vol-source  F,,,-source (em2) source (cm) (m) ta + tc (m) ta (m) (em) (em)
3.28E-07 3.01E-02 6.01E-01 3.55E+02 3.59+00  1.03E+00 1.59E+00 1.456+00  7.80E-07 1.62E+06  3.59E+02  3.45E+00 1 0.99
3.13E-07 3.07€-02 6.12E-01 3.626+02 3.66E400  1.03E+00 1.60E+00 1.51E400  7.80E-07 1.68E+06  3.66E+02  3.52E£+00 1 0.99
2.086-07  3.13E-02 6.24E-01 3.69E+02 3.726400  1.03E+00 1.62E+00  1.57E+00  7.80E-07 1.74E406  3.72E+02  3.59E+00 1 0.99
2.84E-07 3.18E-02 6.35E-01 3.76E+02 3.79E+00  1.03E+00 1.63E+00 1.63E+00  7.79E-07 1.81F+06  3.79E+02  3.66E+00 1 0.99
2.70€-07 3.24E-02 6.47E-01 3.83E+02 3.86E400  1.03E+00 1.64E+00 1.70E+00  7.78E-07 1.88E+06  3.86E402  3.736+00 1 0.99
257E-07  3.30E-02 6.59E-01 3.90E+02 3.04E400  1.03E+00 1.66E+00  1.77E+00  7.78E-07 1956406  3.94E+02  3.81E+00 1 0.99
2.44E-07  3.37E-02 6.71€-01 3.97E+02 4.016400  1.03E+00 1.67E+00  1.84E+00  7.76E-07 2.026406  4.016+02  3.88E+00 1 0.99
2.32E-07 3.43E-02 6.84E-01 4.04E+02 4.09E+00  1.03E+00 1.69E+00 1.91E400  7.75E-07 2.10E+06  4.09E+02  3.96E+00 1 0.99
2.21E-07 3.49E-02 6.97E-01 4.12E+02 4.16E+00 1.03E+00 1.70E+00 1.99E+00 7.74E-07 2.18E+06 4.16E+02 4.04E+00 1 0.99
2.10E-07 3.56E-02 7.10E-01 4.20E+02 4,24E+00 1.04E+00 1.71E+00 2.07E+00 7.72E-07 2.26E+06 4.24E+02 4,12E+00 1 0.99
1.99E-07 3.63E-02 7.24E-01 4.28E+02 4.32E+00 1.04E+00 1.73E+00 2.16E+00 7.70E-07 2.35E+06 4.32E+02 4.20E+00 1 0.99
1.89E-07 3.70E-02 7.37E-01 4.36E+02 4.40E+00 1.04E+00 1.75E+00 2.24E+00 7.68E-07 2.44E+06 4.40E+02  4.29E+00 1 0.99
1.80E-07 3.77E-02 7.51E-01 4.44E402 4.49E400 1.04E+00 1.76E400 2.33E+00 7.66E-07 2.53E406 4.49E+02  4.37E400 1 0.99 0 100
1.70E-07 3.84E-02 7.65E-01 4.53E+02 4,57E+00 1.04E+00 1.78E+00 2.43E+00 7.64E-07 2.63E+06 4.57E+02 4.46E+00 1 0.99
1.62E-07 3.91E-02 7.80E-01 4.61E+02 4.66E+00 1.04E+00 1.79E+00 2.53E+00 7.61E-07 2.73E+06 4.66E+02 4.55E+00 1 0.99
1.53E-07 3.98E-02 7.95E-01 4.70E+02 4.75E+00 1.04E+00 1.81E+00 2.63E+00 7.58E-07 2.83E+06 4.75E+02  4.64E+00 1 0.99
1.45E-07 4.06E-02 8.10E-01 4.79E+02 4.84E+00 1.04E+00 1.83E+00 2.73E+00 7.55E-07 2.94E4+06 4.84E+02 4.73E+00 1 0.99
1.37E-07 4.14E-02 38.26E-01 4. 88E+02 4.93E+00 1.04E+00 1.85E+00 2.85E+00 7.52E-07 3.06E+06 4.93E+02  4.83E+00 1 0.99
1.30E-07 4.22E-02 8.42E-01 4 98E+02 5.03E+00 1.04E+00 1.86E+00 2.96E+00 7.49E-07 3.18E+06 5.03E+02  4.93E+00 1 0.99
1.23E-07 4.30E-02 8.58E-01 5.07E+02 5.12E4+00 1.04E+00 1.88E+00 3.08E+00 7.45E-07 3.30E+06 5.12E+02  5.02E+00 1 0.99
1.17E-07 4.38E-02 8.74E-01 5.17E+02 5.22E+00 1.04E+00 1.90E+00 3.20E+00 7.41E-07 3.43E+06 5.22E+02 5.12E+00 1 0.99
1.10E-07 4. 47E-02 8.91E-01 5.27E+02 5.32E+00 1.04E+00 1.92E+00 3.33E+00 7.37E-07 3.56E+06 5.32E+02 5.23E+00 1 0.99
1.04E-07 4.55E-02 9.08E-01 5.37E+02 5.42E+00 1.05E+00 1.94E+00 3.47E+00 7.33E-07 3.70E+06 5.42E+02  5.33E+00 1 0.99
9.84E-08 4.64E-02 9.26E-01 5.47E+02 5.53E+00 1.05E+00 1.96E+00 3.61E+00 7.29E-07 3.84E+06 5.53E+02 5.44E+00 1 0.99
9.30E-08 4.73E-02 9.44E-01 5.58E+02 5.64E+00 1.05E+00 1.98E+00 3.75E+00 7.24E-07 3.99E+06 5.64E+02 5.55E+00 1 0.99
8.78E-08 4.82E-02 9.62E-01 5.69E+02 5.75E+00 1.05E+00 2.00E+00 3.91E+00 7.19E-07 4.15E+06 5.75E+02  5.66E+00 1 0.99
SFAM-source= 7.80E-05
FAM=  6.95E-01
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Table 2.89 Calculation of Fam for Mn-54 in an Area Source of 1,000 m? with a Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Mass
Dose Attenuation = Effective mass Mass Attenuation Mass = w
Conversion Coefficient Attenuation  Attenuation Coefficient  Attenuation (fg +i, + f)
Factor (source)  Coefficient (ref) Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (fcm) (fcm) (sail) (fcm) (fcm) (air) {/cm)
1 0.835 1.00E+00 0.825 3.189 1.76E-03 1.78E-03 1.70E-01 1.67E-01 8.48E-05
ta (cm) = 99 tc(cm)=1 Source area (m2) = 1,000 Source-ref area (m2) = 3.36E+06
dist. in- Receptor  Receptor
exp(-ux)/x2 - mfp-dist. in- mfp-dist. in- dist. in -source- source- BF-source- Am x dist- distance- = r- source, locationy, location z,
source source-air  source-cover air cover BF-source-air cover Vol-source  F,,-source sourcen2 source m ta+tc,m ta, m cm cm
8.28E-08 4.92E-02 9.81E-01 5.80E+02 5.86E+00  1.05E+00 2.02E+00 4.06E+00  7.14E-07 4.31E+06 5.86E+02  5.77E+00 1 0.99
7.81E-08 5.01E-02 1.00E+00 5.91F+02 5.97E+00  1.05E+00 2.05E+00 4.23E+00  7.09E-07 448FE+06  5.97F+02  5.89F+00 1 0.99
7.36E-08 5.11E-02 1.02E+00 6.03E+02 6.00E+00  1.05E+00 2.07E+00 4.40E400  7.05E-07 4.66E406  6.00E+02  6.00E+00 1 0.99
6.94E-08 5.21E-02 1.04E+00 6.14E+02 6.20E+00 1.05E+00 2.10E+00 4.58E+00 7.01E-07 4.84E+06 6.20E+02 6.12E+00 1 0.99
6.54E-08 5.31E-02 1.06E+00 6.26E+02 6.33E+00 1.05E+00 2.13E+00 4.76E+00 6.97E-07 5.03E+06 6.33E+02 6.25E+00 1 0.99
6.15E-08 5.41E-02 1.08E+00 6.38E+02 6.45E+00 1.05E+00 2.16E+00 4.95E+00 6.93E-07 5.23E+06 6.45E+02 6.37E+00 1 0.99
5.78E-08 5.52E-02 1.10E+00 6.51E+02 6.58E+00 1.05E+00 2.19E+00 5.15E+00 6.88E-07 5.43E+06 6.58E+02 6.50E+00 1 0.99
5.45E-08 5.63E-02 1.12E+00 6.64E+02 6.70E+00 1.06E+00 2.22E+00 5.36E+00 6.83E-07 5.65E+06 6.70E+02 6.63E+00 1 0.99
5.12E-08 5.74E-02 1.14E+00 6.77E+02 6.83E+00 1.06E+00 2.25E+00 5.58E+00 6.78E-07 5.87E+06 6.83E+02 6.76E+00 1 0.99 0 100
4.81E-08 5.85E-02 1.17E+00 6.90E+02 6.97E+00 1.06E+00 2.28E+00 5.80E+00 6.73E-07 6.10E+06 6.97E+02 6.90E+00 1 0.99
4.52E-08 5.96E-02 1.19E+00 7.03E+02 7.11E+00 1.06E+00 2.31E+00 6.04E+00 6.67E-07 6.35E+06 7.11E+02 7.03E+00 1 0.99
1.76E-09 1.36E-01 2.71E+00 1.60E+03 1.62E+01 1.13E+00 4.62E+00 3.19E+01 2.94E-07 3.30E+07 1.62E+03 1.62E+01 1 0.99
1.60E-09 1.39E-01 2.77E+00 1.63E+03 1.65E+01 1.14E+00 4.71E+00 3.32E+401 2.84E-07 3.43E+07 1.65E+03 1.65E+01 1 0.99
1.45E-09 1.41E-01 2.82E+00 1.67E+03 1.68E+01 1.14E+00 4.80E+00 3.45E+01 2.74E-07 3.57E+07 1.68E+03 1.68E+01 1 0.99
1.31E-09 1.44E-01 2.88E+00 1.70E+03 1.72E4+01 1.14E400 4.89E+00 3.50E+01 2.64E-07 3.71E+07 1.72E+03 1.71E+01 1 0.99
1.19E-09 1.47E-01 2.93E+00 1.73E+03 1.75E+01 1.15E+00 4.99E+00 3.73E+01 2.54E-07 3.86E+07 1.75E+03 1.75E+01 1 0.99
1.08E-09 1.50E-01 2.99E+00 1.77E+03 1.79E+01 1.15E+00 5.09E+00 3.88E+01  2.44E-07 4.01E+07 1.79E+03 1.78E+01 1 0.99
>FAM-source= 1.08E-04
FAM= 9.58E-01
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Table 2.90 Calculation of Fam for Mn-54 in an Area Source of 10,000 m? with a Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Mass
Dose Attenuation = Effective mass Mass Attenuation Mass i°= M
Conversion  Coefficient Attenuation  Attenuation Coefficient  Attenuation (“a +i+ f)
Factor (source)  Coefficient (ref) Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (/cm) (/cm) (soil) (fcm) (/cm) (air) {/cm)
1 0.835 1.00E+00 0.825 3.189 1.76E-03 1.78E-03 1.70E-01 1.67E-01 8.48E-05
ta (cm) =99 tc (cm) =1 Source area (m2) = 10,000 Source-ref area (m2) = 3.36E+06
dist. in- Receptor =~ Receptor
exp(-ux)/x2 - mfp-dist. in- mfp-dist. in- dist. in -source- source- BF-source- A x dist- distance-  r- source, locationy, locationz,
source source-air source-cover air cover BF-source-air cover Vol-source Fan-source sourcen? source m ta+tc, m ta, m cm cm
9.71E-10 1.53E-01 3.05E+00 1.80E+03 1.82E401  1.15E+00 5.20E+00 4.04E401  2.35E-07 4186407  1.82E403 1.82E:01 1 0.99
8.76E-10 1.56E-01 3.11E+00 1.84E+03 1.86E+01 1.15E+00 5.32E+00 4.21E+01 2.26E-07 4.34E+07 1.86E+03 1.86E+01 1 0.99
7.89E-10 1.59E-01 3.17E+00 1.88E+03 1.90E+01 1.16E+00 5.44E+00 4.37E+01 2.17E-07 4.52E+07 1.90E+03 1.89E+01 1 0.99
7.10E-10 1.62E-01 3.24E+00 1.91E+03 1.93E+01 1.16E+00 5.56E+00 4.55E+01 2.09E-07 4.70E+07 1.93E+03 1.93E+01 1 0.99
6.37E-10 1.66E-01 3.30E+00 1.95E+03 1.97E+01 1.16E+00 5.69E+00 4.74E+01 2.00E-07 4.89E+07 1.97E+03 1.97E+01 1 0.99
5.72E-10 1.69E-01 3.37E+00 1.99E+03 2.01E+01 1.17E+00 5.82E+00 4.93E+01 1.91E-07 5.09E+07 2.01E+03 2.01E+01 1 0.99
5.12E-10 1.72E-01 3.44E+00 2.03E+03 2.05E+01 1.17E+00 5.95E+00 5.13E+01 1.83E-07 5.29E+07 2.05E+403 2.05E+01 1 0.99
4.58E-10 1.76E-01 3.50E+00 2.07E+03 2.09E+01 1.17E+00 6.08E+00 5.33E+01 1.74E-07 5.51E+07 2.09E+03 2.09E+01 1 0.99
4.09E-10 1.79E-01 3.57E+00 2.11E+03 2.13E+01 1.18E+00 6.22E+00 5.55E+01 1.66E-07 5.73E+07 2.13E+03 2.13E+01 1 0.99
3.65E-10 1.83E-01 3.65E+00 2.16E+03 2.18E+01 1.18E+00 6.36E+00 5.77E+01 1.58E-07 5.96E+07 2.18E+03 2.17E+01 1 0.99
3.25E-10 1.86E-01 3.72E+00 2.20E+03 2.22E+01 1.18E+00 6.50E+00 6.01E+01 1.50E-07 6.20E+07 2.22E+403 2.22E+01 1 0.99 0 100
2.8GE-10 1.90E-01 3.79E+00 2.24E+03 2.26E+01 1.19E+00 6.64E+00 6.25E+01 1.43E-07 6.45E+07 2.26E+03 2.26E+01 1 0.99
2.57E-10 1.94E-01 3.87E+00 2.29E+03 2.31E+01 1.19E+00 6.79E+00 6.50E+01 1.35E-07 6.71E+07 2.31E+03 2.31E+01 1 0.99
3.92E-13 4.28E-01 8.53E+00 5.05E+03 5.10E+01 1.42E+00 1.94E+01 3.17E+02 3.43E-09 3.27E+08 5.10E+03 5.10E+01 1 0.99
3.15E-13 4.36E-01 8.71E+00 5.15E+03 5.20E+01 1.43E+00 2.00E+01 3.30E+02 2.97E-09 3.40E+08 5.20E+03 5.20E+01 1 0.99
2.52E-13 4.45E-01 8.88E+00 5.25E+03 5.30E+01 1.44E+00 2.06E+01 3.43E+02 2.56E-09 3.54E+08 5.30E+03 5.30E+01 1 0.99
2.01E-13 4.54E-01 9.06E+00 5.35E+03 5.41E+01 1.45E+00 2.12E+01 3.57E+02 2.20E-09 3.68E+08 5.41E+03 5.41E+01 1 0.99
1.60E-13 4.63E-01 9.24E+00 5.46E+03 5.52E+01 1.46E+00 2.18E+01 3.71E+402 1.89E-09 3.83E+08 5.52E+03 5.52E+01 1 0.99
1.27E-13 4.72E-01 9.42E+00 5.57E+03 5.63E+01 1.47E+00 2.24E+01 3.86E+02 1.61E-09 3.98E+08 5.63E+03 5.63E+01 1 0.99
>FAM-source= 1.12E-04
FAM= 9.95E-01




Table 2.91 Estimation of External Radiation Dose at the Receptor
Location (0, 0, 1) (m) from Mn-54 in Six Area Sources with a Concrete
Cover of 1 cm

DCF-inf Average

(mrem/yr Decay Factor Area of Estimated Dose

per pCi/g) Half-life, yr in 1st year Fep-surf Source (m2) Fam (mrem/yr)
1.00E+04 9.95E-01 2.49E-05
1.00E+03 9.58E-01 2.40E-05

5.16E+00 8.56E-01 6.85E-01 7.07E-06 1.00E+02 ) 6.95E-01 1.74E-05
3.60E+01 5.19E-01 1.30E-05
1.00E+01 3.05E-01 7.62E-06
4.00E+00 1.76E-01 4.41E-06

Radiation doses at the same receptor location (0, 0, 1) (m) but with a concrete cover of
5-cm thickness on each of the six area sources were then estimated. Table 2.92 shows the
calculation of Fcp, the cover and depth factor, for Mn-54. The Fam-ret for the reference source
and Fam for each of the six circular area sources were estimated with the same calculations as
implemented in Tables 2.84 to 2.90 but for a cover thickness of 5-cm; the final values of Fam for
each area source are listed in Table 2.93, which shows the calculation of radiation doses at the
receptor location.

Comparison of the dose results for Mn-54 between the spreadsheets and RESRAD-
BUILD are presented in Table 2.94. In general, the differences are less than 2%. Based on the
comparison, it is judged that the external radiation dose modeling was correctly implemented in
the RESRAD-BUILD code.

Results for Tc-99. To verify external dose modeling when radiation was attenuated by
shielding materials in RESRAD-BUILD, the radiation doses at the receptor location (0, 0, 1) (m)
from each of the six area sources with a concrete cover of 1-cm thickness were estimated with
spreadsheets. Table 2.95 shows the calculation of Fcp, the cover and depth factor, for Tc-99.
Table 2.96 shows the estimation of Fawm.ref for the reference area source, which is made up of soil
having an infinite extent. In the estimation, an area of about 3,000,000 m? was used for the
reference source. Tables 2.97 to 2.102 show the estimation of Faw’s for the six circular area
sources considered in this comparison. After Fcp and Fam’s were available, external radiation
doses resulting from Tc-99 in each of the six circular area sources were estimated by adjusting
the external radiation dose conversion factor for an infinite volume source from FGR 12, as
shown in Table 2.103.

Radiation doses at the same receptor location (0, 0, 1) (m) but with a concrete cover of
5-cm thickness on each of the six area sources were then estimated. Table 2.104 shows the
calculation of Fcp, the cover and depth factor, for Tc-99. The Fawm-ref for the reference source and
Fawm for each of the six circular area sources were estimated with the same calculations as
implemented in Tables 2.96 to 2.102 but for a cover thickness of 5-cm; the final values of Fam
for each area source are listed in Table 2.105, which shows the calculation of radiation doses at
the receptor location.

Comparison of the dose results for Tc-99 between the spreadsheets and RESRAD-
BUILD are presented in Table 2.106. In general, the differences are less than 3%. Based on the
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comparison, it is judged that the external radiation dose modeling was correctly implemented in
the RESRAD-BUILD code.

Table 2.92 Calculation of Fcp for Mn-54 in an Area Source with a Cover of 5 cm

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g) 0.085 0.915 1.22 0.088

Reference source - Cover material = none Cover thickness, cm = 5 Density of cover, g/fem3 = 2.4
Source density , g/cm3 = 1.6 Source thickness, cm = 0.001

Surface activity conversion factor, (pCi/g)/(pCi/m2) 0.0625

D(T =t .Ts=t;)

IF, = = Ae KapPcle(] — g~Kapsts Be KBPcle(] — o~ KppPsts’
co D(T,=0.Tg=x) ( )+ ( )

FCD-surf= 0.00000280 (Note: FCD-surf = FCD x Surface activity conversion factor)

Table 2.93 Estimation of External Radiation Dose at the Receptor
Location (0, 0, 1) (m) from Mn-54 in Six Area Sources with a Concrete
Cover of 5cm

DCF-inf Average

{mrem/yr Decay Factor Area of Estimated Dose

per pCi/g) Half-life, yr in 1st year Fep-surf Source (m2) Fam (mrem/yr)

10,000 9.94E-01 9.84E-06

1,000 9.94E-01 9.84E-06

5.16E+00 8.56E-01 6.85E-01 2.80E-06 100 S-75E-01 9-06E-06

36 8.82E-01 8.74E-06

10 6.15E-01 6.09E-06

4 3.81E-01 3.78E-06

Table 2.94 Comparison of External Radiation Doses (mrem/yr) at the Receptor Location
(0, 0, 1) (m) Estimated by RESRAD-BUILD and Spreadsheets from Mn-54 in Six Area
Sources with Concrete Covers

With 1-cm Cover With 5-cm Cover
Dose Results Ratio - Ratio -
Area of | Dose Results from from RESRAD-BUILD/ |Dose Results from Dose Results from  RESRAD-BUILD/
Source (m®) | RESRAD-BUILD Spreadsheets Spreadsheets RESRAD-BUILD Spreadsheets Spreadsheets

10,000 2.49E-05 2.49E-05 1.00 9.87E-06 9.84E-06 1.00
1,000 2.42E-05 2.40E-05 1.01 9.87E-06 9.84E-06 1.00
100 1.76E-05 1.74E-05 1.01 9.75E-06 9.66E-06 1.01

36 1.32E-05 1.30E-05 1.02 8.82E-06 8.74E-06 1.01

10 7.65E-06 7.62E-06 1.00 6.11E-06 6.09E-06 1.00

4 4.43E-06 4.41E-06 1.00 3.80E-06 3.78E-06 1.01

Table 2.95 Calculation of Fcp for Tc-99 in an Area Source with a Cover of 1 cm

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g) 0.787 0.213 0.211 2.63

Reference source - Cover material = none Cover thickness, cm = 1 Density of cover, g/cm3 = 2.4
Source density , gfem3 = 1.6 Source thickness, cm = 0.001

Surface activity conversion factor, (pCi/g)/(pCi/m2) 0.0625

D(T=t,Ts=t5) —Kgp.t —Kapct K —Knpct
E.n = —C €375 — Ae~Kapete(] — g~Kapsts Be KBPcete(1 — o~ KBPsts
€ D(T,=0.Tg=x) ( )+ ( )
FCD-surf= 0.00001011 (Note: FCD-surf = FCD x Surface activity conversion factor)
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Table 2.96 Calculation of Fam for Tc-99 in a Reference Area Source with a Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluenceto  Effective
Effective Mass Effective Mass ﬂ:w
Dose Attenuation mass Mass Attenuation Mass (fa +, +1)

Conversion Coefficient = Attenuation Attenuation Coefficient  Attenuation

Factor (source) Coefficient Coefficient (concrete) Coefficient

# photons Energy 1 Yield 1 FE {pSv-cm2) (fcm) (ref) {fcm)  (soil) (fcm) (/cm) (air) (fcm)

1 0.101 1.77E-03 0.98 0.361 4.45E-03 4.35E-03 4.16E-01 4.26E-01 1.88E-04

ta(cm)= 99 tc(cm)= 1 Source area (m2) = 4 Source-ref area (m2) = 3.36E+06
Receptor Receptor
exp(-ux)/x2 - dist.in-ref- dist. in-ref-  mfp-dist. in- mfp-dist. in- Vol-source- 4m x dist-refr2  distance- ta+1tc locationy location z
ref air (cm) cover (cm) ref-air ref-cover  BF-ref-air = BF-ref-cover ref Fam-ref (cm2) ref (cm)  r-ref(m) (m) ta (m) (cm) (cm)
5.15E-06 9.90E+01 1.00E+00 1.86E-02 4.16E-01 1.05E+00 1.82E+00 0.00E+00 0.00E+00 1.26E+05 1.00E+02 0.00E+00 1 0.99
5.09E-06 9.95E+01 1.00E+00 1.87E-02 4.18E-01 1.05E+00 1.83E+00 3.14E-02 3.07E-07 1.27E+05 1.00E+02 1.00E-01 1 0.99
5.08E-06 9.95E+01 1.01E+00 1.87E-02 4.18E-01 1.05E+00 1.83E+00 1.91E-03 1.87E-08 1.27E+05 1.01E+02 1.03E-01 1 0.99
5.08E-06 9.96E+01 1.01E+00 1.87E-02 4.18E-01 1.05E+00 1.83E+00 2.03E-03 1.98E-08 1.27E+05 1.01E+02 1.06E-01 1 0.99
5.08E-06 9.96E+01 1.01E+00 1.87E-02 4.19E-01 1.05E+00 1.83E+00 2.15E-03 2.10E-08 1.27E+05 1.01E+02 1.09E-01 1 0.99
5.07E-06 9.96E+01 1.01E+00 1.87E-02 4.19E-01 1.05E+00 1.83E+00 2.29E-03 2.23E-08 1.27E+05 1.01E+02 1.13E-01 1 0.99
5.07E-06 9.97E+01 1.01E+00 1.87E-02 4.19E-01 1.05E+00 1.83E+00 2.42E-03 2.36E-08 1.27E+05 1.01E+02 1.16E-01 1 0.99
5.06E-06 9.97E+01 1.01E+00 1.87E-02 4.19E-01 1.05E+00 1.83E+00 2.57E-03 2.50E-08 1.28E+05 1.01E+02 1.19E-01 1 0.99 0 100
5.06E-06 9.97E+01 1.01E+00 1.87E-02 4.19E-01 1.05E+00 1.83E+00 2.73E-03 2.65E-08 1.28E+05 1.01E+02 1.23E-01 1 0.99
2.25E-15 3.40E+03 3.43E+01 6.37E-01 1.43E+01 2.92E+00 7.34E+01 1.44E+02 6.94E-11 1.48E+08  3.43E+03 3.43E+01 1 0.99
1.61E-15 3.46E+03 3.50E+01 6.50E-01 1.46E+01 2.98E+00 7.56E+01 1.49E+02 5.40E-11 1.54E+08  3.50E+03 3.50E+01 1 0.99
1.14E-15 3.53E+03 3.57E401 6.63E-01 1.49E+01 3.03E+00 7.78E401 1.55E+02 4.18E-11 1.60E+08 3.57E+03 3.57E+01 1 0.99
8.04E-16 3.60E+03 3.64E401 6.76E-01 1.51E+01 3.09E+00 8.05E+401 1.62E+02 3.23E-11 1.67E+08 3.64E+03 3.p4E+01 1 0.99
5.63E-16 3.68E+03 3.71E+01 6.90E-01 1.55E+01 3.14E+00 8.37E+01 1.68E+02 2.49E-11 1.73E+08  3.71E+03 3.71E+01 1 0.99
3.92E-16 3.75E+03 3.79E+01 7.03E-01 1.58E+01 3.20E+00 8.69E+01 1.75E+02 1.91E-11 1.80E+08  3.79E+03 3.79E+01 1 0.99
2.05E-199 9.84E+04 9.94E+02 1.85E+01 4.14E+02 1.50E+03 5.15E+02 1.21E+05  1.90E-188 1.24E+11  9.94E+04 9.94E+02 1 0.99
3.49E-203 1.00E+05 1.01E+03 1.88E+01 4.22E+02 1.57E+03 5.15E+02 1.25E+05 = 3.54E-192 1.29E+11 1.01E+05 1.01E+03 1 0.99
5.00E-207 1.02E+05 1.03E+03 1.92E+01 4.30E+02 1.65E+03 5.15E+02 1.30E+05  5.52E-196 1.34E+11 1.03E+05 1.03E+03 1 0.99
3 Fug-ref= 1.13E-04
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Table 2.97 Calculation of Fam for Tc-99 in an Area Source of 4 m2with a Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluenceto  Effective
Effective Mass Effective Mass ;,:w
Dose Attenuation mass Mass Attenuation Mass (fa + +)
Conversion Coefficient = Attenuation Attenuation Coefficient  Attenuation
Factor (source) Coefficient = Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (fcm) (ref) (fcm)  (soil) (fcm) (fcm) (air) (fcm)
1 0.101 1.77E-03 0.98 0.361 4.45E-03 4.35E-03 4.16E-01 4.26E-01 1.88E-04
ta (cm) = 99 tc{em)=1 Source area (m2) = 4 Source-ref area (m2) = 3.36E+06
dist. in - dist. in- AT x dist- distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - mfp-dist. in- source-air source- BF-source- = BF-source- sourcen? source r-source ta+tc location y location z
source source-air  source-cover (cm) cover (cm) air cover Vol-source  Fyy-source (cm2) (cm) (m) {m) ta (m) (cm) (cm)
5.10E-06 1.86E-02 4.26E-01 9.90E+01 1.00E+00 1.05E+00 1.76E+00 0.00E+00 0.00E+00 1.26E+05 1.00E+02 0.00E+00 1 0.99
5.04E-06 1.87E-02 4.28E-01 9.95E+01 1.00E+00 1.05E+00 1.76E+00 3.14E-02 2.93E-07 1.27E+05 1.00E+02 1.00E-01 1 0.99
5.03E-06 1.87E-02 4.28E-01 9.95E+01 1.01E+00 1.05E+00 1.76E+00 1.91E-03 1.78E-08 1.27E+05 1.01E+02 1.03E-01 1 0.99
5.03E-O6b 1.87E-02 4.29E-01 9.96E+01 1.01E+00 1.05E+00 1.76E+00 2.03E-03 1.89E-08 1.27E+05 1.01E+02 1.06E-01 1 0.99
5.02E-06 1.87E-02 4.29E-01 9.96E+01 1.01E+00 1.05E+00 1.76E+00 2.15E-03 2.00E-08 1.27E+05 1.01E+02 1.09E-01 1 0.99
5.02E-06 1.87E-02 4.29E-01 9.96E+01 1.01E+00 1.05E+00 1.76E+00 2.29E-03 2.12E-08 1.27E+05 1.01E+02 1.13E-01 1 0.99
5.02E-06 1.87E-02 4.29E-01 9.97E+01 1.01E+00 1.05E+00 1.76E+00 2.42E-03 2.25E-08 1.27E+05 1.01E+02 1.16E-01 1 0.99
5.01E-O6 1.87E-02 4.29E-01 9.97E+01 1.01E+00 1.05E+00 1.76E+00 2.57E-03 2.39E-08 1.28E+05 1.01E+02 1.19E-01 1 0.99
5.01E-06 1.87E-02 4.29E-01 9.97E+01 1.01E+00 1.05E+00 1.76E+00 2.73E-03 2.53E-08 1.28E+05 1.01E+02 1.23E-01 1 0.99
5.00E-06 1.87E-02 4.30E-01 9.98E+01 1.01E+00 1.05E+00 1.76E+00 2.90E-03 2.68E-08 1.28E+05 1.01E+02 1.27E-01 1 0.99
4.99E-06 1.87E-02 4.30E-01 9.98E+01 1.01E+00 1.05E+00 1.76E+00 3.07E-03 2.84E-08 1.28E+05 1.01E+02 1.30E-01 1 0.99
4.99E-06 1.87E-02 4.30E-01 9.99E+01 1.01E+00 1.05E+00 1.76E+00 3.26E-03 3.01E-08 1.28E+05 1.01E+02 1.34E-01 1 0.99
4.98E-06 1.87E-02 4.30E-01 9.99E+01 1.01E+00 1.05E+00 1.77E+00 3.46E-03 3.19E-08 1.28E+05 1.01E+02 1.38E-01 1 0.99
4.97E-06 1.88E-02 4.31E-01 1.00E+02 1.01E+00 1.05E+00 1.77E+00 3.67E-03 3.38E-08 1.28E+05 1.01E+02 1.43E-01 1 0.99 0 100
2.11E-06 2.63E-02 6.04E-01 1.40E+02 1.42E+00 1.07E+00 2.07E400 1.81E-01 8.51E-07 2.52E+05 1.42E+02 1.00E+00 1 0.99
2.03E-06 2.67E-02 6.13E-01 1.42E+02 1.44E+00 1.07E+00 2.09E+00 1.93E-01 8.76E-07 2.60E+05 1.44E+02 1.03E+00 1 0.99
1.95E-06 2.71E-02 6.22E-01 1.45E+02 1.46E+00 1.07E+00 2.11E+00 2.04E-01 9.00E-07 2.68E+05 1.46E+02 1.06E+00 1 0.99
1.87E-06 2.75E-02 6.32E-01 1.47E+02 1.48E+00 1.07E+00 2.13E+00 2.17E-01 9.24E-07 2.77E+05 1.48E+02 1.10E+00 1 0.99
1.79E-06 2.80E-02 6.43E-01 1.49E+02 1.51E+00 1.08E+00 2.14E400 2.30E-01 9.48E-07 2.86E+05 1.51E+02 1.13E+00 1 0.99
? Fay-source = 2.41E-05
Fam= 2.13E-01
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Table 2.98 Calculation of Fam for Tc-99 in an Area Source of 10 m?with a Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluenceto  Effective
Effective Mass Effective Mass :w
Dose Attenuation mass Mass Attenuation Mass (fa +1, +1)
Conversion Coefficient = Attenuation Attenuation Coefficient Attenuation
Factor (source) Coefficient = Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm?2) (/em) (ref) (fem)  (soil) {/em) (/em) (air) (fcm)
1 0.101 1.77E-03 0.98 0.361 4.45E-03 4.35E-03 4.16E-01 4.26E-01 1.88E-04
ta (cm)= 99 tc{cm)=1 Source area (m2) = 10 Source-ref area (m2) = 3.36E+06
dist. in - dist. in- A x dist- distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - mfp-dist. in- source-air source- BF-source-  BF-source- sourceh2 source r-source ta+tc locationy location z
source source-air  source-cover (cm) cover (cm) air cover Vol-source  Fyy-source {cm2) (cm) (m) {m) ta (m) (cm) (cm)
1.71E-06 2.85E-02 6.54E-01 1.52E+02 1.53E+00 1.08E+00 2.16E+00 2.44E-01 9.71E-07 2.96E+05 1.53E+02 1.16E+00 1 0.99
1.63E-06 2.90E-02 6.65E-01 1.54E+02 1.56E+00 1.08E+00 2.18E+00 2.59E-01 9.94E-07 3.06E+05 1.56E+02 1.20E+00 1 0.99
1.56E-06 2.95E-02 6.77E-01 1.57E+02 1.59E+00 1.08E+00 2.20E400 2.75E-01 1.02E-06 3.17E+05 1.59E+02 1.23E+00 1 0.99
1.48E-06 3.00E-02 6.89E-01 1.60E+02 1.62E+00 1.08E+00 2.23E+00 2.91E-01 1.04E-06 3.29E+05 1.62E+02 1.27E+00 1 0.99
1.41E-06 3.06E-02 7.02E-01 1.63E+02 1.65E+00 1.08E+00 2.25E+00 3.09E-01 1.06E-06 3.41E+05 1.65E+02 1.31E+00 1 0.99
1.34E-06 3.12E-02 7.15E-01 1.66E+02 1.68E+00 1.08E+00 2.27E+00 3.28E-01 1.08E-06 3.54E+05 1.68E+02 1.35E+00 1 0.99
1.27E-06 3.18E-02 7.29E-01 1.69E+02 1.71E+00 1.09E+00 2.30E+00 3.48E-01 1.10E-06 3.68E+05 1.71E+02 1.39E+00 1 0.99
1.20E-06 3.24E-02 7.44E-01 1.73E+02 1.75E+00 1.09E+00 2.32E400 3.69E-01 1.12E-06 3.83E+05 1.75E+02 1.43E+00 1 0.99
1.14E-06 3.31E-02 7.59E-01 1.76E+02 1.78E+00 1.09E+00 2.35E+00 3.91E-01 1.14E-06 3.98E+05 1.78E+02 1.47E+00 1 0.99 0 100
1.07E-06 3.37E-02 7.75E-01 1.80E+02 1.82E+00 1.09E+00 2.38E+00 4.15E-01 1.16E-06 4 15E+05 1.82E+02 1.52E+00 1 0.99
1.01E-06 3.44E-02 7.91E-01 1.84E+02 1.86E+00 1.09E+00 2.41E+00 4.41E-01 1.17E-06 4.33E+05 1.86E+02 1.56E+00 1 0.99
9.54E-07 3.52E-02 8.08E-01 1.88E+02 1.89E+00 1.09E+00 2.44E+00 4.67E-01 1.19E-06 4.51E+05 1.89E+02 1.61E+00 1 0.99
8.97E-07 3.59E-02 8.25E-01 1.92E+02 1.94E+00 1.10E+00 2.47E400 4.96E-01 1.20E-06 4. 71E+05 1.94E+02 1.66E+00 1 0.99
8.42E-07 3.67E-02 8.43E-01 1.96E+02 1.98E+00 1.10E+00 2.50E+00 5.26E-01 1.22E-06 4.92E+05 1.98E+02 1.71E+00 1 0.99
7.90E-07 3.76E-02 8.62E-01 2.00E+02 2.02E+00 1.10E+00 2.54E+00 5.58E-01 1.23E-06 5.15E+05 2.02E+02 1.76E+00 1 0.99
7.56E-07 3.81E-02 8.75E-01 2.03E+02 2.05E+00 1.10E+00 2.56E+00 3.93E-01 8.38E-07 5.30E+05 2.05E+02 1.79E+00 1 0.99
? Fay-source = 4.16E-05
Faw= 3.68E-01
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Table 2.99 Calculation of Fam for Tc-99 in an Area Source of 36 m? with a Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluenceto  Effective
Effective Mass Effective Mass ;,:w
Dose Attenuation mass Mass Attenuation Mass (fa + +)
Conversion Coefficient = Attenuation Attenuation Coefficient  Attenuation
Factor (source) Coefficient = Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (fcm) (ref) (fcm)  (soil) (fcm) (fcm) (air) (fcm)
1 0.101 1.77E-03 0.98 0.361 4.45E-03 4.35E-03 4.16E-01 4.26E-01 1.88E-04
ta (cm) = 99 tc{em)=1 Source area (m2) = 36 Source-ref area (m2) = 3.36E+06
dist. in - dist. in- AT x dist- distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - mfp-dist. in- source-air source- BF-source- = BF-source- sourcen? source r-source ta+tc location y location z
source source-air  source-cover (cm) cover (cm) air cover Vol-source  Fyy-source (cm2) (cm) (m) {m) ta (m) (cm) (cm)
6.92E-07 3.93E-02 9.03E-01 2.10E+02 2.12E+00 1.11E+00 2.61E+00 4.25E-01 8.48E-07 5.64E+05  2.12E+02 1.87E+00 1 0.99
6.61E-07 3.99E-02 9.17E-01 2.13E+02 2.15E+00 1.11E+00 2.63E+00 4.42E-01 8.52E-07 5.81E+05  2.15E+02 1.90E+00 1 0.99
6.31E-07 4.06E-02 9.31E-01 2.16E+02 2.18E+00 1.11E+00 2.66E+00 4.60E-01 8.56E-07 6.00E+05 2.18E+02 1.94E+00 1 0.99
6.02E-07 4.12E-02 9.46E-01 2.20E+02 2.22E+00 1.11E+00 2.68E400 4.79E-01 8.60E-07 6.19E+05 2.22E+02 1.98E+00 1 0.99
5.74E-07 4.19E-02 9.61E-01 2.23E+02 2.25E+00 1.11E+00 2.71E+00 4.98E-01 8.63E-07 6.39E+05  2.25E+02 2.02E+00 1 0.99
5.47E-07 4.25E-02 9.76E-01 2.27E+02 2.29E+00 1.11E+00 2.74E+00 5.18E-01 8.66E-07 6.60E+05  2.29E+02 2.06E+00 1 0.99
5.21E-07 4.32E-02 9.92E-01 2.30E+02 2.33E+00 1.12E+00 2.77E+00 5.39E-01 8.68E-07 6.81E+05 2.33E+02 2.10E+00 1 0.99
4.96E-07 4.39E-02 1.01E+00 2.34E+02 2.37E+00 1.12E+00 2.80E400 5.61E-01 8.70E-07 7.04E+05 2.37E+02 2.14E+00 1 0.99
4.72E-07 4.46E-02 1.02E+00 2.38E+02 2.40E+00 1.12E+00 2.83E+00 5.84E-01 8.73E-07 7.27E+05  2.40E+02 2.19E+00 1 0.99
4.49E-07 4.54E-02 1.04E+00 2.42E+02 2.44E+00 1.12E+00 2.86E+00 6.07E-01 8.74E-07 7.51E+05  2.44E+02 2.23E+00 1 0.99 0 100
4.26E-07 4.61E-02 1.06E+00 2.46E+02 2.49E+00 1.12E+00 2.89E+00 6.32E-01 8.75E-07 7.76E+05 2.49E+02 2.2BE+00 1 0.99
4.05E-07 4.69E-02 1.08E+00 2.50E+02 2.53E+00 1.13E+00 2.92E400 6.57E-01 8.76E-07 8.03E+05 2.53E+02 2.32E+00 1 0.99
2.07E-07 5.77E-02 1.32E+00 3.08E+02 3.11E+00 1.16E+00 3.38E+00 1.06E+00 8.54E-07 1.21E+06  3.11E+02 2.94E+00 1 0.99
1.94E-07 5.88E-02 1.35E+00 3.13E+02 3.16E+00 1.16E+00 3.43E+00 1.10E+00 8.49E-07 1.26E+06 3.16E+02 3.00E+00 1 0.99
1.83E-07 5.98E-02 1.37E+00 3.19E+02 3.22E+00 1.16E+00 3.47E400 1.14E+00 8.44E-07 1.30E+06 3.22E+02 3.06E+00 1 0.99
1.72E-07 6.09E-02 1.40E+00 3.25E+02 3.28E+00 1.16E+00 3.52E+00 1.19E+00 8.39E-07 1.35E+06  3.28E+02 3.12E+00 1 0.99
1.62E-07 6.20E-02 1.42E+00 3.31E+02 3.34E+00 1.17E+00 3.57E+00 1.24E+00 8.33E-07 1.40E+06  3.34E+02 3.19E+00 1 0.99
1.52E-07 6.31E-02 1.45E+00 3.37E+02 3.40E+00 1.17E+00 3.62E+00 1.29E+00 8.27E-07 1.45E+06 3.40E+02 3.25E+00 1 0.99
1.42E-07 6.43E-02 1.48E+00 3.43E+02 3.46E+00 1.17E+00 3.67E400 1.34E+00 8.20E-07 1.51E+06 3.46E+02 3.31E+00 1 0.99
? Fay-source = 6.91E-05
Fam= 6.10E-01
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Table 2.100 Calculation of Fam for Tc-99 in an Area Source of 100 m? with a Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluenceto  Effective
Effective Mass Effective Mass ,ZM
Dose Attenuation mass Mass Attenuation Mass (fa +1 +1)
Conversion Coefficient  Attenuation Attenuation Coefficient Attenuation
Factor (source) Coefficient = Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (/cm) (ref) (fcm)  (seil) {/cm) (/em) (air) (fcm)
1 0.101 1.77E-03 0.98 0.361 4.45E-03 4.35E-03 4.16E-01 4.26E-01 1.88E-04
ta (cm)= 99 tc(em) =1 Source area (m2) = 100 Source-ref area (m2) = 3.36E+06
dist. in - dist. in- A x dist- distance- Receptor  Receptor
exp(-ux)/x2 - mfp-dist. in - mfp-dist. in- source-air source- BF-source- = BF-source- sourceh2 source r-source ta+tc location y location z
source source-air  source-cover (cm) cover (cm) air cover Vol-source = Fgy-source (cm2) (cm) (m) (m) ta (m) (cm) (cm)
1.25E-07 6.67E-02 1.53E+00 3.55E+02 3.59E+00 1.18E+00 3.77E+00 1.45E+00 8.06E-07 1.62E+06 3.59E+02 3.45E+00 1 0.99
1.17E-07 6.79E-02 1.56E+00 3.62E+02 3.66E+00 1.18E+00 3.82E+00 1.51E+00 7.98E-07 1.68E+06 3.66E+02 3.52E+00 1 0.99
1.09E-07 6.92E-02 1.59E+00 3.69E+02 3.72E+00 1.19E+00 3.87E400 1.57E+00 7.90E-07 1.74E+06 3.72E+02 3.59E+00 1 0.99
1.02E-07 7.04E-02 1.62E+00 3.76E+02 3.79E+00 1.19E+00 3.93E+00 1.63E+00 7.81E-07 1.81E+06 3.79E+02 3.66E+00 1 0.99
9.55E-08 7.18E-02 1.65E+00 3.83E+02 3.86E+00 1.19E+00 3.98E+00 1.70E+00 7.72E-07 1.88E+06 3.86E+02 3.73E+00 1 0.99
8.91E-08 7.31E-02 1.68E+00 3.90E+02 3.94E+00 1.20E+00 4. 04E+00 1.77E+00 7.62E-07 1.95E+006 3.94E+02 3.81E+00 1 0.99
8.31E-08 7.45E-02 1.71E+00 3.97E+02 4.01E+00 1.20E+00 4.10E+00 1.84E+00 7.53E-07 2.02E+06 4.01E+02 3.88E+00 1 0.99
7.74E-08 7.59E-02 1.74E+00 4.04E+02 4.09E+00 1.20E+00 4.16E+00 1.91E+00 7.43E-07 2.10E+06 4.09E+02 3.96E+00 1 0.99
7.21E-08 7.73E-02 1.77E+00 4.12E+02 4.16E+00 1.21E+00 4.22E+00 1.99E+00 7.32E-07 2.18E+06 4.16E+02 4.04E+00 1 0.99
6.71E-08 7.87E-02 1.81E+00 4.20E+02 4.24E+00 1.21E+00 4.28E+00 2.07E+00 7.21E-07 2.26E+06 4.24E+02 4.12E400 1 0.99
6.23E-08 8.02E-02 1.84E+00 4.28E+02 4.32E+00 1.22E+00 4.35E+00 2.16E+00 7.10E-07 2.35E+06 4.32E+02 4.20E+00 1 0.99
5.79E-08 8.17E-02 1.88E+00 4.36E+02 4.40E+00 1.22E+00 4.41E+00 2.24E+00 6.99E-07 2.44E+06 4.40E+02 4.29E+00 1 0.99
5.37E-08 8.33E-02 1.91E+00 4 44E+02 4.49E+00 1.22E+00 4. 48E+00 2.33E+00 6.87E-07 2.53E+00 4.49E+02 4.37E+00 1 0.99 0 100
4.98E-08 8.49E-02 1.95E+00 4.53E+02 4.57E+00 1.23E+00 4.54E+00 2.43E+00 6.75E-07 2.63E+06 4.57E+02 4.46E+00 1 0.99
4.61E-08 8.65E-02 1.99E+00 4.61E+02 4.66E+00 1.23E+00 4.61E+00 2.53E+00 6.63E-07 2.73E+06 4.66E+02 4.55E+00 1 0.99
4.27E-08 8.82E-02 2.02E+00 4.70E+02 4.75E+00 1.24E+00 4.69E+00 2.63E+00 6.51E-07 2.83E+06 4.75E+02 4.64E+00 1 0.99
3.95E-08 8.98E-02 2.06E400 4.79E+02 4.84E+00 1.24E+00 4. 77E+00 2.73E+00 6.39E-07 2.94E+06 4.84E+02 4.73E400 1 0.99
3.65E-08 9.16E-02 2.10E+00 4.88E+02 4.93E+00 1.25E+00 4.85E+00 2.85E+00 6.27E-07 3.06E+06 4.93E+02 4.83E+00 1 0.99
3.37E-08 9.33E-02 2.14E+00 4.98E+02 5.03E+00 1.25E+00 4.93E+00 2.96E+00 6.15E-07 3.18E+06 5.03E+02 4.93E+00 1 0.99
3.11E-08 9.51E-02 2.18E+00 5.07E+02 5.12E+00 1.26E+00 5.01E+00 3.08E+00 6.02E-07 3.30E+006 5.12E+02 5.02E+00 1 0.99
2.86E-08 9.69E-02 2.23E400 5.17E+02 5.22E+00 1.26E+00 5.09E4+00 3.20E+00 5.89E-07 3.43E+06 5.22E+02 5.12E+00 1 0.99
2.63E-08 9.88E-02 2.27E+00 5.27E+02 5.32E+00 1.27E+00 5.18E+00 3.33E+00 5.76E-07 3.56E+06 5.32E+02 5.23E+00 1 0.99
2.42E-08 1.01E-01 2.31E+00 5.37E+02 5.42E+00 1.27E+00 5.27E+00 3.47E+00 5.63E-07 3.70E+06 5.42E+02 5.33E+00 1 0.99
2.22E-08 1.03E-01 2.36E400 5.47E+02 5.53E+00 1.28E+00 5.36E4+00 3.61E+00 5.49E-07 3.84E+06 5.53E+02 5.44E+00 1 0.99
2.04E-08 1.05E-01 2.40E+00 5.58E+02 5.64E+00 1.28E+00 5.45E+00 3.75E+00 5.35E-07 3.99E+06 5.64E+02 5.55E+00 1 0.99
1.87E-08 1.07E-01 2.45E+00 5.69E+02 5.75E+00 1.29E+00 5.54E+00 3.91E+00 5.22E-07 4.15E+06 5.75E+02 5.66E+00 1 0.99
> Fam-source = 8.67E-05
Fam= 7.65E-01
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Table 2.101 Calculation of Fam for Tc-99 in an Area Source of 1,000 m? with a Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluenceto  Effective
Effective Mass Effective Mass ﬂ:w
Dose Attenuation mass Mass Attenuation Mass (fa +1, +1)
Conversion Coefficient Attenuation Attenuation Coefficient Attenuation
Factor (source) Coefficient Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (fcm) (ref) (fcm)  (soil) (fcm) (/cm) (air) (fcm)
1 0.101 1.77E-03 0.98 0.361 4.45E-03 4.35E-03 4.16E-01 4.26E-01 1.88E-04
ta (cm)= 99 tc{em)=1 Source area (m2) = 1000 Source-ref area (m2) = 3.36E+06
dist. in- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - mfp-dist. in- dist. in - source- BF-source-  BF-source- A x dist- distance- r - source, location location
source source-air  source-cover  source-air cover air cover Vol-source  Fpy-source sourcen2 source m ta+tc,m ta,m y, cm z, cm
1.71E-08 1.09E-01 2.50E400 5.80E+02 5.86E+00 1.29E+00 5.64E400 4.06E+00 5.08E-07 4.31E+06 5.86E+02 5.77E+00 1 0.99
1.57E-08 1.11E-01 2.54E+00 5.91E+02 5.97E+00 1.30E+00 5.74E+00 4.23E+00 4,94E-07 4.48E+06 5.97E+02 5.89E+00 1 0.99
1.43E-08 1.13E-01 2.59E+00 6.03E+02 6.09E+00 1.30E+00 5.84E+00 4.40E+00 4.80E-07 4.66E+06 6.09E+02 6.00E+00 1 0.99
1.31E-08 1.15E-01 2.64E4+00 6.14E+02 6.20E+00 1.31E+00 5.94E4+00 4.58E+00 4.66E-07 4.84E+06 6.20E+02 6.12E+00 1 0.99
1.19E-08 1.17E-01 2.70E400 6.26E+02 ©6.33E+00 1.32E+00 6.04E400 4.76E+00 4.52E-07 5.03E+06 6.33E+02 6.25E4+00 1 0.99
1.09E-08 1.20E-01 2.75E+00 6.38E+02 6.45E+00 1.32E+00 6.15E+00 4.95E+00 4.37E-07 5.23E+06 6.45E+02 6.37E+00 1 0.99
9.88E-09 1.22E-01 2.80E+00 6.51E+02 6.58E+00 1.33E+00 6.26E+00 5.15E+00 4.23E-07 5.43E+06 6.58E+02 6.50E+00 1 0.99
8.97E-09 1.24E-01 2.86E400 6.64E+02 6.70E+00 1.34E+00 6.37E400 5.36E+00 4.09E-07 5.65E+06 6.70E+02 6.63E+00 1 0.99
8.14E-09 1.27E-01 2.91E+00 6.77E+02 6.83E+00 1.34E+00 6.48E+00 5.58E+00 3.95E-07 5.87E+06 6.83E+02 6.76E+00 1 0.99 0 100
7.38E-09 1.29E-01 2.97E+00 6.90E+02 6.97E+00 1.35E+00 6.60E+00 5.80E+00 3.81E-07 6.10E+06 6.97E+02 6.90E+00 1 0.99
6.68E-09 1.32E-01 3.03E4+00 7.03E+02 7.11E+00 1.36E+00 6.72E400 6.04E+00 3.67E-07 6.35E+06 7.11E+02 7.03E+00 1 0.99
2.26E-11 3.01E-01 6.90E+00 1.60E+03 1.62E+01 1.81E+00 1.62E+01 3.19E+01 2.11E-08 3.30E+07 1.62E+03 1.62E+01 1 0.99
1.88E-11 3.07E-01 7.04E4+00 1.63E+03 1.65E+01 1.83E+00 1.66E+01 3.32E+01 1.89E-08 3.43E+07 1.65E+03 1.65E+01 1 0.99
1.56E-11 3.13E-01 7.18E400 1.67E+03 1.68E+01 1.84E+00 1.70E+01 3.45E+01 1.69E-08 3.57E+07 1.68E+03 1.68E+01 1 0.99
1.30E-11 3.19E-01 7.32E+00 1.70E+03 1.72E+01 1.86E+00 1.74E+01 3.59E+01 1.50E-08 3.71E+07 1.72E+03 1.71E+01 1 0.99
1.07E-11 3.25E-01 7.47E+00 1.73E+03 1.75E+01 1.88E+00 1.78E+01 3.73E+01 1.34E-08 3.86E+07 1.75E+03 1.75E+01 1 0.99
8.80E-12 3.32E-01 7.62E400 1.77E+03 1.79E+01 1.89E+00 1.83E+01 3.88E+01 1.18E-08 4.01E+07 1.79E+03 1.78E+01 1 0.99
% Fay-source = 9.78E-05
Fam= 8.63E-01
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Table 2.102 Calculation of Fam for Tc-99 in an Area Source of 10,000 m? with a Cover of 1 cm at the Receptor Location (0, 0, 1) (m)

Fluenceto  Effective
Effective Mass Effective Mass ;,:w
Dose Attenuation mass Mass Attenuation Mass (fa + +)
Conversion Coefficient = Attenuation Attenuation Coefficient  Attenuation
Factor (source) Coefficient = Coefficient (concrete) Coefficient
# photons Energy 1 Yield 1 FE (pSv-cm2) (fcm) (ref) (fcm)  (soil) (fcm) (fcm) (air) (fcm)
1 0.101 1.77E-03 0.98 0.361 4.45E-03 4.35E-03 4.16E-01 4.26E-01 1.88E-04
ta (cm) = 99 tc{em)=1 Source area (m2) = 10000 Source-ref area (m2) = 3.36E+06
dist. in- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in - mfp-dist. in- dist. in - source- BF-source- = BF-source- A x dist- distance- r- source, location = location
source source-air source-cover  source-air cover air cover Vol-source | Fyy-source sourcen2 source m ta+tc,m ta,m y, cm z, cm
7.22E-12 3.38E-01 7.77E+00 1.80E+03 1.82E+01 1.91E+00 1.87E+01 4.04E+01 1.04E-08 4.18E+07 1.82E+03 1.82E+01 1 0.99
5.90E-12 3.45E-01 7.92E+00 1.84E+03 1.86E+01 1.93E+00 1.92E+01 4.21E+01 9.19E-09 4.34E+07 1.86E+03 1.86E+01 1 0.99
4.81E-12 3.52E-01 8.08E+00 1.88E+03 1.90E+01 1.95E+00 1.97E+01 4.37E+01 8.07E-09 4.52E+07 1.90E+03 1.89E+01 1 0.99
3.91E-12 3.59E-01 8.24E400 1.91E+03 1.93E+01 1.97E+00 2.02E401 4.55E+01 7.07E-09 4. 7J0E+07 1.93E+03 1.93E+01 1 0.99
3.17E-12 3.66E-01 8.41E+00 1.95E+03 1.97E+01 1.99E+00 2.07E+01 4.74E+01 6.17E-09 4.89E+07 1.97E+03 1.97E+01 1 0.99
2.55E-12 3.74E-01 8.57E+00 1.99E+03 2.01E+01  2.01E+00 2.13E+01 4.93E+01 5.37E-09 5.09E+07  2.01E+03 2.01E+01 1 0.99
2.05E-12 3.81E-01 8.75E+00 2.03E+03 2.05E+01 2.03E+00 2.18E+01 5.13E+01 4.66E-09 5.29E+07 2.05E+03 2.05E+01 1 0.99
1.65E-12 3.89E-01 8.92E+00 2.07E+03 2.09E+01 2.05E+00 2.24E401 5.33E+01 4.03E-09 5.51E+07 2.09e+03 2.09E+01 1 0.99
1.31E-12 3.96E-01 9.10E+00 2.11E+03 2.13E+01  2.07E+00 2.30E+01 5.55E+01 3.46E-09 5.73E+07  2.13E+03 2.13E+01 1 0.99
1.04E-12 4.04E-01 9.28E+00 2.16E+03 2.18E+01  2.09E+00 2.36E+01 5.77E+01 2.97E-09 5.96E+07  2.1BE+03 2.17E+01 1 0.99
8.28E-13 4.12E-01 9.47E+00 2.20E+03 2.22E+01 2.11E+00 2.42E+01 6.01E+01 2.54E-09 6.20E+07 2.22E+03 2.22E+01 1 0.99 0 100
6.53E-13 4.21E-01 9.65E4+00 2.24E+03 2.26E+01 2.13E+00 2.48E401 6.25E+01 2.16E-09 6.45E+07 2.26E+03 2.26E+01 1 0.99
5.14E-13 4.29E-01 9.85E+00 2.29E+03 2.31E+01  2.15E+00 2.54E+01 6.50E+01 1.83E-09 6.71E+07  2.31E+03 2.31E+01 1 0.99
4.36E-19 9.46E-01 2.17E+01 5.05E+03 5.10E+01 4.22E+00 T.77E401 3.17E+02 4.53E-14 3.27E+08 5.10E+03 5.10E+01 1 0.99
2.66E-19 9.65E-01 2.22E401 5.15E+03 5.20E+01 4.30E+00 7.95E401 3.30E+02 3.00E-14 3.40E+08 5.20E+03 5.20E+01 1 0.99
1.61E-19 9.85E-01 2.26E+01 5.25E+03 5.30E+01  4.38E+00 8.13E+01 3.43E+02 1.97E-14 3.54E+08  5.30E+03 5.30E+01 1 0.99
9.67E-20 1.00E+00 2.31E+01 5.35E+03 5.41E+01  4.48E+00 8.31E+01 3.57E+02 1.28E-14 3.68E+08  5.41E+03 5.41E+01 1 0.99
5.74E-20 1.02E+00 2.35E+01 5.46E+03 5.52E+01 4.62E+00 8.50E+01 3.71E+02 8.37E-15 3.83E+08 5.52E+03 5.52E+01 1 0.99
3.38E-20 1.04E+00 2.40E401 5.57E+03 5.63E+01 4.76E+00 8.69E401 3.86E+02 5.40E-15 3.98E+08 5.63E+03 5.63E+01 1 0.99
? Fay-source = 9.78E-05
Fam= 8.63E-01




Table 2.103 Estimation of External Radiation Dose at the Receptor
Location (0, 0, 1) (m) from Tc-99 in Six Area Sources with a Concrete
Cover of 1 cm

DCF-inf Average Area of Estimated
(mrem/yr per Decay Factor Source Dose

pCi/g) Half-life, yr | in 1styear Feo-surf (m2) Fam (mrem/yr)

10,000 8.63E-01 1.10E-09

1,000 8.63E-01 1.09E-09

1.26E-04 | 2.13E+05 | 1.00E+00 1.01E-05 100 7.65E-01 9-70E-10

36 6.10E-01 7.74E-10

10 3.68E-01 4.66E-10

4 2.13E-01 2.70E-10

Table 2.104 Calculation of Fcp for Tc-99 in an Area Source with a Cover of 5 cm

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g) 0.787 0.213 0.211 2.63
Reference source - Cover material = none Cover thickness, cm = 5 Density of cover, gfcm3 = 2.4
Source density , g/cm3 = 1.6 Source thickness, cm = 0.001
Surface activity conversion factor, (pCi/g)/(pCi/m2) 0.0625
= DUe=tels=ts) _ 4 ,=Kapete(] — o~KaPsts ~Kgpcte(] — g—KBPsts
Fep = Dm0 Te ) = Ae (1—e ) + Be (l—e )
FCD-surf= 0.00000132 (Note: FCD-surf = FCD x Surface activity conversion factor)

Table 2.105 Estimation of External Radiation Dose at the Receptor
Location (0, 0, 1) (m) from Tc-99 in Six Area Sources with a Concrete
Cover of 5cm

DCF-inf Mverage Area of Estimated
(mrem/yr per Decay Factor Source Dose

pCi/g) Half-life, yr | in 1styear Feo-surf (m2) Fam (mrem/yr)

10,000 7.39E-01 1.22E-10

1,000 7.39E-01 1.22E-10

1.26E-04 | 2.13E+05 | 1.00E+00 1.32E-06 100 /-398-01 1.228-10

36 7.35E-01 1.22E-10

10 6.60E-01 1.09E-10

4 4.92E-01 8.15E-11
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Table 2.106 Comparison of External Radiation Doses (mrem/yr) at the Receptor Location
(0, 0, 1) (m) Estimated by RESRAD-BUILD and Spreadsheets from Tc-99 in Six Area
Sources with Concrete Covers

With 1-cm Cover With 5-cm Cover
Dose Results ~ Dose Results Ratio - Dose Results  Dose Results Ratio -
Area of from RESRAD- from RESRAD-BUILD/ | from RESRAD- from RESRAD-BUILD/
Source (m?) BUILD Spreadsheets Spreadsheets BUILD Spreadsheets  Spreadsheets
10,000 1.10E-09 1.10E-09 1.00 1.23E-10 1.22E-10 1.01
1,000 1.10E-09 1.09E-09 1.01 1.23E-10 1.22E-10 1.01
100 9.97E-10 9.70E-10 1.03 1.23E-10 1.22E-10 1.01
36 8.08E-10 7.74E-10 1.04 1.23E-10 1.22E-10 1.01
10 491E-10 4.66E-10 1.05 1.10E-10 1.09E-10 1.01
a4 2.87E-10 2.70E-10 1.06 §.25E-11 815E-11 1.01

2.3.2 Rectangular Area Sources

The external radiation dose modeling for rectangular area sources by RESRAD-BUILD
was verified by comparing the external dose results with those of spreadsheets for a receptor at
(0, 0, 1) (m) from six rectangular area sources, which was centered at (0, 0, 0) (m) with a z-
direction. These six area sources contained C-14 of a concentration of 1 pCi/m? and had
dimensionsof2mx2m,4mx2m,4mx3m,4mx4m,6mx6m,and 10 m x 10 m. There
was no shielding material, and the indoor time fraction for the receptor was assumed to be 1.

Unlike a circular area source, which was subdivided into multiple annuli to estimate the
effective Fawm in the spreadsheet calculations, as described in Section 2.3.1, a rectangular area
source was subdivided into multiple squares. The sum of the Fam of each square was the
effective Faw of the rectangular source. Tables 2.107 to 2.112 show the estimation of Fawu for
each rectangular source considered. The final values of Fam for each rectangular source are listed
in Table 2.113, which shows the calculation of radiation doses at the receptor location.

Comparisons of the dose results for C-14 between the spreadsheets and RESRAD-
BUILD are presented in Table 2.114. In general, the differences are less than 3%. Based on the
comparison, it is judged that the external radiation dose modeling was correctly implemented in
the RESRAD-BUILD code.
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Table 2.107 Calculation of Fau for C-14 in a Rectangular Area Source of 2 m x 2 m without Cover at the Receptor Location (0, 0, 1) (m)

Effective
Fluence to Mass Effective Mass
Effective Dose = Attenuation mass Mass Attenuation Mass
Conversion Coefficient Attenuation Attenuation = Coefficient Attenuation = (ra![(f+_:5:[:_-;)r‘tl:)
Factor  (pSv- (source) Coefficient  Coefficient = (concrete) Coefficient a’e
# photons Energy 1 Yield 1 FE cm2) (/cm) (ref) (fcm)  (soil) {/cm) (/cm) (air) (/cm)
1 0.049 8.65E-04 0.1 0.22 2.59E-04 2.59E-04 5.79E-01 9.99E-01 2.59E-04
ta (cm) = 100 tc(em)=0 Source area (m2)= 2x2=4 Source-ref area (m2) = 3.36E+06
4m x dist- Receptor Receptor Receptor
exp(-ux)/x2 - mfp-dist. in-  dist. in -source- dist. in-source- sourcen2 distance- location x  locationy location z
source source-air air (cm) cover (cm) BF-source-air =~ Vol-source  Fhy-source (cm2) source (cm) x-source (m) y-source (m) z-source (m) ta+tc (m) ta (m) (m) (m) (m)
4.31E-06 3.45E-02 1.33E+02 0.00E+00 1.10E+00 2.50E-01 1.19E-06 2.24E+05 1.33E+02 0.125 0.125 0 1 1 0 0 1
5.49E-06 3.07E-02 1.19E+02 0.00E+00 1.09E+00 2.50E-01 1.49E-06 1.77E+05 1.19E+02 0.125 0.375 0 1 1 0 0 1
6.69E-06 2.78E-02 1.08E+02 0.00E+00 1.08E+00 2.50E-01 1.81E-06 1.45E+05 1.08E+02 0.125 0.625 0 1 1 0 0 1
7.51E-06 2.63E-02 1.02E+02 0.00E+00 1.08E+00 2.50E-01 2.02E-06 1.30E+05 1.02E+02 0.125 0.875 0 1 1 0 0 1
4.03E-06 3.57E-02 1.38E+02 0.00E+00 1.10E+00 2.50E-01 1.11E-06 2.40E+05 1.38E+02 0.375 0.125 0 1 1 0 0 1
5.03E-06 3.20E-02 1.24E+02 0.00E+00 1.09E+00 2.50E-01 1.37E-06 1.93E+05 1.24E+02 0.375 0.375 0 1 1 0 0 1
6.03E-06 2.93E-02 1.13E+02 0.00E+00 1.09E+00 2.50E-01 1.64E-06 1.61E+05 1.13E+02 0.375 0.625 0 1 1 0 0 1
6.69E-06 2.78E-02 1.08E+02 0.00E+00 1.08E+00 2.50E-01 1.81E-06 1.45E+05 1.08E+02 0.375 0.875 0 1 1 0 0 1
3.55E-06 3.80E-02 1.47E+02 0.00E+00 1.11E+00 2.50E-01 9.86E-07 2.71E+05 1.47E+02 0.625 0.125 0 1 1 0 0 1
4.31E-06 3.45E-02 1.33E+02 0.00E+00 1.10E+00 2.50E-01 1.19E-06 2.24E+05 1.33E+02 0.625 0.375 0 1 1 0 0 1
5.03E-06 3.20E-02 1.24E+02 0.00E+00 1.09E+00 2.50E-01 1.37E-06 1.93E+05 1.24E+02 0.625 0.625 0 1 1 0 0 1
5.49E-06 3.07E-02 1.19E+02 0.00E+00 1.09E+00 2.50E-01 1.49E-06 1.77E+05 1.19E+02 0.625 0.875 0 1 1 0 0 1
3.02E-06 4.12E-02 1.58E+02 0.00E+00 1.12E+00 2.50E-01 8.44E-07 3.18E+05 1.59E+02 0.875 0.125 0 1 1 0 0 1
3.55E-06 3.80E-02 1.47E+02 0.00E+00 1.11E+00 2.50E-01 9.86E-07 2.71E+05 1.47E+02 0.875 0.375 0 1 1 0 0 1
4.03E-06 3.57E-02 1.38E+02 0.00E+00 1.10E+00 2.50E-01 1.11E-06 2.40E+05 1.38E+02 0.875 0.625 0 1 1 0 0 1
4.31E-06 3.45E-02 1.33E+02 0.00E+00 1.10E+00 2.50E-01 1.19E-06 2.24E+05 1.33E+02 0.875 0.875 0 1 1 0 0 1
3.83E-06 3.66E-02 1.41E+02 0.00E+00 1.11E+00 0.00E+00 0.00E+00 2.51E+05 1.41E+02 1.000 1.000 0 1 1 0 0 1
>FAM-source =  2.16E-05
FAM= 7.02E-02
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Table 2.108 Calculation of Fau for C-14 in a Rectangular Area Source of 4 m x 2 m without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to

Effective Dose

Effective
Mass
Attenuation

Effective

mass Mass

Mass

Attenuation Mass

Mt e )

Conversion Coefficient Attenuation Attenuation = Coefficient Attenuation (,f P +,f)
Factor  (pSv- (source) Coefficient  Coefficient = (concrete) Coefficient a’e
# photons Energy 1 Yield 1 FE cm2) (/cm) (ref) (fcm)  (soil) {/cm) (/cm) (air) (/cm)
1 0.049 8.65E-04 0.1 0.22 2.59E-04 2.59E-04 5.79E-01 9.99E-01 2.59E-04
ta (cm) = 100 tc(em)=0 Source area (m2)= 4x2=38 Source-ref area (m2) = 3.36E+06
4m x dist- Receptor Receptor Receptor
exp(-ux)/x2 - mfp-dist. in-  dist. in -source- dist. in-source- sourcen2 distance- location x  locationy location z

source source-air air (cm) cover (cm) BF-source-air =~ Vol-source  Fhy-source (cm2) source (cm) x-source (m) y-source (m) z-source (m) ta+tc (m) ta (m) (m) (m) (m)
3.35E-06 3.91E-02 1.55E+02 0.00E+00 1.11E+00 2.50E-01 9.33E-07 2.87E+05 1.51E+02 1.125 0.125 0 1 0 0 0 1
3.18E-00 4.01E-02 1.63E+02 0.00E+00 1.12E+00 2.50E-01 8.86E-07 3.03E+05 1.55E+02 1.125 0.375 0 1 0 0 0 1
2.87E-06 4.22E-02 1.74E+02 0.00E+00 1.12E+00 2.50E-01 8.06E-07 3.34E+05 1.63E+02 1.125 0.625 0 1 0 0 0 1
2.51E-06 4.50E-02 1.70E+02 0.00E+00 1.13E+00 2.50E-01 7.09E-07 3.81E+05 1.74E+02 1.125 0.875 0 1 0 0 0 1
2.62E-06 4.41E-02 1.74E+02 0.00E+00 1.13E+00 2.50E-01 7.39E-07 3.65E+05 1.70E+02 1.375 0.125 0 1 0 0 0 1
2.51E-06 4.50E-02 1.81E+02 0.00E+00 1.13E+00 2.50E-01 7.09E-07 3.81E+05 1.74E+02 1.375 0.375 0 1 0 0 0 1
2.31E-06 4.69E-02 1.91E+02 0.00E+00 1.14E+00 2.50E-01 6.57E-07 4.13E+05 1.81E+02 1.375 0.625 0 1 0 0 0 1
2.07E-06 4.95E-02 1.91E+02 0.00E+00 1.14E+00 2.50E-01 5.92E-07 4.60E+05 1.91E+02 1.375 0.875 0 1 1 0 0 1
2.07E-06 4.95E-02 1.94E+02 0.00E+00 1.14E+00 2.50E-01 5.92E-07 4.60E+05 1.91E+02 1.625 0.125 0 1 1 0 0 1
2.00E-06 5.03E-02 2.01E+02 0.00E+00 1.15E+00 2.50E-01 5.73E-07 4.75E+05 1.94E+02 1.625 0.375 0 1 1 0 0 1
1.87E-06 5.19E-02 2.10E+02 0.00E+00 1.15E+00 2.50E-01 5.39E-07 5.07E+05 2.01E+02 1.625 0.625 0 1 1 0 0 1
1.71E-06 5.43E-02 2.13E+02 0.00E+00 1.16E+00 2.50E-01 4.95E-07 5.54E+05 2.10E+02 1.625 0.875 0 1 1 0 0 1
1.66E-06 5.51E-02 2.16E+02 0.00E+00 1.16E+00 2.50E-01 4.82E-07 5.70E+05 2.13E+02 1.875 0.125 0 1 1 0 0 1
1.62E-06 5.58E-02 2.22E+02 0.00E+00 1.16E+00 2.50E-01 4.69E-07 5.85E+05 2.16E+02 1.875 0.375 0 1 1 0 0 1
1.53E-06 5.73E-02 2.07E+02 0.00E+00 1.17E+00 2.50E-01 4.46E-07 6.17E+05 2.22E4+02 1.875 0.625 0 1 1 0 0 1
1.76E-06 5.35E-02 2.24E+02 0.00E+00 1.16E+00 2.50E-01 5.09E-07 5.38E+05 2.07E+02 1.875 0.875 0 1 1 0 0 0
1.50E-06 5.78E-02 0.00E+00 0.00E+00 1.17E+00 0.00E+00 0.00E+00 6.29E+05 2.24E+02 2.000 1.000 0 1 1 0 0 0

>FAM-source 1.01E-05
FAM= 1.03E-01
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Table 2.109 Calculation of Fau for C-14 in a Rectangular Area Source of 4 m x 3 m without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to

Effective Dose

Effective
Mass
Attenuation

Effective

mass Mass

Mass

Attenuation Mass

Mt e )

Conversion Coefficient Attenuation Attenuation = Coefficient Attenuation (,f P +,f)
Factor  (pSv- (source) Coefficient  Coefficient = (concrete) Coefficient a’e
# photons Energy 1 Yield 1 FE cm2) (/cm) (ref) (fcm)  (soil) {/cm) (/cm) (air) (/cm)
1 0.049 8.65E-04 0.1 0.22 2.59E-04 2.59E-04 5.79E-01 9.99E-01 2.59E-04
ta (cm) = 100 tc(em)=0 Source area (m2)= 4x3=12 Source-ref area (m2) = 3.36E+06
4m x dist- Receptor Receptor Receptor
exp(-ux)/x2 - mfp-dist. in-  dist. in -source- dist. in-source- sourcen2 distance- location x  locationy location z

source source-air air (cm) cover (cm) BF-source-air =~ Vol-source  Fhy-source (cm2) source (cm) x-source (m) y-source (m) z-source (m) ta+tc (m) ta (m) (m) (m) (m)
3.35E-06 3.91E-02 1.51E+02 0.00E+00 1.11E+00 2.50E-01 9.33E-07 2.87E+05 1.51E+02 0.125 1.125 0 1 0 0 0 1
3.18E-00 4.01E-02 1.55E+02 0.00E+00 1.12E+00 2.50E-01 8.86E-07 3.03E+05 1.55E+02 0.375 1.125 0 1 0 0 0 1
2.87E-06 4.22E-02 1.63E+02 0.00E+00 1.12E+00 2.50E-01 8.06E-07 3.34E+05 1.63E+02 0.625 1.125 0 1 0 0 0 1
2.51E-06 4.50E-02 1.74E+02 0.00E+00 1.13E+00 2.50E-01 7.09E-07 3.81E+05 1.74E+02 0.875 1.125 0 1 0 0 0 1
2.15E-06 4.86E-02 1.88E+02 0.00E+00 1.14E+00 2.50E-01 6.12E-07 4.44E+05 1.88E+02 1.125 1.125 0 1 0 0 0 1
1.82E-06 5.27E-02 2.04E+02 0.00E+00 1.15E+00 2.50E-01 5.23E-07 5.23E+05 2.04E+02 1.375 1.125 0 1 0 0 0 1
1.53E-06 5.73E-02 2.22E+02 0.00E+00 1.17E+00 2.50E-01 4.46E-07 6.17E+05 2.22E+02 1.625 1.125 0 1 0 0 0 1
1.29E-06 6.22E-02 2.40E+02 0.00E+00 1.18E+00 2.50E-01 3.82E-07 7.27E+05 2.40E+02 1.875 1.125 0 1 1 0 0 1
2.62E-06 4.41E-02 1.70E+02 0.00E+00 1.13E+00 2.50E-01 7.39E-07 3.65E+05 1.70E+02 0.125 1.375 0 1 1 0 0 1
2.51E-06 4.50E-02 1.74E+02 0.00E+00 1.13E+00 2.50E-01 7.09E-07 3.81E+05 1.74E+02 0.375 1.375 0 1 1 0 0 1
2.31E-06 4.69E-02 1.81E+02 0.00E+00 1.14E+00 2.50E-01 6.57E-07 4.13E+05 1.81E+02 0.625 1.375 0 1 1 0 0 1
2.07E-06 4.95E-02 1.91E+02 0.00E+00 1.14E+00 2.50E-01 5.92E-07 4.60E+05 1.91E+02 0.875 1.375 0 1 1 0 0 1
1.82E-06 5.27E-02 2.04E+02 0.00E+00 1.15E+00 2.50E-01 5.23E-07 5.23E+05 2.04E+02 1.125 1.375 0 1 1 0 0 1
1.57E-06 5.66E-02 2.19E+02 0.00E+00 1.16E+00 2.50E-01 4.58E-07 6.01E+05 2.19E+02 1.375 1.375 0 1 1 0 0 1
1.35E-06 6.08E-02 2.35E+02 0.00E+00 1.18E+00 2.50E-01 3.98E-07 6.95E+05 2.35E+02 1.625 1.375 0 1 1 0 0 1
1.16E-06 6.55E-02 2.53E+02 0.00E+00 1.19E+00 2.50E-01 3.46E-07 8.05E+05 2.53E+02 1.875 1.375 0 1 1 0 0 1
1.02E-06 6.97E-02 2.69E+02 0.00E+00 1.20E+00 0.00E+00 0.00E+00 9.11E+05 2.69E+02 2.000 1.500 0 1 1 0 0 1

>FAM-source 9.72E-06
FAM= 1.35E-01
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Table 2.110 Calculation of Fau for C-14 in a Rectangular Area Source of 4 m x 4 m without Cover at the Receptor Location (0, 0, 1) (m)

Fluence to

Effective Dose

Effective
Mass
Attenuation

Effective

mass Mass

Mass

Attenuation Mass

Mt e )

Conversion Coefficient Attenuation Attenuation = Coefficient Attenuation (,f P +,f)
Factor  (pSv- (source) Coefficient  Coefficient = (concrete) Coefficient a’e
# photons Energy 1 Yield 1 FE cm2) (/cm) (ref) (fcm)  (soil) {/cm) (/cm) (air) (/cm)
1 0.049 8.65E-04 0.1 0.22 2.59E-04 2.59E-04 5.79E-01 9.99E-01 2.59E-04
ta (cm) = 100 tc(em)=0 Source area (m2)= 4x4=16 Source-ref area (m2) = 3.36E+06
4m x dist- Receptor Receptor Receptor
exp(-ux)/x2 - mfp-dist. in-  dist. in -source- dist. in-source- sourcen2 distance- location x  locationy location z
source source-air air (cm) cover (cm) BF-source-air =~ Vol-source  Fhy-source (cm2) source (cm) x-source (m) y-source (m) z-source (m) ta+tc (m) ta (m) (m) (m) (m)
2.07E-06 4.95E-02 1.91E+02 0.00E+00 1.14E+00 2.50E-01 5.92E-07 4.60E+05 1.91E+02 0.125 1.625 0 1 1 0 0 1
2.00E-06 5.03E-02 1.94E+02 0.00E+00 1.15E+00 2.50E-01 5.73E-07 4.75E+05 1.94E+02 0.375 1.625 0 1 1 0 0 1
1.87E-06 5.19E-02 2.01E+02 0.00E+00 1.15E+00 2.50E-01 5.39E-07 5.07E+05 2.01E+02 0.625 1.625 0 1 1 0 0 1
1.71E-06 5.43E-02 2.10E+02 0.00E+00 1.16E+00 2.50E-01 4.95E-07 5.54E+05 2.10E+02 0.875 1.625 0 1 1 0 0 1
1.53E-06 5.73E-02 2.22E+02 0.00E+00 1.17E+00 2.50E-01 4.46E-07 6.17E+05 2.22E+02 1.125 1.625 0 1 1 0 0 1
1.35E-06 6.08E-02 2.35E+02 0.00E+00 1.18E+00 2.50E-01 3.98E-07 6.95E+05 2.35E+02 1.375 1.625 0 1 1 0 0 1
1.19E-06 6.48E-02 2.51E+02 0.00E+00 1.19E+00 2.50E-01 3.53E-07 7.90E+05 2.51E+02 1.625 1.625 0 1 1 0 0 1
1.04E-06 6.92E-02 2.68E+02 0.00E+00 1.20E+00 2.50E-01 3.11E-07 9.00E+05 2.68E+02 1.875 1.625 0 1 1 0 0 1
1.66E-06 5.51E-02 2.13E+02 0.00E+00 1.16E+00 2.50E-01 4.82E-07 5.70E+05 2.13E+02 0.125 1.875 0 1 1 0 0 1
1.62E-06 5.58E-02 2.16E+02 0.00E+00 1.16E+00 2.50E-01 4.69E-07 5.85E+05 2.16E+02 0.375 1.875 0 1 1 0 0 1
1.53E-06 5.73E-02 2.22E+02 0.00E+00 1.17E+00 2.50E-01 4.46E-07 6.17E+05 2.22E+02 0.625 1.875 0 1 1 0 0 1
1.42E-06 5.95E-02 2.30E+02 0.00E+00 1.17E+00 2.50E-01 4.16E-07 6.64E+05 2.30E+02 0.875 1.875 0 1 1 0 0 1
1.29E-06 6.22E-02 2.40E+02 0.00E+00 1.18E+00 2.50E-01 3.82E-07 7.27E+05 2.40E+02 1.125 1.875 0 1 1 0 0 1
1.16E-06 6.55E-02 2.53E+02 0.00E+00 1.19E+00 2.50E-01 3.46E-07 8.05E+05 2.53E+02 1.375 1.875 0 1 1 0 0 1
1.04E-06 6.92E-02 2.68E+02 0.00E+00 1.20E+00 2.50E-01 3.11E-07 9.00E+05 2.68E+02 1.625 1.875 0 1 1 0 0 1
9.20E-07 7.33E-02 2.83E+02 0.00E+00 1.21E+00 2.50E-01 2.79E-07 1.01E+06 2.83E+02 1.875 1.875 0 1 1 0 0 1
8.18E-07 7.76E-02 3.00E+02 0.00E+00 1.23E+00 0.00E+00 0.00E+00 1.13E+06 3.00E+02 2.000 2.000 0 1 1 0 0 1
>FAM-source 6.84E-06
FAM = 1.57E-01




86

Table 2.111 Calculation of Fau for C-14 in a Rectangular Area Source of 6 m x 6 m without Cover at the Receptor Location (0, 0, 1) (m)

Effective
Fluence to Mass Effective Mass
Effective Dose = Attenuation mass Mass Attenuation Mass (f o Ep + f,ﬁ_)
Conversion Coefficient Attenuation Attenuation Coefficient Attenuation L= W
Factor  (pSv- (source) Coefficient = Coefficient = (concrete)  Coefficient a e
# photons Energy 1 Yield 1 FE cm2) (/cm) (ref) (fcm)  (soil) (/cm) (fecm) (air) (fcm)
1 0.049 8.65E-04 0.1 0.22 2.59E-04 2.59E-04 5.79E-01 9.99E-01 2.59E-04
ta (cm)= 100 tc{cm)= 0 Source area (m2)= 6x6=36 Source-ref area (m2) = 3.36E+06
47 x dist- Receptor Receptor Receptor
exp(-ux)/x2 - mfp-dist. in-  dist. in -source- dist. in-source- sourcen2 distance- location x  locationy location z

source source-air air (cm) cover (cm) BF-source-air = Vol-source = Fny-source (cm2) source (cm) x-source (m) y-source (m) z-source (m) ta+ tc(m) ta (m) (m) (m) (m)
1.22E-06 6.40E-02 2.47E+02 0.00E+00 1.19E+00 1.00E+00 1.44E-06 7.70E+05 2.47E+02 2.25 0.25 0 1 1 0 0 1
1.12E-06 6.66E-02 2.57E+02 0.00E+00 1.19E+00 1.00E+00 1.34E-06 8.33E+05 2.57E+02 2.25 0.75 0 1 1 0 0 1
9.71E-07 7.14E-02 2.76E+02 0.00E+00 1.21E+00 1.00E+00 1.17E-06 9.59E+05 2.76E+02 2.25 1.25 0 1 1 0 0 1
8.06E-07 7.81E-02 3.02E+02 0.00E+00 1.23E+00 1.00E+00 9.89E-07 1.15E+06 3.02E+02 2.25 1.75 0 1 1 0 0 1
6.56E-07 8.63E-02 3.34E+02 0.00E+00 1.25E+00 1.00E+00 8.20E-07 1.40E+06 3.34E+02 2.25 2.25 0 1 1 0 0 1
5.31E-07 9.55E-02 3.69E+02 0.00E+00 1.28E+00 1.00E+00 6.78E-07 1.71E+06 3.69E+02 2.25 2.75 0 1 1 0 0 1
8.55E-07 7.60E-02 2.94E+02 0.00E+00 1.22E+00 1.00E+00 1.04E-06 1.08E+06 2.94E+02 2.75 0.25 0 1 1 0 0 1
8.06E-07 7.81E-02 3.02E+02 0.00E+00 1.23E+00 1.00E+00 9.89E-07 1.15E+06 3.02E+02 2.75 0.75 0 1 1 0 0 1
7.24E-07 8.23E-02 3.18E+02 0.00E+00 1.24E+00 1.00E+00 8.97E-07 1.27E+06 3.18E+02 2.75 1.25 0 1 1 0 0 1
6.26E-07 8.82E-02 3.41E+02 0.00E+00 1.26E+00 1.00E+00 7.87E-07 1.46E+06 3.41E+02 2.75 1.75 0 1 1 0 0 1
5.31E-07 9.55E-02 3.69E+02 0.00E+00 1.28E+00 1.00E+00 6.78E-07 1.71E+06 3.69E+02 2.75 2.25 0 1 1 0 0 1
4.45E-07 1.04E-01 4.02E+02 0.00E+00 1.30E+00 1.00E+00 5.79E-07 2.03E+06 4.02E+02 2.75 2.75 0 1 1 0 0 1
1.22E-06 6.40E-02 2.47E+02 0.00E+00 1.19E+00 1.00E+00 1.44E-06 7.70E+05 2.47E4+02 0.25 2.25 0 1 1 0 0 1
1.12E-06 6.66E-02 2.57E+02 0.00E+00 1.19E+00 1.00E+00 1.34E-06 8.33E+05 2.57E+02 0.75 2.25 0 1 1 0 0 1
9.71E-07 7.14E-02 2.76E+02 0.00E+00 1.21E+00 1.00E+00 1.17E-06 9.59E+05 2.76E+02 1.25 2.25 0 1 1 0 0 1
8.06E-07 7.81E-02 3.02E+02 0.00E+00 1.23E+00 1.00E+00 9.89E-07 1.15E+06 3.02E+02 1.75 2.25 0 1 1 0 0 1
8.55E-07 7.60E-02 2.94E+02 0.00E+00 1.22E+00 1.00E+00 1.04E-06 1.08E+06 2.94E+02 0.25 2.75 0 1 1 0 0 1
8.06E-07 7.81E-02 3.02E+02 0.00E+00 1.23E+00 1.00E+00 9.89E-07 1.15E+06 3.02E+02 0.75 2.75 0 1 1 0 0 1
7.24E-07 8.23E-02 3.18E+02 0.00E+00 1.24E+00 1.00E+00 8.97E-07 1.27E+06 3.18E+02 1.25 2.75 0 1 1 0 0 1
6.26E-07 8.82E-02 3.41E+02 0.00E+00 1.26E+00 1.00E+00 7.87E-07 1.46E+06 3.41E+02 1.75 2.75 0 1 1 0 0 1

2> FAM-source 2.01E-05
FAM= 2.22E-01
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Table 2.112 Calculation of Fau for C-14 in a Rectangular Area Source of 10 m x 10 m without Cover at the Receptor Location (0, 0, 1) (m)

Effective
Fluence to Mass Effective Mass
Effective Dose Attenuation mass Mass Attenuation Mass (f it +f,£i,)
Conversion Coefficient ' Attenuation Attenuation Coefficient Attenuation H= W
Factor  (pSv- (source) Coefficient Coefficient  (concrete) Coefficient @
# photons Energy 1 Yield 1 FE cm?2) (/cm) (ref) (/em)  (soil) (fcm) (fem) (air) (/cm)
1 0.049 8.65E-04 0.1 0.22 2.59E-04 2.59E-04 5.79E-01 9.99E-01 2.59E-04
ta (cm) = 100 tc(cm)=0 Source area (m2) = 10 x 10 = 100 Source-ref area (m2) = 3.36E+06
4 x dist- Receptor Receptor Receptor
exp(-ux)/x2 - mfp-dist. in-  dist. in -source- dist. in-source- sourcer2 distance- location x = locationy location z

source source-air air (cm) cover (cm) BF-source-air ~ Vol-source  Fyy-source (cm2) source (cm) x-source (m) y-source (m) z-source (m) ta + tc(m) ta (m) (m) (m) (m)
5.36E-07 9.51E-02 3.67E+02 0.00E+00 1.28E+00 3.20E+00 2.19E-06 1.70E+06 3.67E+02 3.50 0.50 0 1 1 0 0 1
4.64E-07 1.02E-01 3.94E+02 0.00E+00 1.30E+00 3.20E+00 1.92E-06 1.95E+06 3.94E+02 3.50 1.50 0 1 1 0 0 1
3.64E-07 1.14E-01 4.42E+02 0.00E+00 1.33E+00 3.20E+00 1.55E-06 2.45E+06 4.42E+02 3.50 2.50 0 1 1 0 0 1
2.74E-07 1.31E-01 5.05E+02 0.00E+00 1.38E+00 3.20E+00 1.21E-06 3.21E+06 5.05E+02 3.50 3.50 0 1 1 0 0 1
2.04E-07 1.50E-01 5.79E+02 0.00E+00 1.43E+00 3.20E+00 9.39E-07 4.21E+06 5.79E+02 3.50 4.50 0 1 1 0 0 1
3.28E-07 1.20E-01 4.64E+02 0.00E+00 1.35E+00 3.20E+00 1.42E-06 2.70E+06 4.64E+02 4.50 0.50 0 1 1 0 0 1
2.99E-07 1.25E-01 4.85E+02 0.00E+00 1.36E+00 3.20E+00 1.30E-06 2.95E+06 4.85E+02 4.50 1.50 0 1 1 0 0 1
2.53E-07 1.36E-01 5.24E+02 0.00E+00 1.38E+00 3.20E+00 1.13E-06 3.46E+006 5.24E+02 4.50 2.50 0 1 1 0 0 1
2.04E-07 1.50E-01 5.79E+02 0.00E+00 1.43E+00 3.20E+00 9.39E-07 4.21E+06 5.79E+02 4.50 3.50 0 1 1 0 0 1
1.62E-07 1.67E-01 6.44E+02 0.00E+00 1.48E+00 3.20E+00 7.70E-07 5.22E+06 6.44E+02 4.50 4.50 0 1 1 0 0 1
5.36E-07 9.51E-02 3.67E+02 0.00E+00 1.28E+00 3.20E+00 2.19E-06 1.70E+06 3.67E+02 0.50 3.50 0 1 1 0 0 1
4.64E-07 1.02E-01 3.94E+02 0.00E+00 1.30E+00 3.20E+00 1.92E-06 1.95E+06 3.94E+02 1.50 3.50 0 1 1 0 0 1
3.64E-07 1.14E-01 4.42E4+02 0.00E+00 1.33E+00 3.20E+00 1.55E-06 2.45E+06 4.42E+02 2.50 3.50 0 1 1 0 0 1
2.74E-07 1.31E-01 5.05E+02 0.00E+00 1.38E+00 3.20E+00 1.21E-06 3.21E+06 5.05E+02 3.50 3.50 0 1 1 0 0 1
2.04E-07 1.50E-01 5.79E+02 0.00E+00 1.43E+00 3.20E+00 9.39E-07 4.21E+06 5.79E+02 4.50 3.50 0 1 1 0 0 1
3.28E-07 1.20E-01 4.64E+02 0.00E+00 1.35E+00 3.20E+00 1.42E-06 2.70E+06 4.64E+02 0.50 4.50 0 1 1 0 0 1
2.99E-07 1.25E-01 4.85E+02 0.00E+00 1.36E+00 3.20E+00 1.30E-06 2.95E+06 4.85E+02 1.50 4.50 0 1 1 0 0 1
2.53E-07 1.36E-01 5.24E+02 0.00E+00 1.39E+00 3.20E+00 1.13E-06 3.46E+06 5.24E+02 2.50 4.50 0 1 1 0 0 1
2.04E-07 1.50E-01 5.79E+02 0.00E+00 1.43E+00 3.20E+00 9.39E-07 4.21E+06 5.79E+02 3.50 4.50 0 1 1 0 0 1
1.62E-07 1.67E-01 6.44E+02 0.00E+00 1.48E+00 3.20E+00 7.70E-07 5.22E+06 6.44E+02 4.50 4.50 0 1 1 0 0 1

>FAM-source 2.67E-05
FAM= 3.09E-01




Table 2.113 Estimation of External Radiation Dose at the Receptor Location (0, 0, 1) (m) from C-14
in Six Rectangular Area Sources without Cover

DCF-inf Average Decay Estimated
(mrem/yr per Factor in 1st Area of Source Dose

pCi/g) Half-life, yr year Fep-surf (m2) Fam {mrem/yr)

100 3.09E-01 5.82E-10

36 2.22E-01 4.19E-10

1.35E-05 5.73E+03 1.00E+00 1.40E-04 16 157801 | 2.96E-10

12 1.35E-01 2.54E-10

8 1.03E-01 1.94E-10

4 7.02E-02 1.32E-10

Table 2.114 Comparison of Radiation Doses (mrem/yr) at the Receptor
Location (0, 0, 1) (m) Estimated by RESRAD-BUILD and Spreadsheets from
C-14 in Six Rectangular Area Sources without Cover

Receptor Location (0, 0, 1) (m)
Dimensions of Dose Results Dose Results Ratio -
Area of Source Source from RESRAD- from RESRAD-BUILD/

(m2) {(mxm) BUILD Spreadsheets Spreadsheets
100 10x 10 5.79E-10 5.82E-10 0.99

36 6x6 4,09E-10 4.19E-10 0.98

16 4x4 2.88E-10 2.96E-10 0.97

12 4%3 2.46E-10 2.54E-10 0.97

3 4x2 1.89E-10 1.94E-10 0.97

4 2x2 1.29E-10 1.32E-10 0.98

2.4 EXTERNAL RADIATION OF VOLUME SOURCES

The external radiation dose modeling for volume sources by RESRAD-BUILD was
verified by comparing the no-shielding external dose results for Co-60, Mn-54, and Tc-99 and
then the with-shielding external dose results for Mn-54 with those from spreadsheets for a
receptor at (0, 0, 1) (m). To compare the no-shielding external dose results, 24 cylindrical
volume sources, which were different combinations of six circular areas (4, 10, 36, 100, 1,000,
100,000) (m?) and four thicknesses, were assumed to contain Co-60, Mn-54, and then Tc-99. The
volume sources containing Co-60 were assumed to have a thickness of 1, 5, 15, or 50 cm. Those
containing Mn-54 or Tc-99 had a thickness of 1, 2, 5, or 10 cm. All the volume sources pointed
to the z-direction. The receptor was placed at a distance of 1 m from the top surface of the
source. Another six cylindrical volume sources, with a circular area of 4, 10, 36, 100, 1,000, and
100,000 m? and a thickness of 10 cm, that contained Mn-54 were assumed to have a concrete
cover on the top. The thickness of the concrete cover was assumed to be 1 cm, 2 cm, and then
5 cm. These six volume sources also pointed in the z-direction.
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The density of each volume source assumed in the verification was 1.6 g/cm®. The
receptor considered was assumed to spend all his time in a building that housed the volume
source. There was no erosion of the source material; therefore, there was no release of source
particles to the air.

To evaluate the external dose emitted from a volume source, the volume source was
subdivided along the axial direction into 10 smaller cylindrical volumes that have the same
circular cross section but a smaller thickness. The Fam of each sub-source was calculated, and
their weighted average with Fcp was used as the effective Fam of the volume source. When
calculating the Fam of a sub-source, the buildup effect from sub-sources above it was factored
into account. As discussed previously, an area source was treated as a volume source with a
thickness of 0.001 cm by RESRAD-BUILD to model the external radiation. Therefore, the
calculation design used in the spreadsheets to estimate the Faw of an area source, as presented in
Section 2.3, was applied to estimate the Fam of each sub-source.

Table 2.115 lists the buildup factors in soil (the reference source) calculated for Co-60,
Mn-54, and Tc-99, based on literature data of magnesium (Trubey 1991). The buildup factors in
air and concrete were previously calculated and listed in Table 2.3 and 2.5, respectively. Table
2.30 lists the mass attenuation coefficients in air, concrete, and soil and the fluence to effective
dose equivalent conversion factor.

2.4.1 Dose Results without Shielding

Results for Co-60. Table 2.116 shows the spreadsheet calculation of Fcp for a 1-cm-
thick volume source containing Co-60 without a cover at the top. To estimate Fawm for the volume
source, the volume source was divided into 10 sub-volumes each with a thickness of 0.1 cm.
Table 2.117 shows the calculations of Fam-rer, the Fam of the reference source for the 10" sub-
volume. Tables 2.118 and 2.119 show the calculation of Faw for the 10" sub-volume that has a
circular surface area of 4 m? and 100 m?, respectively. (Note: The sub-volumes were numbered
from the top to the bottom as 1%, 2", ..., 10" sub-volume.) Table 2.120 shows the calculation of
Fawm-ref for the 6™ sub-volume, and Tables 2.121 and 2.122 show the calculation of Fam for the
6™ sub-volume that has a circular surface area of 36 m? and 1,000 m?, respectively. Calculation
of Fam-ret for other sub-volumes and Fam for sub-volumes of different surface areas were
performed with the same calculation design in the spreadsheets. Table 2.123 summarizes the
Fam’s calculated for each sub-volume of six 1-cm thick volume sources. The external radiation
dose estimated for these six volume sources are presented in Table 2.124.

Table 2.125 shows the spreadsheet calculation of Fcp for a 5-cm thick volume source
containing Co-60 without a cover at the top. Table 2.126 summarizes the Fam’s calculated for
each sub-volume of six 5-cm-thick volume sources. The external radiation doses estimated for
these six volume sources are presented in Table 2.127.
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Table 2.115 Estimates of Buildup Factors in Soil Based on Data of Magnesium

Thickness Buildup Factors for Magnesium from Trubey 1991 Tc-99 Mn-54 Co-60
in Mean 0.101 0.835
Free Path|0.04 MeV 0.05 MeV 0.1 MeV 0.15MeV 0.5MeV 0.6 MeV 0.8MeV 1MeV 1.5MeV MeV MeV  1.25 MeV
0.5 1.38 1.67 1.99 1.90 1.58 1.54 1.49 1.45 1.40 1.99 1.48 1.43
1 1.62 2.13 3.1 3.01 2.31 2.21 2.09 2.00 1.86 3.10 2.07 1.93
2 1.99 2.8 5.61 5.83 4.18 3.92 3.56 3.30 2.90 5.61 3.51 3.10
3 2.27 3.39 8.51 9.41 6.58 6.08 5.35 4.85 4.07 8.53 5.26 4.46
4 2.49 3.95 11.8 13.80 9.53 8.67 7.45 6.62 5.35 11.84 7.30 5.99
5 2.70 4.48 15.5 19.00 13.00 11.7 9.87 8.60 6.74 15.57 9.65 7.67
6 2.89 4.97 19.5 25.20 17.10 15.2 12.60 10.80 8.22 19.61 12.29 9.51
7 3.06 5.44 24.1 32.30 21.90 19.2 15.60 13.20 9.79 24.26 15.18 11.50
8 3.22 5.9 29 40.40 27.20 23.7 18.90 15.80 11.40 29.23 18.36 13.60
10 3.52 6.8 40.4 60.20 39.90 34.2 26.50 21.60 14.90 40.80 25.64 18.25
15 4.18 8.95 77.8 133.00 83.90 69 50.10 38.80 24.80 78.90 48.12 31.80
20 4.73 10.9 129 247.00 147.00 116 80.30 59.80 35.90 131.36 76.71 47.85
25 5.22 13 196 412.00 229.00 176 116.00 84.00 48.10 200.32 110.40 66.05
30 5.66 15.3 279 637.00 331.00 249 158.00 111.00 61.10 286.16  149.78 86.05
35 6.03 17.5 380 930.00 454.00 334 206.00 141.00 74.90 391.00 194.63  107.95
40 6.30 19.7 499 1300.00 598.00 430 258.00 173.00 89.30 515.02 243.13 131.15

Table 2.116 Calculation of F¢p for Co-60 in a 1-cm-Thick VVolume Source without a Cover

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g) 0.924 0.076 0.078 1.28
Reference source - Cover material = none Cover thickness, cm = 0 Density of cover, g/cm3 =
Source density , g/cm3 = 1.6 Source thickness,cm= 1
_ D(Te=t Ts=ts) _ —Kapete(1 _ »—Kapsts —Kgpet _ »—Kgpst
Fep = DT=0Temn) = Ae cte(1—e ) + Be cte(1 —e s) |
FCD= 0.17460632




01

Table 2.117 Calculation of Fam for Co-60 in a Reference Source for the 10th Sub-volume of a 1-cm-Thick Volume Source without Cover at
the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation Mass Mass Attenuation |Mass (fa«‘ua FEp f,ti,)
Conversion Coefficient Attenuation Attenuation |Coefficient |Attenuation H= W
Factor (source) Coefficient Coefficient |(concrete) |Coefficient @ r
# photons Energy 1 Yield 1 FE pSvcm2 (fem) (ref) (/ecm) (soil) (/cm) (fem) (air) (/cm)
1 1.25 2 0.5 4.495 9.87E-04 1.00E-03 9.41E-02 9.26E-02 7.04E-05
ta{cm) = 100 tc (cm) = 0] Source-ref area (m2) = 3.36E+06 ts{cm) =
exp(-ux)/x2 - dlist. ”_] ref- dist. in-ref- mfp-dist. in - mfp-dist. in- ) BF-ref- Vol-sour- 4pix dist- distance-ref ta+tc+ts r-ref Rece.ptor Rece.ptor
ref air source-cover ref-air ref-source_cover BF-ref-air cover ref FAM-ref refa2 (cm) (m) (m) ta(m) locationy location z
(cm) (cm) (m2) (cm2) (cm) (cm)
7.05E-06 1.00E+02 1.00E+00 7.04E-03 9.41E-02 1.01E+00 1.08E+00 0.00E+00 0.00E+00 1.28E+05 1.01E+02 1.01E+00  0.00E+00 1.00E+00
6.98E-06 1.00E+02 1.00E+00 7.07E-03 9.45E-02 1.01E+00 1.08E+00 3.14E-02 2.38E-07 1.29E+05 1.01E+02 1.01E+00 1.00E-01 1.00E+00
6.97E-06 1.01E+02 1.01E+00 7.07E-03 9.46E-02 1.01E+00 1.08E+00 1.91E-03 1.45E-08 1.30E+05 1.02E+02 1.01E+00 1.03E-01 1.00E+00
6.97E-06 1.01E+02 1.01E+00 7.07E-03 9.46E-02 1.01E+00 1.08E+00 2.03E-03 1.54E-08 1.30E+05 1.02E+02 1.01E+00 1.06E-01 1.00E+00
6.96E-06 1.01E+02 1.01E+00 7.08E-03 9.46E-02 1.01E+00 1.08E+00 2.15E-03 1.63E-08 1.30E+05 1.02E+02 1.01E+00 1.09E-01 1.00E+00
6.96E-06 1.01E+02 1.01E+00 7.08E-03 9.47E-02 1.01E+00 1.08E+00 2.29E-03 1.73E-08 1.30E+05 1.02E+02 1.01E+00 1.13E-01 1.00E+00
6.95E-06 1.01E+02 1.01E+00 7.08E-03 9.47E-02 1.01E+00 1.08E+00 2.42E-03 1.83E-08 1.30E+05 1.02E+02 1.01E+00 1.16E-01 1.00E+00
6.95E-06 1.01E+02 1.01E+00 7.08E-03 9.47E-02 1.01E+00 1.08E+00 2.57E-03 1.94E-08 1.30E+05 1.02E+02 1.01E+00 1.19E-01 1.00E+00 0 100
6.94E-06 1.01E+02 1.01E+00 7.09E-03 9.48E-02 1.01E+00 1.08E+00 2.73E-03 2.06E-08 1.30E+05 1.02E+02 1.01E+00 1.23E-01 1.00E+00
2.18E-10 3.40E+03 3.40E+01 2.3%E-01 3.20E+00 1.21E+00 4.76E+00 1.44E+02 1.80E-07 1.48E+08 3.43E+03 1.01E+00  3.43E+01  1.00E+00
1.95E-10 3.46E+03 3.46E+01 2.44E-01 3.26E+00 1.22E+00 4.86E+00 1.49E+02 1.72E-07 1.54E+08 3.50E+03 1.01E+00  3.50E+01 1.00E+00
1.75E-10 3.53E+03 3.53E+01 2.49E-01 3.32E+00 1.22E+00 4.96E+00 1.55E+02 1.65E-07 1.60E+08 3.57E+03 1.01E+00  3.57E+01 1.00E+00
1.57E-10 3.60E+03 3.60E+01 2.54E-01 3.39E+00 1.23E+00 5.06E+00 1.62E+02 1.57E-07 1.67E+08 3.64E+03 1.01E+00  3.64E+01 1.00E+00
1.40E-10 3.68E+03 3.68E+01 2.59E-01 3.46E+00 1.23E+00 5.16E+00 1.68E+02 1.50E-07 1.73E+08 3.71E+03 1.01E+00  3.71E+01 1.00E+00
1.25E-10 3.75E+03 3.75E+01 2.64E-01 3.53E+00 1.23E+00 5.27E+00 1.75E+02 1.42E-07 1.80E+08 3.79E+03 1.01E+00  3.79E+01 1.00E+00
5.01E-55 9.84E+04 9.84E+02 6.92E+00 9.26E+01 1.30E+01 1.31E+02 1.21E+05 1.03E-46 1.24E+11 9.94E+04 1.01E+00  9.94E+02 1.00E+00
6.59E-56 1.00E+05 1.00E+03 7.06E+00 9.44E+01 1.34E+01 1.31E+02 1.25E+05 1.45E-47 1.29E+11 1.01E+05 1.01E+00 1.01E+03 1.00E+00
8.32E-57 1.02E+05 1.02E+03 7.20E+00 9.63E+01 1.37E+01 1.31E+02 1.30E+05 1.95E-48 1.34E+11 1.03E+05 1.01E+00 1.03E+03 1.00E+00
YFAM-ref= 1.33E-04
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Table 2.118 Calculation of Fam for Co-60 in the 10th Sub-volume of a 1-cm-Thick Volume Source with an Area of 4 m? without Cover at

the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation Mass Mass Attenuation |Mass
Conversion Coefficient Attenuation Attenuation |Coefficient |Attenuation e (fa‘”o LM f«”:)
Factor (source) Coefficient Coefficient  |{concrete) |Coefficient (fg +t+ f)
#photons  |Energy 1 Yield 1 FE pSvem2 (/em) (ref) (/cm) (soil) (/cm)  |{/cm) (air) (fem)
1 1.25 2 0.5 4.495 9.87E-04 1.00E-03 9.41E-02 9.26E-02 7.04E-05
0
ta(cm) = 100 tc (cm) = 0 0 Source area (m2) = 4 0 ts (cm)= 1
dist. in - dist. in- 4pi x dist- distance- Receptor Receptor
exp(-ux)/x2  mfp-dist. in mfp-dist. in- source-air source-cover BF-source- BF-source- Vol-source sourceh? source-air  dist-cover dist-source r-source ta+tc+ts locationy location z
source -sour-air source-cover (cm) (cm) air cover (m2) FAM-source (cm2) (cm) (cm) (cm) (m) (m) ta(m) (cm) (cm)
7.06E-06 7.11E-03 9.26E-02 1.00E+02 1.00E+00 1.01E+00 1.08E+00 0.00E+00 0.00E+00 1.28E+05 1.01E+02 0.00E+00 3.00E-01  0.00E+00 1.01E+00 1.00E+00
6.98E-06 7.14E-03 9.31E-02 1.01E+02 1.00E+00 1.01E+00 1.08E+00 3.14E-02 2.38E-07 1.29E+05 1.01E+02 0.00E+00 1.00E+00  1.00E-01 1.01E+00 1.00E+00
6.97E-06 7.14E-03 9.31E-02 1.02E+02 1.01E+00 1.01E+00 1.08E+00 1.91E-03 1.45E-08 1.30E+05 1.02E+02 0.00E+00 1.00E+00  1.03E-01 1.01E+00 1.00E+00
6.97E-06 7.14E-03 9.31E-02 1.02E+02 1.01E+00 1.01E+00 1.08E+00 2.03E-03 1.54E-08 1.30E+05 1.02E+02 0.00E+00 1.00E+00  1.06E-01 1.01E+00 1.00E+00
6.97E-06 7.15E-03 9.32E-02 1.02E+02 1.01E+00 1.01E+00 1.08E+00 2.15E-03 1.63E-08 1.30E+05 1.02E+02 0.00E+00 1.00E+00  1.09E-01 1.01E+00 1.00E+00
6.96E-06 7.15E-03 9.32E-02 1.02E+02 1.01E+00 1.01E+00 1.08E+00 2.29E-03 1.73E-08 1.30E+05 1.02E+02 0.00E+00 1.00E+00 1.13E-01 1.01E+00 1.00E+00
6.95E-06 7.15E-03 9.32E-02 1.02E+02 1.01E+00 1.01E+00 1.08E+00 2.42E-03 1.83E-08 1.30E+05 1.02E+02 0.00E+00 1.00E+00  1.16E-01 1.01E+00 1.00E+00
6.95E-06 7.15E-03 9.33E-02 1.02E+02 1.01E+00 1.01E+00 1.08E+00 2.57E-03 1.94E-08 1.30E+05 1.02E+02 0.00E+00 1.00E+00  1.19E-01 1.01E+00 1.00E+00
6.94E-06 7.16E-03 9.33E-02 1.02E+02 1.01E+00 1.01E+00 1.08E+00 2.73E-03 2.06E-08 1.30E+05 1.02E+02 0.00E+00 1.00E+00 1.23E-01 1.01E+00 1.00E+00
6.94E-06 7.16E-03 9.34E-02 1.02E+02 1.01E+00 1.01E+00 1.08E+00 2.90E-03 2.18E-08 1.30E+05 1.02E+02 0.00E+00 1.00E+00 1.27E-01 1.01E+00 1.00E+00
6.93E-06 7.16E-03 9.34E-02 1.02E+02 1.01E+00 1.01E+00 1.08E+00 3.07E-03 2.31E-08 1.30E+05 1.02E+02 0.00E+00 1.00E+00  1.30E-01 1.01E+00 1.00E+00
6.92E-06 7.17E-03 9.34E-02 1.02E+02 1.01E+00 1.01E+00 1.08E+00 3.26E-03 2.45E-08 1.31E+05 1.02E+02 0.00E+00 1.00E+00  1.34E-01 1.01E+00 1.00E+00
6.91E-06 7.17E-03 9.35E-02 1.02E+02 1.01E+00 1.01E+00 1.08E+00 3.46E-03 2.59E-08 1.31E+05 1.02E+02 0.00E+00 1.00E+00  1.38E-01 1.01E+00 1.00E+00
6.91E-06 7.18E-03 9.36E-02 1.02E+02 1.01E+00 1.01E+00 1.08E+00 3.67E-03 2.75E-08 1.31E+05 1.02E+02 0.00E+00 1.00E+00  1.43E-01 1.01E+00 1.00E+00 100
3.41E-06 1.00E-02 1.31E-01 1.42E+02 1.41E+00 1.01E+00 1.11E+00 1.81E-01 6.92E-07 2.55E+05 1.42E+02 0.00E+00 1.12E+00 1.00E+00 1.01E+00 1.00E+00
3.30E-06 1.02E-02 1.33E-01 1.44E+02 1.43E+00 1.01E+00 1.11E+00 1.93E-01 7.12E-07 2.62E+05 1.44E+02 0.00E+00 1.12E+00 1.03E+00 1.01E+00 1.00E+00
3.19E-06 1.03E-02 1.35E-01 1.47E+02 1.45E+00 1.01E+00 1.11E+00 2.04E-01 7.33E-07 2.71E+05 1.47E+02 0.00E+00 1.13E+00 1.06E+00 1.01E+00 1.00E+00
3.09E-06 1.05E-02 1.37E-01 1.49E+02 1.48E+00 1.01E+00 1.11E+00 2.17E-01 7.53E-07 2.79E+05 1.49E+02 0.00E+00 1.14E+00 1.10E+00 1.01E+00 1.00E+00
2.98E-06 1.07E-02 1.39E-01 1.51E+02 1.50E+00 1.01E+00 1.12E+00 2.30E-01 7.73E-07 2.88E+05 1.51E+02 0.00E+00 1.15E+00 1.13E+00 1.01E+00 1.00E+00
>FAM-source= 1.96E-05
FAM= 1.47E-01
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Table 2.119 Calculation of Fam for Co-60 in the 10th Sub-volume of a 1-cm-Thick Volume Source with an Area of 100 m? without Cover

at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation Mass Mass Attenuation |Mass
Conversion Coefficient Attenuation Attenuation |Coefficient |Attenuation = (‘ta‘ua TLH T f.“':)
Factor (source) Coefficient Coefficient  |({concrete) |Coefficient (fg T+ f)
# photons Energy 1 Yield 1 FE pSv cm2 (/em) (ref) (/em) (soil) (fem)  |{/fem) (air) (fem)
1 1.25 2 0.5 4.495 9.87E-04 1.00E-03 9.41E-02 9.26E-02 7.04E-05
ta (cm) = 100 tc (cm) = 0 0 Source area (m2) = 100 ts (cm) = 1
dist. in - dist. in- 4pi x dist- distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in mfp-dist. in- source-air source-cover BF-source- BF-source- Vol-source sourceh2 source-air dist-cover r-source ta+tc+ts locationy location z
source -sour-air source-cover (cm) (cm) air cover (m2) FAM-source (cm2) (cm) (cm) 0 (m) (m) ta(m) (cm) (cm)
4.31E-07 2.53E-02 3.30E-01 3.59E+02 3.56E+00 1.02E+00 1.28E+00 1.45E+00 8.16E-07 1.62E+06 3.50E+02 0.00E+00 1.98E+00 3.45E+00 1.01E+00 1.00E+00
4.12E-07 2.57E-02 3.36E-01 3.66E+02 3.62E+00 1.02E+00 1.28E+00 1.51E+00 8.17E-07 1.68E+06 3.66E+02 0.00E+00 2.01E+00 3.52E+00 1.01E+00 1.00E+00
3.95E-07 2.62E-02 3.42E-01 3.73E+02 3.69E+00 1.02E+00 1.29E+00 1.57E+00 8.17E-07 1.75E+06 3.73E+02 0.00E+00 2.04E+00 3.59E+00 1.01E+00 1.00E+00
3.78E-07 2.67E-02 3.48E-01 3.80E+02 3.76E+00 1.02E+00 1.29E+00 1.63E+00 8.18E-07 1.81E+06 3.80E+02 0.00E+00 2.07E+00 3.66E+00 1.01E+00 1.00E+00
3.62E-07 2.72E-02 3.55E-01 3.87E+02 3.83E+00 1.02E+00 1.30E+00 1.70E+00 8.18E-07 1.88E+06 3.87E+02 0.00E+00 2.10E+00 3.73E+00 1.01E+00 1.00E+00
3.46E-07 2.77E-02 3.61E-01 3.94E+02 3.80E+00 1.02E+00 1.30E+00 1.77E+00 8.18E-07 1.95E+06 3.94E402 0.00E+00 2.13E+00 3.81E+00 1.01E+00 1.00E+00
3.31E-07 2.82E-02 3.68E-01 4.01E+02 3.97E+00 1.03E+00 1.31E+00 1.84E+00 8.18E-07 2.02E+06 4.01E402  0.00E+00 2.17E+00 3.88E+00 1.01E+00 1.00E+00
3.17E-07 2.88E-02 3.75E-01 4.09E+02 4.05E+00 1.03E+00 1.31E+00 1.91E+00 8.18E-07 2.10E+06 4.09E402 0.00E+00 2.20E+00 3.96E+00 1.01E+00 1.00E+00
3.03E-07 2.93E-02 3.82E-01 4.16E+02 4.12E+00 1.03E+00 1.32E+00 1.99E+00 8.18E-07 2.18E+06 4.16E4+02  0.00E+00 2.24E+00 4.04E+00 1.01E+00 1.00E+00
2.89E-07 2.99E-02 3.80E-01 4.24E+02 4.20E+00 1.03E+00 1.33E+00 2.07E+00 8.17E-07 2.26E+06 4.24E402  0.00E+00 2.27E+00 4.12E+00 1.01E+00 1.00E+00
2.77E-07 3.04E-02 3.97E-01 4.32E+02 4.28E+00 1.03E+00 1.33E+00 2.16E+00 8.17E-07 2.35E+06 4.32E402  0.00E+00 2.31E+00 4.20E+00 1.01E+00 1.00E+00
2.64E-07 3.10E-02 4.04E-01 4.40E+02 4.36E+00 1.03E+00 1.34E+00 2.24E+00 8.16E-07 2.44E+06 4.40E+02  0.00E+00 2.35E+00  4.29E+00 1.01E+00 1.00E+00
2.52E-07 3.16E-02 4.12E-01 4.49E+02 4.44E+00 1.03E+00 1.35E+00 2.33E+00 8.15E-07 2.53E+06 4.49E+02  0.00E+00 2.38E+00 4.37E+00 1.01E+00 1.00E+00 100
2.41E-07 3.22E-02 4.19E-01 4.57E+02 4.53E+00 1.03E+00 1.35E+00 2.43E4+00 8.14E-07 2.63E+06 4.57E+02  0.00E+00 2.42E+00 4.46E+00 1.01E+00 1.00E+00
2.30E-07 3.28E-02 4.27E-01 4.66E+02 4.61E+00 1.03E+00 1.36E+00 2.53E+00 8.13E-07 2.73E4+06 4.66E+02  0.00E+00 2.46E+00  4.55E+00 1.01E+00 1.00E+00
2.20E-07 3.34E-02 4.36E-01 4.75E+02 4.70E+00 1.03E+00 1.37E+00 2.63E+00 8.12E-07 2.84E4+06 4.75E+02  0.00E+00 2.51E+00  4.64E+00 1.01E+00 1.00E+00
2.10E-07 3.41E-02 4.44E-01 4.84E+02 4.79E+00 1.03E+00 1.37E+00 2.73E+00 8.11E-07 2.95E+06 4.84E+02  0.00E+00 2.55E+00 4.73E+00 1.01E+00 1.00E+00
2.00E-07 3.47E-02 4.52E-01 4.93E+02 4.88E+00 1.03E+00 1.38E+00 2.85E+00 8.09E-07 3.06E+06 4.93E+02  0.00E+00 2.59E+00 4.83E+00 1.01E+00 1.00E+00
1.91E-07 3.54E-02 4.61E-01 5.03E+02 4.98E+00 1.03E+00 1.39E+00 2.96E+00 8.08E-07 3.18E+06 5.03E+02 0.00E+00 2.64E+00 4.93E+00 1.01E+00 1.00E+00
1.82E-07 3.60E-02 4.70E-01 5.12E+02 5.07E+00 1.03E+00 1.39E+00 3.08E+00 8.06E-07 3.30E+06 5.12E+02 0.00E+00 2.68E+00 5.02E+00 1.01E+00 1.00E+00
1.73E-07 3.67E-02 4.79E-01 5.22E+02 5.17E+00 1.03E+00 1.40E+00 3.20E+00 8.04E-07 3.43E+06 5.22E+02 0.00E+00 2.73E+00 5.12E+00 1.01E+00 1.00E+00
1.65E-07 3.75E-02 4.88E-01 5.32E+02 5.27E+00 1.03E+00 1.41E+00 3.33E+00 8.02E-07 3.56E+06 5.32E+02 0.00E+00 2.77E+00  5.23E+00 1.01E+00 1.00E+00
1.57E-07 3.82E-02 4.98E-01 5.43E+02 5.37E+00 1.03E+00 1.42E+00 3.47E+00 8.00E-07 3.70E+06 5.43E+02 0.00E+00 2.82E+00 5.33E+00 1.01E+00 1.00E+00
1.50E-07 3.89E-02 5.07E-01 5.53E+02 5.48E+00 1.03E+00 1.43E+00 3.61E+00 7.99E-07 3.85E+06 5.53E+02 0.00E+00 2.87E+00 5.44E+00 1.01E+00 1.00E+00
1.43E-07 3.97E-02 5.17E-01 5.64E+02 5.58E+00 1.04E+00 1.44E+00 3.75E+00 7.97E-07 4.00E+06 5.64E+02 0.00E+00 2.92E+00 5.55E+00 1.01E+00 1.00E+00
1.36E-07 4.04E-02 5.27E-01 5.75E+02 5.69E+00 1.04E+00 1.45E+00 3.91E+00 7.95E-07 4.15E+06 5.75E+02  0.00E+00 2.97E+00 5.66E+00 1.01E+00 1.00E+00
3FAM-source= 8.00E-05
FAM= 6.02E-01
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Table 2.120 Calculation of Fam for Co-60 in a Reference Source for the 6th Sub-volume of a 1-cm-Thick VVolume Source without Cover at
the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation Mass Mass Attenuation |Mass
Conversion Coefficient Attenuation Attenuation |Coefficient |Attenuation L= (tan”a Tt fﬂ'_,)
Factor (source) Coefficient Coefficient  |(concrete) |Coefficient (fa +1, + f)
# photons Energy 1 Yield 1 FE pSv cm?2 (/cm) (ref) (/cm) (soil) (fcm) (/cm) (air) {/cm)
1 1.25 2 0.5 4.495 0.22E-04 6.31E-04 9.41E-02 9.26E-02 7.04E-05
ta {cm) = 100 tc (em) = 0 Source-ref area (m2) = 3.36E+06 0 ts(cm)= 0.6
exp(-ux)/x2 - dist. "_1 ref- dist. in-ref- mfp-dist. in - mfp-dist. in- . BF-ref- Vol-sour- Apix dist- distance-ref ta+tc+ts r-ref Rece.ptor Rece.ptor
ref air source-cover ref-air ref-source-cover BF-ref-air cover ref FAM-ref refa2 (em) (m) (m) ta (m) locationy location z
(cm) (cm) (m2) {cm2) (cm) (cm)
7.38E-06 1.00E+02 6.00E-01 7.04E-03 5.64E-02 1.01E+00 1.05E+00 0.00E+00 0.00E+00 1.27E+05 1.01E+02 1.01E+00  0.00E+00 1.00E+00
7.30E-06 1.00E+02 6.03E-01 7.07E-03 5.67E-02 1.01E+00 1.05E+00 3.14E-02 2.42E-07 1.28E+05 1.01E+02 1.01E+00 1.00E-01 1.00E+00
7.30E-06 1.01E+02 6.03E-01 7.07E-03 5.67E-02 1.01E+00 1.05E+00 1.91E-03 1.47E-08 1.29E+05 1.01E+02 1.01E+00 1.03E-01 1.00E+00
7.29E-06 1.01E+02 6.03E-01 7.07E-03 5.68E-02 1.01E+00 1.05E+00 2.03E-03 1.56E-08 1.29E+05 1.01E+02 1.01E+00 1.06E-01 1.00E+00
7.29E-06 1.01E+02 6.04E-01 7.08E-03 5.68E-02 1.01E+00 1.05E+00 2.15E-03 1.66E-08 1.29E+05 1.01E+02 1.01E+00 1.09E-01 1.00E+00
7.28E-06 1.01E+02 6.04E-01 7.08E-03 5.68E-02 1.01E+00 1.05E+00 2.29E-03 1.76E-08 1.29E+05 1.01E+02 1.01E+00 1.13E-01  1.00E+00
7.28E-06 1.01E+02 6.04E-01 7.08E-03 5.68E-02 1.01E+00 1.05E+00 2.42E-03 1.86E-08 1.29E+05 1.01E+02 1.01E+00 1.16E-01 1.00E+00
7.27E-06 1.01E+02 6.04E-01 7.08E-03 5.68E-02 1.01E+00 1.05E+00 2.57E-03 1.97E-08 1.29E+05 1.01E+02 1.01E+00 1.19E-01 1.00E+00 0 100
7.26E-06 1.01E+02 6.04E-01 7.09E-03 5.69E-02 1.01E+00 1.05E+00 2.73E-03 2.09E-08 1.29E+05 1.01E+02 1.01E+00 1.23E-01 1.00E+00
7.75E-10 3.41E+03 2.05E+01 2.40E-01 1.93E+00 1.21E+00 3.01E+00 1.44E+02 4.07E-07 1.48E+08 3.43E+03 1.01E+00  3.43E+01 1.00E+00
7.14E-10 3.48E+03 2.09E+01 2.45E-01 1.96E+00 1.22E+00 3.06E+00 1.49E+02 3.97E-07 1.54E+08 3.50E+03 1.01E+00  3.50E+01 1.00E+00
6.56E-10 3.55E+03 2.13E+01 2.50E-01 2.00E+00 1.22E+00 3.10E+00 1.55E+02 3.87E-07 1.60E+08 3.57E+03 1.01E+00  3.57E+01 1.00E+00
6.03E-10 3.62E+03 2.17E+01 2.55E-01 2.04E+00 1.23E+00 3.16E+00 1.62E+02 3.78E-07 1.67E+08 3.64E+03 1.01E+00  3.64E+01 1.00E+00
5.54E-10 3.69E+03 2.21E+01 2.60E-01 2.08E+00 1.23E+00 3.21E+00 1.68E+02 3.68E-07 1.73E+08 3.71E+03 1.01E+00 3.71E+01 1.00E+00
5.08E-10 3.77E+03 2.26E+01 2.65E-01 2.13E+00 1.24E+00 3.27E+00 1.75E+02 3.59E-07 1.80E+08 3.79E+03 1.01E+00  3.79E+01 1.00E+00
4.70E-39 9.88E+04 5.93E+02 6.95E+00 5.58E+01 1.31E+01 1.31E+02 1.21E+05 9.72E-31 1.24E+11 9.94E+04 1.01E+00  9.94E+02 1.00E+00
1.29E-39 1.01E+05 6.05E+02 7.09E+00 5.69E+01 1.34E+01 1.31E+02 1.25E+05 2.85E-31 1.29E+11 1.01E+05 1.01E+00 1.01E+03  1.00E+00
3.45E-40 1.03E+05 6.17E+02 7.23E+00 5.80E+01 1.38E+01 1.31E+02 1.30E+05 8.13E-32 1.34E+11 1.03E+05 1.01E+00 1.03E+03 1.00E+00
SFAM-ref= 1.57E-04
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Table 2.121 Calculation of Fam for Co-60 in the 6th Sub-volume of 1-cm-Thick Volume Source with an Area of 36 m? without Cover at the
Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation Mass Mass Attenuation |Mass
Conversion Coefficient Attenuation Attenuation |Coefficient |Attenuation u= (fa‘”o TLH T f.“':)
Factor (source) Coefficient Coefficient  |({concrete) |Coefficient (fg +iI+ f)
# photons Energy 1 Yield 1 FE pSv cm2 (fem) (ref) (/em) (soil) (fem)  |{/em) (air) (fem)
1 1.25 2 0.5 4.495 6.22E-04 6.31E-04 9.41E-02 9.26E-02 7.04E-05
ta (cm) = 100 tc (cm) = 0 Source area (m2) = 36 Source-ref area (m2) = 3.36E+06 ts (cm) = 0.6
dist. in - dist. in- 4pi x dist- distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in mfp-dist. in- source-air source-cover BF-source- BF-source- Vol-source sourcen2 source-air dist-cover dist-source r-source ta+tc+ts location y location z
source -sour-air source-cover (cm) (cm) air cover (m2) FAM-source (cm2) (cm) (cm) (cm) (m) (m) ta (m) (cm) (cm)
1.55E-06 1.49E-02 1.17E-01 2.12E+02 1.26E+00 1.01E+00 1.10E+00 4.25E-01 7.33E-07 5.65E+05 2.12E+02  0.00E+00 8.18E-01  1.87E+00 1.01E+00 1.00E+00
1.50E-06 1.51E-02 1.19€-01 2.15E+02 1.28E+00 1.01E+00 1.10E+00 4.42E-01 7.39E-07 5.83E+05 2.15E+02  0.00E+00 8.26E-01  1.90E+00 1.01E+00 1.00E+00
1.45E-06 1.54E-02 1.21E-01 2.19E+02 1.30E+00 1.01E+00 1.10E+00 4.60E-01 7.45E-07 6.01E+05 2.19E+02  0.00E+00 8.34E-01 1.94E+00 1.01E+00 1.00E+00
1.40E-06 1.56E-02 1.23E-01 2.22E4+02 1.32E+00 1.01E+00 1.10E+00 4.79E-01 7.51E-07 6.20E+05 2.22E+02  0.00E+00 8.42E-01 1.98E+00 1.01E+00 1.00E+00
1.36E-06 1.59E-02 1.25E-01 2.26E+02 1.35E+00 1.01E+00 1.10E+00 4.98E-01 7.57E-07 6.40E+05 2.26E+02  0.00E+00 8.50E-01  2.02E+00 1.01E+00 1.00E+00
1.31E-06 1.61E-02 1.27E-01 2.29E+02 1.37E+00 1.01E+00 1.11E+00 5.18E-01 7.62E-07 6.61E+05 2.20E+02  0.00E+00 8.50E-01 2.06E+00 1.01E+00 1.00E+00
1.27E-06 1.64E-02 1.29E-01 2.33E4+02 1.39E+00 1.01E+00 1.11E+00 5.39E-01 7.67E-07 6.83E+05 2.33E402  0.00E+00 8.68E-01 2.10E+00 1.01E+00 1.00E+00
1.22E-06 1.67E-02 1.31E-01 2.37E+02 1.41E+00 1.01E+00 1.11E+00 5.61E-01 7.73E-07 7.05E+05 2.37E+02  0.00E+00 8.77E-01  2.14E+00 1.01E+00 1.00E+00
1.18E-06 1.69E-02 1.33E-01 2.41E+02 1.44E+00 1.02E+00 1.11E+00 5.84E-01 7.78E-07 7.28E+05 2.41E+02  0.00E+00 8.86E-01  2.19E+00 1.01E+00 1.00E+00
1.14E-06 1.72E-02 1.35E-01 2.45E4+02 1.46E+00 1.02E+00 1.11E+00 6.07E-01 7.83E-07 7.53E4+05 2.45E402  0.00E+00 8.96E-01  2.23E+00 1.01E+00 1.00E+00 0 100
1.10E-06 1.75E-02 1.37E-01 2.49E4+02 1.48E+00 1.02E+00 1.12E+00 6.32E-01 7.87E-07 7.78E4+05 2.49E4+02  0.00E+00 9.06E-01  2.28E+00 1.01E+00 1.00E+00
1.06E-06 1.78E-02 1.40E-01 2.53E+02 1.51E+00 1.02E+00 1.12E+00 6.57E-01 7.92E-07 8.04E+05 2.53E+02  0.00E+00 9.16E-01  2.32E+00 1.01E+00 1.00E+00
6.77E-07 2.19E-02 1.72E-01 3.11E+02 1.86E+00 1.02E+00 1.14E+00 1.06E+00 8.35E-07 1.22E+06 3.11E+02  0.00E+00 1.06E+00  2.94E+00 1.01E+00 1.00E+00
6.51E-07 2.23E-02 1.75E-01 3.17E+02 1.89E+00 1.02E+00 1.15E+00 1.10E+00 8.37E-07 1.26E+06 3.17E+02  0.00E+00 1.08E+00  3.00E+00 1.01E+00 1.00E+00
6.26E-07 2.27E-02 1.78E-01 3.22E+02 1.92E+00 1.02E+00 1.15E+00 1.14E+00 8.40E-07 1.31E+06 3.22E+02  0.00E+00 1.09E+00 3.06E+00 1.01E+00 1.00E+00
6.02E-07 2.31E-02 1.81E-01 3.28E+02 1.96E+00 1.02E+00 1.15E+00 1.19E+00 8.42E-07 1.35E+06 3.28E+02  0.00E+00 1.11E+00 3.12E+00 1.01E+00 1.00E+00
5.78E-07 2.35E-02 1.85E-01 3.34E+02 1.99E+00 1.02E+00 1.16E+00 1.24E+00 8.44E-07 1.40E+06 3.34E+02  0.00E+00 1.12E+00 3.19E+00 1.01E+00 1.00E+00
5.56E-07 2.39E-02 1.88E-01 3.40E+02 2.03E+00 1.02E+00 1.16E+00 1.29E+00 8.47E-07 1.45E+06 3.40E+02 0.00E+00 1.14E+00 3.25E+00 1.01E+00 1.00E+00
5.34E-07 2.44E-02 1.91E-01 3.46E+02 2.07E+00 1.02E+00 1.16E+00 1.34E+00 8.49E-07 1.51E+06 3.46E+402 0.00E+00 1.16E+00 3.31E+00 1.01E+00 1.00E+00
3FAM-source= 6.03E-05
FAM= 3.85E-01
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Table 2.122 Calculation of Fam for Co-60 in the 6th Sub-volume of a 1-cm-Thick VVolume Source with an Area of 1,000 m? without Cover

at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective Mass
Dose Attenuation Mass Mass Attenuation |Mass
Conversion Coefficient Attenuation Attenuation |Coefficient |Attenuation _ (fanua ThM + ‘ffu:)
Factor (source) Coefficient Coefficient |(concrete) |Coefficient (fa +1 + f)
# photons Energy 1 Yield 1 FE pSv cm2 (fcm) (ref) (/em) (soil) (/cm) (fcm) (air) (fcm)
1 1.25 2 0.5 4.495 6.22E-04 6.31E-04 9.41E-02 9.26E-02 7.04E-05
ta(cm) = 100 tc (cm) = 0 Source area (m2) = 1,000 Source-ref area (m2) = 3.36E+06 ts (cm) = 0.6
dist. in - dist. in- 4Api x dist- distance- Receptor Receptor
exp(-ux)/x2 - mfp-dist. in  mfp-dist. in- source-air source-cover BF-source- BF-source- Vol-source sourceh2 source-air dist-cover dist-source r-source location y location z
source -sour-air source-cover (cm) {cm) air cover (m2) FAM-source (cm2) (cm) (cm) (cm) (m) ta +tc+ts (nta (m) (cm) (cm)
1.61E-07 4.12E-02 3.24E-01 5.86E+02 3.49E+00 1.04E+00 1.27E+00 4.06E+00 8.61E-07 4.31E+06 5.86E+02  0.00E+00 1.82E+00 5.77E+00 1.01E+00 1.00E+00
1.53E-07 4.20E-02 3.30E-01 5.97E+02 3.56E+00 1.04E+00 1.28E+00 4.23E+00 8.60E-07 4.48E+06 5.97E+02  0.00E+00 1.85E+00 5.89E+00 1.01E+00 1.00E+00
1.47E-07 4.28E-02 3.36E-01 6.09E+02 3.63E+00 1.04E+00 1.28E+00 4.40E+00 8.59E-07 4.66E+06 6.09E+02  0.00E+00 1.89E+00 6.00E+00 1.01E+00 1.00E+00
1.40E-07 4.37E-02 3.43E-01 6.21E+02 3.70E+00 1.04E+00 1.29E+00 4.58E+00 8.58E-07 4.84E+006 6.21E+02  0.00E+00 1.92E+00 6.12E+00 1.01E+00 1.00E+00
1.34E-07 4.45E-02 3.50E-01 6.33E+02 3.77E+00 1.04E+00 1.29E+00 4.76E+00 8.56E-07 5.03E+06 6.33E+02  0.00E+00 1.96E+00 6.25E+00 1.01E+00 1.00E+00
1.28E-07 4.54E-02 3.56E-01 6.45E+02 3.85E+00 1.04E+00 1.30E+00 4.95E+00 8.55E-07 5.23E+06 6.45E+02  0.00E+00 1.99E+00 6.37E+00 1.01E+00 1.00E+00
1.22E-07 4.63E-02 3.63E-01 6.58E+02 3.92E+00 1.04E+00 1.31E+00 5.15E+00 8.54E-07 5.44E+06 6.58E+02  0.00E+00 2.03E+00 6.50E+00 1.01E+00 1.00E+00
1.16E-07 4.72E-02 3.70E-01 6.70E+02 4.00E+00 1.04E+00 1.31E+00 5.36E+00 8.52E-07 5.65E+06 6.70E+02  0.00E+00 2.07E+00 6.63E+00 1.01E+00 1.00E+00
1.11E-07 4.81E-02 3.78E-01 6.84E+02 4.08E+00 1.04E+00 1.32E+00 5.58E+00 8.50E-07 5.87E+06 6.84E+02  0.00E+00 2.10E+00 6.76E+00 1.01E+00 1.00E+00 0 100
1.06E-07 4.90E-02 3.85E-01 6.97E+02 4.16E+00 1.04E+00 1.32E+00 5.80E+00 8.49E-07 6.11E+06 6.97E+02  0.00E+00 2.14E+00 6.90E+00 1.01E+00 1.00E+00
1.01E-07 5.00E-02 3.93E-01 7.11E+02 4.24E+00 1.04E+00 1.33E+00 6.04E+00 8.47E-07 6.35E+06 7.11E+02  0.00E+00 2.18E+00 7.03E+00 1.01E+00 1.00E+00
1.10E-08 1.14E-01 8.95E-01 1.62E+03 9.66E+00 1.10E+00 1.81E+00 3.19E+01 7.00E-07 3.30E+07 1.62E+03 0.00E+00 4.86E+00 1.62E+01 1.01E+00 1.00E+00
1.04E-08 1.16E-01 9.12E-01 1.65E+03 9.85E+00 1.10E+00 1.83E+00 3.32E401 6.94E-07 3.43E+07 1.65E+03 0.00E+00 4.95E+00 1.65E+01 1.01E+00 1.00E+00
9.77E-09 1.18E-01 9.31E-01 1.68E+03 1.00E+01 1.11E+00 1.85E+00 3.45E+01 6.88E-07 3.57E+07 1.68E+03 0.00E+00 5.05E+00 1.68E+01 1.01E+00 1.00E+00
9.20E-09 1.21E-01 9.49E-01 1.72E+03 1.02E+01 1.11E+00 1.86E+00 3.59E+01 6.81E-07 3.71E+07 1.72E+03 0.00E+00 5.15E+00 1.71E+01 1.01E+00 1.00E+00
8.65E-09 1.23E-01 9.68E-01 1.75E+03 1.04E+01 1.11E+00 1.88E+00 3.73E+01 6.75E-07 3.86E+07 1.75E+03 0.00E+00 5.25E+00 1.75E+01 1.01E+00 1.00E+00
8.14E-09 1.26E-01 9.87E-01 1.79E+03 1.07E+01 1.11E+00 1.90E+00 3.88E+01 6.69E-07 4.01E+07 1.79E+03 0.00E+00 5.35E+00 1.78E+01 1.01E+00 1.00E+00
3FAM-source= 1.28E-04
FAM= 8.20E-01
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Table 2.123 Summary of Fam’s for Co-60 in Six 1-cm-Thick Volume Sources without Cover at the Receptor Location (0, 0, 1) (m)

Area of
1st Sub- Fep for 1st Sub- 2nd Sub- Fep for 2nd Sub- Fep for 3rd Sub- 4th Sub- Fep for 4th 5th Sub- Fep for 5th
Volume 3rd Sub-source
source source source source source source Sub-source source Sub-source
source (m2)
100,000 9.71E-01 9.92E-01 9.97E-01 9.97E-01 9.97E-01
1,000 6.10E-01 6.73E-01 7.22E-01 7.61E-01 7.93E-01
100 3.73E-01 4.15E-01 4.50E-01 4.79E-01 5.05E-01
2.55E-02 4,83E-02 6.88E-02 8.75E-02 1.05E-01
36 2.69E-01 3.00E-01 3.26E-01 3.47E-01 3.67E-01
10 1.54E-01 1.72E-01 1.86E-01 1.99E-01 2.11E-01
4 8.79E-02 0.82E-02 1.07E-01 1.14E-01 1.21E-01
Area of
6th Sub- Fcp for 6th Sub- 7th Sub- Fcp for 7th Sub- Fcp for 8th Sub- 9th Sub- Fep for 9th 10th Sub- Fcp for 10th
Volume 8th Sub-source
source source source source source source Sub-source source Sub-source
saurce (m2)
100,000 9.96E-01 9.96E-01 9.95E-01 9.94E-01 9.93E-01
1,000 8.20E-01 8.43E-01 8.62E-01 8.79E-01 8.93E-01
100 5.28E-01 1.20E-01 5.49E-01 1.356-01 5.68E-01 1.49E-01 5.85E-01 1.62E-01 6.02E-01 1.75E-01
36 3.85E-01 4.01E-01 4.16E-01 4.30E-01 4.43E-01
10 2.21E-01 2.31E-01 2.40E-01 2.48E-01 2.56E-01
4 1.27E-01 1.33E-01 1.38E-01 1.43E-01 1.47E-01
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Table 2.124 Estimation of External Radiation Dose at the Receptor Location (0, 0, 1) (m) from Co-60 in
Six 1-cm-Thick Volume Sources without Cover

DCF-inf Average Decay Fapa-1cm !
. . Area of Volume . Estimated
(mrem/yr per| Half-life, yr Factorin Fep (weighted -
. source (m2) Dose (mrem/yr)
pCi/g) 1st year average)
100,000 9.92E-01 2.63E+00
1,000 7.65E-01 2.03E+00
100 4.88E-01 1.30E+00
1.62E+01 5.27E+00 9.37E-01 1.75E-01
36 3.55E-01 9.43E-01
10 2.04E-01 5.42E-01
4 1.17E-01 3.11E-01
Table 2.125 Calculation of Fcp for Co-60 in a 5-cm-Thick Volume Source without a Cover
Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g) 0.924 0.076 0.078 1.28
Reference source - Cover material = none Cover thickness,cm= 0 Density of cover, g/cm3 = 1.6

Source density , g/cm3 =1.6

Source thickness, cm =

_ D(T=t.Ts=t;

F
¢D D(T,=0.Ts=x)

- Ae Kabcte(1 — ¢~Kabsts)  Be~KBPclc(1 — ¢~ KBPSts)

FCD= 0.5049

5
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Table 2.126 Summary of Fam’s for Co-60 in Six 5-cm-Thick Volume Sources without Cover at the Receptor Location (0, 0, 1) (m)

Area of
1st Sub- Fep for 1st Sub-  2nd Sub- Fep for 2nd 3rd Sub- Fep for 3rd | 4th Sub-  Fpp for 4th Sub- Fep for 5th
Volume 5th Sub-source
source source source Sub-source source Sub-source = source source Sub-source
source (m2)
100,000 9.97E-01 9.93E-01 9.88E-01 9.83E-01 9.77E-01
1,000 7.93E-01 8.93E-01 9.39E-01 9.58E-01 9.65E-01
100 5.05E-01 1.05E-01 6.02E-01 1 7SE-01 6.70E-01 2 30E-01 7.23E-01 2 79E-01 7.64E-01 2. 93E-01
36 3.67E-01 4.43E-01 5.00E-01 5.46E-01 5.85E-01
10 2.10E-01 2.56E-01 2.92E-01 3.23E-01 3.48E-01
4 1.21E-01 1.47E-01 1.69E-01 1.87E-01 2.02E-01
Area of
Vol 6th Sub- Fcp for 6th Sub-  7th Sub- Fep for 7th 8th Sub- Fep for 8th  9th Sub-  Fep for 9th Sub-  10th Sub- Fep for 10th
olume
source source source Sub-source source Sub-source = source source source Sub-source
source (m2)
100,000 9.71E-01 9.64E-01 9.57E-01 9.49E-01 9.42E-01
1,000 9.65E-01 9.61E-01 9.56E-01 9.49E-01 9.41E-01
100 7.96E-01 3. 64E-01 8.21E-01 4.03E-01 8.40E-01 4.39E-01 8.53E-01 4.73E-01 8.63E-01 5 05E-01
36 6.19E-01 6.48E-01 6.73E-01 6.94E-01 7.13E-01
10 3.71E-01 3.92E-01 4,12E-01 4.30E-01 4.47E-01
4 2.16E-01 2.29E-01 2.41E-01 2.52E-01 2.63E-01




Table 2.127 Estimation of External Radiation Dose at the Receptor Location (0, 0, 1) (m)
from Co-60 in Six 5-cm-Thick Volume Sources without Cover

DCF-inf Average Decay Area of Fapg -5 cm | Estimated
(mrem/yr per | Half-life, yr Factorin Feo Volume (weighted - Dose

pCi/g) 1st year source (m2} | average) | (mrem/yr)

100,000 9.78E-01 7.51E+00

1,000 9.12E-01 7.00E+00

1.62E+01 5.27E+00 9.37E-01 5.05E-01 100 6.98E-01 3-36E+00

36 5.36E-01 4.12E+00

10 3.20E-01 2.45E+00

4 1.86E-01 1.42E+00

Tables 2.128-2.130 present the calculations of Fcp, Fam, and radiation doses for six
15-cm-thick volume sources containing Co-60. Tables 2.131-2.133 present the calculations of
Fco, Fam, and radiation doses for six 50-cm-thick volume sources containing Co-60.

Comparisons of the dose estimates for 24 volume sources containing Co-60 between the
verification spreadsheets and RESRAD-BUILD are presented in Table 2.134. For 19 volume
sources, the difference is less than 5%. For only five volume sources, the difference is greater
than 5% but less than 22%. Considering the approximate nature of the spreadsheet calculations,
it is judged that the external radiation dose modeling was correctly implemented in the
RESRAD-BUILD code.

Results for Mn-54. Tables 2.135-2.137 present the calculations of Fcp, Fam, and
radiation doses for six 1-cm-thick volume sources containing Mn-54. Tables 2.138-2.140 present
the calculations of Fcp, Fam, and radiation doses for six 2-cm thick volume sources containing
Mn-54. Tables 2.141-2.143 present calculations of Fcp, Fam, and radiation doses for six 5-cm-
thick volume sources, and Table 2.144-2.146 present calculations of Fcp, Fam, and radiation
doses for six 10-cm-thick volume sources.

Comparisons of the dose estimates for 24 volume sources containing Mn-54 between the
verification spreadsheets and RESRAD-BUILD are presented in Table 2.147. For 23 volume
sources, the difference is less than 5%. Only for one volume source is the difference greater than
5% but less than 6%. Considering the approximate nature of the spreadsheet calculations, it is
judged that the external radiation dose modeling was correctly implemented in the RESRAD-
BUILD code.
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Table 2.128 Calculation of F¢p for Co-60 in a 15-cm-Thick VVolume Source without a Cover

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g)

Reference source - Cover material =

Source density , g/cm3 =

none
1.6

0.924 0.076 0.078 1.28
Cover thickness,cm= 0
Source thickness, cm = 15

— D(T.=t.Ts=ts)

F .
¢p D (T =0Ts=x)

= Ae KaPcte(1 — ¢~KaPsts) 4 Be~KBPctc(]1 — e~ KBPsts)

FCD= 0.8579

Density of cover, g/cm3 =

1.6

Table 2.129 Summary of Fam’s for Co-60 in Six 15-cm-Thick Volume Sources without Cover at the Receptor Location (0, 0, 1) (m)

ngjr:(: 1st Sub- Fep for 1st Sub-  2nd Sub- Fep for 2nd 3rd Sub- Fep for 3rd | 4th Sub- 4'::1D5f:l:- 5th Sub- Fep for 5th
source source source Sub-source source Sub-source source source Sub-source
source (m2) source
100,000 9.88E-01 9.70E-01 9.48E-01 9.22E-01 8.98E-01
1,000 9.39E-01 9.64E-01 9.47E-01 9.22E-01 8.98E-01
100 6.70E-01 2 30E-01 7.96E-01 3 64E-01 8.53E-01 4.73E-01 8.71E-01 5 63E-01 8.70E-01 6.38E-01
36 5.00E-01 6.20E-01 6.96E-01 7.42E-01 7.66E-01
10 2.92E-01 3.73E-01 4.35E-01 4.82E-01 5.11E-01
4 1.69E-01 2.19E-01 2.57E-01 2.91E-01 3.08E-01
3;?3;; 6thSub-  Fopfor6thSub-  7thSub-  Fopfor7th  8thSub-  Fopfor8th 9th Sub- gifsf;;_ 10th Sub-  Fgp for 10th
source source source Sub-source source Sub-source  source source Sub-source
source (m2) source
100,000 8.70E-01 8.40E-01 8.09E-01 7.77E-01 7.45E-01
1,000 8.70E-01 8.40E-01 8.09E-01 7.77E-01 7.45E-01
100 8.54E-01 6.00E-01 8.32E-01 7 51E-01 8.04E-01 7 93E-01 7.75E-01 9.90E-01 7.43E-01 8.58E-01
36 7.74E-01 7.71E-01 7.60E-01 7.42E-01 7.19E-01
10 5.36E-01 5.53E-01 5.62E-01 5.65E-01 5.63E-01
4 3.28E-01 3.45E-01 3.57E-01 3.64E-01 3.68E-01
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Table 2.130 Estimation of External Radiation Dose at the Receptor Location (0, 0, 1) (m)
from Co-60 in Six 15-cm-Thick Volume Sources without Cover

DCF-inf Average Decay Area of Fam - 15 cm | Estimated
(mrem/yr per| Half-life, yr Factorin Fep Volume (weighted - Dose

pCi/g) 1st year source (m2) | average) | (mrem/yr)

100,000 9.22E-01 1.20E+01

1,000 9.08E-01 1.18E+01

1.62E+01 5.27E+00 9.37E-01 8.58E-01 100 7.88E-01 1.03E+01

36 6.58E-01 8.58E+00

10 4.29E-01 | 5.59E+00

4 2.59E-01 3.38E+00

Table 2.131 Calculation of Fcp for Co-60 in a 50-cm-Thick Volume Source without a Cover

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g) 0.924 0.076 0.078 1.28
Reference source - Cover material = none Cover thickness,cm= 0 Density of cover, g/cm3 =
Source density , g/cm3=1.6 Source thickness, cm = 50
_ DT =t Ts=ts) _ —Kapect _ ,—Kapsts —Kgpet _ ,—Kppsts’
Fep Dr=oTema) = Ae cte(1—e ) + Be cte(1 —e s)
FCD= 0.9982

1.6
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Table 2.132 Summary of Fam’s for Co-60 in Six 50-cm-Thick Volume Sources without Cover at the Receptor Location (0, 0, 1) (m)

Area of
Vol 1st Sub- Fep for 1st Sub-  2nd Sub- Fep for 2nd 3rd Sub- Fep for 3rd | 4th Sub- | Fp for 4th 5th Sub- Fep for 5th
olume
source source source Sub-source source Sub-source = source Sub-source source Sub-source
source (m2)
100,000 9.40E-01 8.43E-01 7.30E-01 6.15E-01 5.31E-01
1,000 9.39E-01 8.43E-01 7.30E-01 6.15E-01 5.31E-01
100 8.62E-01 5 05E-01 8.33E-01 7 35E-01 7.29E-01 8.58E-01 6.15E-01 9.24F-01 5.31E-01 9.59F-01
36 7.14E-01 7.71E-01 7.09E-01 6.09E-01 5.28E-01
10 4.52E-01 5.58E-01 5.71E-01 5.29E-01 4.65E-01
4 2.69E-01 3.53E-01 3.87E-01 3.81E-01 3.33E-01
Area of
Vol 6th Sub- Fcp for 6th Sub-  7th Sub- Fep for 7th 8th Sub- Fcp for 8th  9th Sub-  Fgp for 9th 10th Sub- Fep for 10th
olume
source source source Sub-source source Sub-source = source  Sub-source source Sub-source
source (m2)
100,000 4.34E-01 3.49E-01 2.76E-01 2.15E-01 1.66E-01
1,000 4.34E-01 3.49E-01 2.76E-01 2.15E-01 1.66E-01
100 4.34E-01 3.49E-01 2.76E-01 2.15E-01 1.66E-01
9.78E-01 9.88E-01 9.94E-01 9.97E-01 9.98E-01
36 4.33E-01 3.49E-01 2.76E-01 2.15E-01 1.66E-01
10 3.95E-01 3.25E-01 2.62E-01 2.06E-01 1.60E-01
4 2.93E-01 2.49E-01 2.05E-01 1.65E-01 1.31E-01
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Table 2.133 Estimation of External Radiation Dose at the Receptor Location (0, 0,
1) (m) from Co-60 in Six 50-cm-Thick Volume Sources without Cover

DCF-inf Average Decay Area of Fam - 50 cm Estimated
(mrem/yr | Half-life, yr Factor in Feo Volume (weighted - Dose
per pCi/g) 1st year source (m2) average) (mrem/yr)

100,000 8.33E-01 1.26E+01

1,000 8.33E-01 1.26E+01

16.22| 5.27E+00 9.37E-01 9.98E-01 100 7.918:01 1.20E+01
36 7.00E-01 1.06E+01

10 4.92E-01 7.46E+00

4 3.12E-01 4.73E+00

Table 2.134 Comparison of Radiation Doses (mrem/yr) at (0, 0, 1) (m) Estimated by RESRAD-BUILD and Spreadsheets from Co-60 in
Volume Sources of Different Thicknesses and Areas without Cover

1 cm - Thick Volume Source 5 ¢m - Thick Volume Source 15 cm - Thick Volume Source 50 cm - Thick Volume Source
\?(:?uar:i Dose Results  Dose Results RE:;;I;I— Dose Results  Dose Results RE:;:I;)— Dose Results  Dose Results RE:;ZI;I— Dose Results  Dose Results RE:;ZI;I—
source (m2) from RESRAD- from BUILDY from RESRAD- from BUILD/ from RESRAD- from BUILDY from RESRAD- from BUILDY
BUILD Spreadsheets BUILD Spreadsheets BUILD Spreadsheets BUILD Spreadsheets
Spreadsheets Spreadsheets Spreadsheets Spreadsheets

100,000 2.64E+00 2.63E+00 1.00E+00 7.66E+00 7.51E+00 1.02E+00 1.30E+01 1.20E+01 1.08E+00 1.51E+01 1.26E+01 1.19E+00
1,000 2.04E+00 2.03E+00 1.01E+00 7.00E+00 7.00E+00 1.00E+00 1.23E+01 1.18E+01 1.04E+00 1.38E+01 1.26E+01 1.09E+00
100 1.30E+00 1.30E+00 1.00E+00 5.25E+00 5.36E+00 9.87E-01 1.05E+01 1.03E+01 1.02E+00 1.26E+01 1.20E+01 1.05E+00
36 9.48E-01 9.43E-01 1.00E+00 4.06E+00 4.12E+00 9.87E-01 8.79E+00 8.58E+00 1.02E+00 1.13E+01 1.06E+01 1.06E+00
10 5.42E-01 5.42E-01 1.00E+00 2.41E+00 2.45E+00 9.82E-01 5.74E+00 5.59E+00 1.03E+00 8.46E+00 7.46E+00 1.13E+00

4 3.12E-01 3.11E-01 1.00E+00 1.40E+00 1.42E+00 9.83E-01 3.51E+00 3.38E+00 1.04E+00 5.77E+00 4.73E+00 1.22E+00
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Table 2.135 Calculation of Fcp for Mn-54 in a 1-cm-Thick VVolume Source without a Cover

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g) 0.085 0.915 1.22
Reference source - Cover material = none Cover thickness,cm= 0

Source density , g/cm3 =1.6 Source thickness, cm =

FCD

D(T.=t.Ts=ts)

= —KapPctc(1 — e~ Kapsts —Kppcte(1 — e~ KBPsts
D=0 Tem) Ae (1—e ) + Be (1—e )

FCD=

0.1931

0.088

Density of cover, g/cm3 =

1.6

Table 2.136 Summary of Fam’s for Mn-54 in Six 1-cm-Thick Volume Sources without Cover at the Receptor Location (0, 0, 1) (m)

Area of Fep for
Fep for 1st Sub- Fep for 2nd 3rd Sub- Fep for 3rd  4th Sub- @ 5th Sub- Fep for 5th
Volume 1st Sub-source 2nd Sub-source 4th Sub-
source Sub-source source Sub-source = source source Sub-source
source (m2) source
100,000 9.75E-01 9.92E-01 9.95E-01 9.94E-01 9.93E-01
1,000 6.11E-01 6.79E-01 7.30E-01 7.71E-01 8.04E-01
100 3.73E-01 S 4,17E-01 5 29E-02 4,54E-01 7 55E-02 4,85E-01 9.62E-02 5.12E-01 e
36 2.69E-01 3.01E-01 3.28E-01 3.51E-01 3.72E-01
10 1.53E-01 1.72E-01 1.87E-01 2.01E-01 2.13E-01
4 8.77E-02 9.84E-02 1.07E-01 1.15E-01 1.22E-01
Area of Fep for
Fop for 6th Sub- Fop for 7th Sub-  8thSub- | Fppfor8th  OthSub- =0 10th Sub- | Fep for 10th
Volume 6th Sub-source 7th Sub-source 9th Sub-
source source source Sub-source  source source Sub-source
source (m2) source
100,000 9.92E-01 9.91E-01 9.90E-01 9.89E-01 9.88E-01
1,000 8.32E-01 8.55E-01 8.75E-01 8.92E-01 9.05E-01
100 5.36E-01 5.58E-01 5.78E-01 5.96E-01 6.14E-01
1.33E-01 1.49E-01 1.65E-01 1.79E-01 1.93E-01
36 3.90E-01 4.07E-01 4.23E-01 4.38E-01 4.52E-01
10 2.24E-01 2.34E-01 2.44E-01 2.53E-01 2.61E-01
4 1.29E-01 1.34E-01 1.40E-01 1.45E-01 1.50E-01
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Table 2.137 Estimation of External Radiation Dose at the Receptor Location (0, 0, 1) (m) from
Mn-54 in Six 1-cm-Thick Volume Sources without Cover

DCF-inf Average Decay Area of Fam - 1cm Estimated
(mrem/yr per Half-life, yr Factorin Feo Volume (weighted - Dase

pCi/g) 1st year source (m2) average) (mrem/yr)

100000 9.90E-01 6.75E-01

1000 7.74E-01 5.28E-01

5.16E+00 8.56E-01 6.85E-01 1.93E-01 100 495801 | 338001

36 3.60E-01 2.46E-01

10 2.07E-01 1.41E-01

4 1.18E-01 8.08E-02

Table 2.138 Calculation of Fcp for Mn-54 in a 2-cm-Thick VVolume Source without a Cover

FCD=

Cover material =

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g)
Reference source -

Source density , g/cm3 =1.6

none

0.085

Cover thickness, cm =

1.22
0

Source thickness, cm =

FCD

D(T.=t,Ts=ts)
D(T,=0.Ts =)

= Ae Kabele(]

— e Kabsts) 4 Be KBPcle(1 — e KBPsls)

0.3078

0.088

Density of cover, g/cm3 =

1.6
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Table 2.139 Summary of Fam’s for Mn-54 in Six 2-cm-Thick Volume Sources without Cover at the Receptor Location (0, 0, 1) (m)

3;;:; 1st Sub- Fep for 1st Sub-  2nd Sub-  Fgp for 2nd 3rd Sub- Fep for 3rd  4th Sub- 4;[);;;_ 5th Sub- Fep for 5th
source source source Sub-source source Sub-source  source source Sub-source
source (m2) source
100,000 9.92E-01 9.94E-01 9.92E-01 9.90E-01 9.88E-01
1,000 6.79E-01 7.71E-01 8.32E-01 8.75E-01 9.05E-01
100 4.17E-01 5. 99E-02 4.85E-01 9.62E-02 5.36E-01 1.33E-01 5.78E-01 1 65E-01 6.14E-01 1.93E-01
36 3.01E-01 3.51E-01 3.90E-01 4.23E-01 4.52E-01
10 1.72E-01 2.01E-01 2.24E-01 2.44E-01 2.61E-01
4 9.84E-02 1.15E-01 1.28E-01 1.40E-01 1.50E-01
i;?jn‘:ef 6th Sub-  Fepfor 6thSub-  7thSub-  Fpfor7th  8thSub-  Fepfor8th  9th Sub- gifsfjl;- 10th Sub-  Fep for 10th
source source source Sub-source source Sub-source  source source Sub-saurce
source (m2) source
100,000 9.86E-01 9.84E-01 9.81E-01 9.79E-01 9.76E-01
1,000 9.26E-01 9.41E-01 9.50E-01 9.57E-01 9.60E-01
100 6.45E-01 5 19E-01 6.73E-01 5 43E-01 6.98E-01 > 66E-01 7.20E-01 > 87E-01 7.41E-01 3 08E-01
36 4. 78E-01 5.01E-01 5.22E-01 5.42E-01 5.61E-01
10 2.77E-01 2.92E-01 3.06E-01 3.19E-01 3.31E-01
4 1.59E-01 1.68E-01 1.76E-01 1.84E-01 1.91E-01
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Table 2.140 Estimation of External Radiation Dose at the Receptor Location
(0, 0, 1) (m) from Mn-54 in Six 2-cm-Thick Volume Sources without Cover

DCF-inf Average Decay Area of Fam - 2 cm Estimated
(mrem/yr per | Half-life, yr Factor in Foo Volume (weighted Dose

pCi/g) 1st year source (m2)| average) (mrem/yr)

100000 9.88E-01 1.07E+00

1000 8.51E-01 9.26E-01

5.16E+00 8.56E-01 6.85E-01 3.08E-01 100 > 78E-01 6.29E-:01

36 4.26E-01 4.64E-01

10 2.47E-01 2.69E-01

4 1.42E-01 1.54E-01

Table 2.141 Calculation of Fcp for Mn-54 in a 5-cm-Thick Volume Source without a Cover

FCD=

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g)
Reference source -

Cover material =
Source density , g/cm3

none

=1.6

0.085

0.915

Cover thickness, cm =
Source thickness, cm =

1.22

FbD

— D(Tc=t,Ts=ts5)
D(T,=0.Ts=%)

= Ae KaPcle(] — e Kapsts) 4 Be KBPcle(] — e KBPsts)

0.5474

0.088

Density of cover, g/cm3 =

1.6
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Table 2.142 Summary of Fam’s for Mn-54 in Six 5-cm-Thick Volume Sources without Cover at the Receptor Location (0, 0, 1) (m)

A f Fep for 1st Sub- Fep for 2nd Sub- Fep for 3rd Sub- Fep for 4th Sub- Fep for 5th Sub-
reac 1st Sub-source co for 2st sy 2nd Sub-source orend-u 3rd Sub-source co for srd>u 4th Sub-source co for Y 5th Sub-source co for “
source (m2) source source source source source
100,000 9.93E-01 9.88E-01 9.82E-01 9.76E-01 9.69E-01
1,000 8.05E-01 9.05E-01 9.46E-01 9.60E-01 9.62E-01
100 5.12E-01 6.14E-01 6.86E-01 7.41E-01 7.82E-01
1.15E-01 1.93E-01 2.55E-01 3.08E-01 3.56E-01
36 3.71E-01 4.52E-01 5.12E-01 5.62E-01 6.03E-01
10 2.13E-01 2.61E-01 3.00E-01 3.32E-01 3.59E-01
4 1.22E-01 1.50E-01 1.73E-01 1.93E-01 2.08E-01
A f Fep for 6th Sub- Fep for 7th Sub- Fep for 8th Sub- Fep for 9th Sub- Fep for 10th Sub-
rea o 6th Sub-source co for v 7th Sub-source eo for Y 8th Sub-source co for Y 9th Sub-source co for N 10th Sub-source =~ =" or Y
source (m2) source source source source source
100,000 9.62E-01 9.54F-01 9.45E-01 9.37E-01 9.28E-01
1,000 9.59E-01 9.53E-01 0.45E-01 9.36E-01 9.28E-01
100 8.14E-01 8.36E-01 8.53E-01 8.64E-01 8.70E-01
4.00E-01 4.41E-01 4.79E-01 5.14E-01 5.47E-01
36 6.38E-01 6.68E-01 6.94E-01 7.15E-01 7.33E-01
10 3.84E-01 4.07E-01 4.29E-01 4.48E-01 4.66E-01
4 2.24E-01 2.38E-01 2.51E-01 2.64E-01 2.76E-01
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Table 2.143 Estimation of External Radiation Dose at the Receptor Location (0, 0, 1) (m) from

Mn-54 in Six 5-cm-Thick VVolume Sources without Cover

DCF-inf Average Decay Fam -5 cm .

i i Area of Volume . Estimated
(mrem/yr per Half-life, yr Factorin Feo (weighted -
. source (m2) Dose (mrem/yr)
pCi/g) 1st year average)
100,000 9.71E-01 1.88E+00
1,000 9.13E-01 1.77E+00
5.16E+00 8.56E-01 6.85E-01 5.47E-01 100 7.09E-01 1.37E+00
36 5.48E-01 1.06E+00
10 3.28E-01 6.34E-01
4 1.90E-01 3.68E-01
Table 2.144 Calculation of Fcp for Mn-54 in a 10-cm-Thick Volume Source without a Cover
Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g) 0.085 0.915 1.22 0.088

Reference source -

Cover material =

Source density , g/cm3=1.6

none

Cover thickness, cm =
Source thickness, cm =

FCD

D(T.=0.Tg=x)

= Ae Kapcte(1 — eKapsts) 4 Be KpPcte(1 — e KBPsts)

FCD=

0.7762

Density of cover, g/cm3 =

10

1.6
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Table 2.145 Summary of Fam’s for Mn-54 in Six 10-cm-Thick Volume Sources without a Cover at the Receptor Location
(0,0,1) (m)

Area of Fep for Fep for 5th
1st Sub- 2nd Sub- Fep for 2nd 3rd Sub- Fep for 3rd - 4th Sub- @ 5th Sub- ©®
Volume Fep for 1st Sub-source Ath Sub- Sub-
source source Sub-source source Sub-source source source
source (m2) source source
100,000 9.88E-01 9.76E-01 9.61E-01 9.44E-01 9.28E-01
1,000 9.05E-01 9.60E-01 9.58E-01 9.43E-01 9.28E-01
100 6.14E-01 1.93E-01 7.41E-01 3.08E-01 8.13E-01 4 00E-01 8.52E-01 4 79E-01 8.70E-01 5.47E-01
36 4.52E-01 5.62E-01 6.38E-01 6.95E-01 7.33E-01
10 2.61E-01 3.32E-01 3.86E-01 4.32E-01 4.66E-01
4 1.50E-01 1.93E-01 2.26E-01 2.55E-01 2.76E-01
Area of Fep for Fep for
6th Sub- 7th Sub-  Fep for 7th 8thSub-  Frpfor8th 9thSub- &0 10th Sub- -
Volume Fep for 6th Sub-source 9th Sub- 10th Sub-
source source Sub-source source Sub-source source source
source (m2) source source
100,000 9.09E-01 8.89E-01 8.68E-01 8.46E-01 8.24E-01
1,000 9.09E-01 8.89E-01 8.68E-01 8.46E-01 8.24E-01
100 8.73E-01 6.07E-01 8.67E-01 6.59E-01 8.55E-01 7 03E-01 8.38E-01 7 42E-01 8.19E-01 7 76E-01
36 7.58E-01 7.72E-01 7.78E-01 7.77E-01 7.71E-01
10 4.97E-01 5.22E-01 5.42E-01 5.57E-01 5.67E-01
4 2.97E-01 3.16E-01 3.32E-01 3.47E-01 3.58E-01
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Table 2.146 Estimation of External Radiation Dose at the Receptor Location (0, 0, 1) (m)
from Mn-54 in Six 10-cm-Thick Volume Sources without a Cover

DCF-inf Average Decay Area of Fapa - 10 cm | Estimated
(mrem/yr per | Half-life, yr Factorin Feo Volume (weighted - Dose

pCi/g) 1st year source (m2) average) (mrem/yr)

100,000 9.39E-01 2.58E+00

1,000 9.16E-01 2.51E+00

5.16E+00 8.56E-01 6.85E-01 7.76E-01 100 7.74E-01 2.12E+00

36 6.34E-01 1.74E+00

10 4.02E-01 1.10E+00

4 2.39E-01 6.55E-01

Table 2.147 Comparison of Radiation Doses (mrem/yr) at (0, 0, 1) (m) Estimated by RESRAD-BUILD and Spreadsheets for Mn-54 in
Volume Sources of Different Thicknesses and Areas without a Cover

1 c¢m - Thick Volume Source 2 c¢m - Thick Volume Source 5¢m - Thick Volume Source 10 cm - Thick Volume Source
\}:c:(leuar:; Dose Results ~ Dose Results RE;SZ[;— Dose Results Dose Results RE;S:[;— Dose Results Dose Results RFE‘;;Z[_)— Dose Results  Dose Results RE;;Z[_J—
source (m2) from RESRAD- from BUILD/ from RESRAD- from BUILD/ from RESRAD- from BUILD/ from RESRAD- from BUILD/
BUILD Spreadsheets BUILD Spreadsheets BUILD Spreadsheets BUILD Spreadsheets
Spreadsheets Spreadsheets Spreadsheets Spreadsheets

100,000 6.77E-01 6.75E-01 1.00 1.08E+00 1.07E+00 1.00 1.92E+00 1.88E+00 1.02 2.72E+00 2.58E+00 1.06
1,000 5.32E-01 5.28E-01 1.01 5.26E-01 9.26E-01 1.00 1.77E+00 1.77E+00 1.00 2.56E+00 2.51E+00 1.02
100 3.39E-01 3.38E-01 1.00 6.26E-01 6.29E-01 0.99 1.35E+00 1.37E+00 0.98 2.12E+00 2.12E+00 1.00
36 2.47E-01 2.46E-01 1.01 4.61E-01 4.64E-01 0.99 1.04E+00 1.06E+00 0.98 1.71E+00 1.74E+00 0.98
10 1.41E-01 1.41E-01 1.00 2.65E-01 2.69E-01 0.99 6.10E-01 6.34E-01 0.96 1.06E+00 1.10E+00 0.96
4 8.10E-02 8.08E-02 1.00 1.52E-01 1.54E-01 0.99 3.54E-01 3.68E-01 0.96 6.24E-01 6.55E-01 0.95




Results for Tc-99. Tables 2.148-2.150 present the calculations of Fcp, Fawm, and radiation
doses for six 1-cm-thick volume sources containing Tc-99. Tables 2.151-2.153 present the
calculations of Fcp, Fam, and radiation doses for six 2-cm-thick volume sources containing
Tc-99. Tables 2.154-2.156 present calculations of Fcp, Fam, and radiation doses for six 5-cm-
thick volume sources, and Table 2.157-2.159 present calculations of Fcp, Fam, and radiation
doses for six 10-cm-thick volume sources.

Comparisons of the dose estimates for 24 volume sources containing Tc-99 between the
verification spreadsheets and RESRAD-BUILD are presented in Table 2.160. For 17 volume
sources, the difference is less than 5%. For the remaining 7 volume sources, the difference is
greater than 5% but less than 10%. Considering the approximate nature of the spreadsheet
calculations, it is judged that the external radiation dose modeling was correctly implemented in
the RESRAD-BUILD code.

2.4.2 Dose Results with Shielding

To verify the RESRAD-BUILD external radiation dose modeling for volume sources
with shielding, the external radiation doses incurred by a receptor at (0, 0, 1) (m) from six10-cm-
thick volume sources containing Mn-54 that was covered by concrete material were estimated
with spreadsheets. The thickness of the concrete cover was initially assumed to be 1 cm, which
was then increased to 2 cm, and then to 5 cm.

Table 2.161 presents the calculations of Fcp for the 10-cm-thick Mn-54 volume sources
covered byl-cm of concrete material. To estimate Fawm for the volume sources, each volume
source was divided into 10 sub-volumes. Table 2.162 presents the calculations of Fam.ret for the
reference source of the 7" sub-volume. Calculations of Fam for the 71 sub-volume that has a
circular area of 100 m? were presented in Table 2.163. Table 2.164 summarizes the Fam’s
calculated for each sub-volume of the six 10-cm-thick volume sources. The external doses
estimated for these six sources are presented in Table 2.165.

Table 2.166 presents the calculations of Fcp for the 10-cm thick volume sources covered
by 2-cm of concrete material. Table 2.167 summarizes the Fam’s for the six volume sources. The
external doses estimated for these six sources with a 2-cm concrete cover are presented in
Table 2.168.

Table 2.169 presents the calculations of Fcp for the 10-cm thick volume sources covered
by 5-cm of concrete material. Table 2.170 summarizes the Fawu’s for the six volume sources. The
external doses estimated for these six sources with a 5-cm concrete cover are presented in
Table 2.171.

Comparisons of the dose estimates for the six 10-cm volume sources containing Mn-54
are presented in Table 2.172. For all cases, the difference between the RESRAD-BUILD result
and the spreadsheet result is less than 10%. Considering the approximate nature of the
spreadsheet calculations, it is judged that the external radiation dose modeling was correctly
implemented in the RESRAD-BUILD code.
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Table 2.148 Calculation of F¢p for Tc-99 in a 1-cm-Thick VVolume Source without a Cover

Reference source -

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g)
Cover material = none
Source density , g/cm3 =1.6

0.7871

0.2129

Cover thickness,cm= 0
Source thickness, cm =

0.2106

FCD

— D(T=t.Ts=ts
"~ D(T=0.Tg=x)

) = AeKaPcte(] — e~KaPsts) 4 Be KBPcle(]1 — o KBPss)

FCD= 0.4349

2.63

Density of cover, g/cm3 =

1.6

Table 2.149 Summary of Faw’s for Tc-99 in Six 1-cm-Thick Volume Sources without a Cover at the Receptor Location (0,

0,1) (m)
:;Tjr:;c 1st Sub- Fep for 1st Sub-  2nd Sub-  Fepfor2nd  3rd Sub- Fop for 3rd  4th Sub- 4':-[?;:;_ 5th Sub-  Fgp for 5th
source source source Sub-source source Sub-source source source Sub-source
source (m2) source
100,000 9.22E-01 9.12E-01 9.05E-01 8.99E-01 8.94E-01
1,000 5.45E-01 6.71E-01 7.52E-01 8.02E-01 8.31E-01
100 3.01E-01 9.92E-02 3.79E-01 1.72E-01 4.42E-01 2 98E-01 4.95E-01 > 73E-01 5.40E-01 3.09E-01
36 2.11E-01 2.64E-01 3.09E-01 3.48E-01 3.83E-01
10 1.17E-01 1.46E-01 1.71E-01 1.92E-01 2.13E-01
4 6.63E-02 8.25E-02 9.61E-02 1.08E-01 1.20E-01
:;?jr:: 6thSub-  Fep for 6th Sub-  7thSub-  Fep for 7th  8thSub- | Fepfor 8th | 9th Sub- 9:’;:;_ 10th Sub-  Fep for 10th
source source source Sub-source source Sub-source  source source  Sub-source
source (m2) source
100,000 8.89E-01 8.84E-01 8.79E-01 8.75E-01 8.70E-01
1,000 8.49E-01 8.59E-01 8.63E-01 8.64E-01 8.64E-01
100 5.78E-01 1.88E-01 6.11E-01 3.67E-01 6.39E-01 3.92E-01 6.64E-01 4.14E-01 6.85E-01 4.356-01
36 4.14E-01 4 42E-01 4.68E-01 4.92E-01 5.13E-01
10 2.31E-01 2.48E-01 2.64E-01 2.80E-01 2.95E-01
4 1.30E-01 1.40E-01 1.49E-01 1.58E-01 1.67E-01
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Table 2.150 Estimation of External Radiation Dose at the Receptor Location
(0, 0, 1) (m) from Tc-99 in Six 1-cm-Thick Volume Sources without Cover

DCF-inf Average Decay Area of c 1 Estimated
-lcm
{mrem/yr per | Half-life, yr Factorin Feo Volume {;M | Dose
. verage
pCi/g) 1st year source (m2) g (mrem/yr)

100,000 8.93E-01 4,89E-05
1,000 7.90E-01 4.33E-05

1.26E-04 2.13E+05 1.00E+00 4.35E-01 100 >.33E01 | 2.92E-05
36 3.84E-01 | 2.11E-05
10 2.16E-01 | 1.18E-05
4 1.22E-01 | 6.68E-06

Table 2.151 Calculation of F¢p for Tc-99 in a 2-cm-Thick VVolume Source without a Cover

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g) 0.7871 0.2129 0.2106 2.63
Reference source - Cover material = none Cover thickness,cm= 0 Density of cover, g/cm3 =
Source density , g/cm3=1.6 Source thickness, cm = 2

Fop = w = Ae KaPcte(1 — g~Kapsts) 4 Be KePclc(1 — ¢ KBPsts)
D(T,=0.Ts=x%)

FCD= 0.5988
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Table 2.152 Summary of Fawm’s for Tc-99 in Six 2-cm-Thick Volume Sources without Cover at the Receptor Location

(0,0,1) (m)
:;Tt?r:ef 1st Sub-  Fppfor 1stSub-  2nd Sub-  Fepfor2nd  3rd Sub-  Fepfor3rd  4th Sub- 41:?;:,;_ 5th Sub-  Fgp for 5th
source source source Sub-source source  Sub-source source source  Sub-source
source (m2) source
100,000 9.12E-01 8.99E-01 8.89E-01 8.79E-01 8.70E-01
1,000 ©6.71E-01 8.02E-01 8.49E-01 8.63E-01 8.64E-01
100 3.79E-01 1.72E-01 4.95E-01 2 73E-01 5.78E-01 3 A0E-01 6.39E-01 3.92E-01 6.85E-01 4.35E-01
36 2.64E-01 3.48E-01 4.14E-01 4.68E-01 5.13E-01
10 1.46E-01 1.92E-01 2.31E-01 2.64E-01 2.95E-01
4 8.25E-02 1.08E-01 1.30E-01 1.49E-01 1.67E-01
i;?jr:; 6thSub-  Fcp for 6thSub-  7thSub-  Fep for 7th  8thSub- | Fep for 8th | Oth Sub- gz:]Dsf:t:- 10th Sub-  Fep for 10th
source source source Sub-source source  Sub-source source source  Sub-source
source (m2) source
100,000 8.61E-01 8.52E-01 8.43E-01 8.34E-01 8.25E-01
1,000 8.58E-01 8.51E-01 8.43E-01 8.34E-01 8.25E-01
100 J.18E-01 4.73E-01 7.42E-01 5. 08E-01 7.58E-01 5 A1E-01 7.68E-01 5.71E-01 7.74E-01 5 90F-01
36 5.52E-01 5.84E-01 6.10E-01 6.32E-01 6.50E-01
10 3.22E-01 3.47E-01 3.70E-01 3.90E-01 4.09E-01
4 1.84E-01 1.99E-01 2.14E-01 2.28E-01 2.41E-01

Table 2.153 Estimation of External Radiation Dose at the Receptor Location
(0, 0, 1) (m) from Tc¢-99 in Six 2-cm-Thick Volume Sources without Cover

DCF-inf Average Decay Area of . ) Estimated

-2cm
(mrem/yr per |Half-life, yr Factor in Feo Volume AM Dose

. (Average)

pCi/g) 1st year source (m2) {mrem/yr)

100,000 8.66E-01 6.54E-05

1,000 8.26E-01 6.23E-05

1.26E-04 | 2.13E+05 1.00E+00 5.99E-01 100 6.54E-01 | 4.93E-05

36 5.03E-01 3.80E-05

10 2.97E-01 2.24E-05

4 1.70E-01 1.28E-05
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Table 2.154 Calculation of F¢p for Tc-99 in a 5-cm-Thick VVolume Source without Cover

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g) 0.7871 0.2129 0.2106 2.63
Reference source - Cover material = none Cover thickness,cm= 0
Source density , g/cm3 =1.6 Source thickness, cm = 5
DTe=teTs=ts) _ 4 ,~Kapcte(] — o—Kapsts —Kppct — e~ KBpsts’
Fep D(—oTemw) — Ae cte(1—e ) + Be cle(1 —e s)
FCD= 0.8540

Density of cover, g/cm3 =

1.6

Table 2.155 Summary of Fam’s for Tc-99 in Six 5-cm-Thick Volume Sources without Cover at the Receptor Location (0, 0, 1) (m)

Area of Volume Fep for 1st Sub- Fep for 2nd 3rd Sub- Fep for 3rd Ath Sub- Fep for 4th Fep for S5th
1st Sub-source 2nd Sub-source 5th Sub-source
source (m2) source Sub-source source Sub-source source Sub-source Sub-source
100,000 8.94E-01 8.70E-01 8.47E-01 8.24E-01 8.03E-01
1,000 8.32E-01 8.64E-01 8.47E-01 8.24E-01 8.03E-01
100 5.40E-01 3 09E-01 6.85E-01 4.35E-01 7.50E-01 5.95E-01 7.74E-01 5.09E-01 7.77E-01 6.61E-01
36 3.82E-01 5.13E-01 5.98E-01 6.50E-01 6.80E-01
10 2.12E-01 2.95E-01 3.59E-01 4.10E-01 4.50E-01
4 1.19E-01 1.67E-01 2.07E-01 2.42E-01 2.70E-01
Area of Volume Fep for 6th Sub- Fep for 7th 8th Sub- Fep for 8th 9th Sub- Fep for 9th 10th Sub- Fep for 10th
6th Sub-source 7th Sub-source
source (m2) source Sub-source source Sub-source source Sub-source source Sub-source
100,000 7.82E-01 7.60E-01 7.39E-01 7.18E-01 6.98E-01
1,000 7.82E-01 7.60E-01 7.39E-01 7.18E-01 6.98E-01
100 7.68E-01 7.53E-01 7.35E-01 7.16E-01 6.97E-01
7.14E-01 7.58E-01 7.96E-01 8.27E-01 8.54E-01
36 6.95E-01 7.00E-01 6.97E-01 6.89E-01 6.77E-01
10 4.81E-01 5.04E-01 5.21E-01 5.33E-01 5.40E-01
4 2.95E-01 3.16E-01 3.34E-01 3.49E-01 3.61E-01
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Table 2.156 Estimation of External Radiation Dose at the Receptor Location (0, 0,1)

(m) from Tc-99 in Six 5-cm-Thick Volume Sources without Cover

DCF-inf Average Decay Area of Fam -5 cm | Estimated
(mrem/yr per Half-life, yr Factor in Fep Volume Weighted Dose

pCi/g) 1st year source (m2) | Average (mrem/yr)

100,000 8.40E-01 | 9.03E-05

1,000 8.16E-01 | 8.78E-05

1.26E-04 2.13E+05 1.00E+00 8.54E-01 100 6.66E:01 | 7.17E:05

36 5.39E-01 | 5.80E-05

10 3.42E-01 | 3.68E-05

4 2.04E-01 | 2.19E-05

Table 2.157 Calculation of Fcp for Tc-99 in a 10-cm-Thick Volume Source without a Cover
Fitting parameters Ai, Bi, Kai (cm2/g), Kbi (cm2/g) 0.7871 0.2129 0.2106 2.63

Reference source - Cover material = none Cover thickness,cm= 0 Density of cover, g/cm3 = 1.6

Source density , g/cm3 =1.6

Source thickness, cm =

FCD

— D(Tc=t,Ts=ts5)

D(T,=0.Ts=%)

= Ae KaPcle(] — e Kapsts) 4 Be KBPcle(] — e KBPsts)

FCD=

0.9729

10
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Table 2.158 Summary of Fam’s for Tc-99 in Six 10-cm-Thick Volume Sources without Cover at the Receptor
Location (0, 0, 1) (m)

Fep for
Area of Volume |  1st Sub- Fep for 1st Sub-  2nd Sub-  Fepfor 2nd  3rd Sub- Fep for 3rd 4th Sub- 4;1[)5 b 5th Sub- = Fp for 5th
source (m2) source source source Sub-source source Sub-source source ub source Sub-source
source
100,000 8.70E-01 8.24E-01 7.81E-01 7.38E-01 6.98E-01
1,000 8.64E-01 8.24E-01 7.81E-01 7.38E-01 6.98E-01
100 6.85E-01 4.35E-01 7.74E-01 5.99E-01 7.67E-01 7.14E-01 7.34E-01 7.96E-01 6.97E-01 8.54£-01
36 5.13E-01 6.50E-01 6.96E-01 6.96E-01 6.77E-01
10 2.95E-01 4,10E-01 4.83E-01 5.24E-01 5.40E-01
4 1.67E-01 2.42E-01 2.98E-01 3.39E-01 3.61E-01
Fep for
Area of Volume | 6thSub-  Fep for 6thSub-  7thSub-  Fepfor 7th  8thSub-  Fepfor8h  Gth Sub- 9‘;1'35 .. 10thSub- Foofor 10th
source (m2) source source source Sub-source source Sub-source source “ source Sub-source
source
100,000 6.57E-01 6.17E-01 5.77E-01 5.38E-01 5.00E-01
1,000 6.57E-01 6.17E-01 5.77E-01 5.38E-01 5.00E-01
100 6.57E-01 8.96E-01 6.17E-01 9.26E-01 5.77E-01 0.47E-01 5.38E-01 9.62E-01 5.00E-01 9.73E-01
36 6.47E-01 6.12E-01 5.74E-01 5.37E-01 4.99E-01
10 5.43E-01 5.35E-01 5.18E-01 4.95E-01 4.69E-01
4 3.77E-01 3.85E-01 3.85E-01 3.80E-01 3.70E-01

Table 2.159 Estimation of External Radiation Dose at the Receptor
Location (0, 0, 1) (m) from Tc-99 in Six 10-cm-Thick Volume Sources
without Cover

i Area of )
DCF-inf Average Decay Vol Fam - 10 cm | Estimated
olume
(mrem/yr per | Half-life, yr Factor in Feo (Weighted Dose
) source
pCi/g) 1st year Average) | (mrem/yr)
(m2)
100,000 7.98E-01 9.78E-05
1,000 7.95E-01 9.74E-05
100 7.04E-01 8.63E-05
1.26E-04 2.13E+05 1.00E+00 9.73E-01
36 5.93E-01 7.27E-05
10 3.98E-01 4.88E-05
4 2.47E-01 3.03E-05
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Table 2.160 Comparison of Radiation Doses (mrem/yr) at (0, 0, 1) (m) Estimated by RESRAD-BUILD and Spreadsheets from Tc-99 in
Volume Sources of Different Thicknesses and Areas without Cover

1 cm - Thick Volume Source 2 ¢m - Thick Volume Source 5 ¢m - Thick Volume Source 10 ¢m - Thick Volume Source
::Ta of Dose Results  Dose Results RE:;:[_E Dose Results  Dose Results RFE{;;:[_) Dose Results Dose Results RFE{:E:[_'J Dose Results Dose Results RE;E:[_'J
° ””(”92) from RESRAD- from SULDy fromRESRAD-  from SoLp  |TomRESRAD-  from SULpy  |femRESRAD-  from e
source (m.
BUILD Spreadsheets BUILD Spreadsheets BUILD Spreadsheets BUILD Spreadsheets
Spreadsheets Spreadsheets Spreadsheets Spreadsheets
100,000 4.97E-05 4.89E-05 1.02 6.72E-05 6.54E-05 1.03 9.28E-05 9.03E-05 1.03 1.03E-04 9.78E-05 1.05
1,000 4.44E-05 4.33E-05 1.03 6.26E-05 6.23E-05 1.00 8.86E-05 8.78E-05 1.01 9.83E-05 9.74E-05 1.01
100 3.05E-05 2.92E-05 1.04 4.81E-05 4.93E-05 0.98 7.53E-05 7.17E-05 1.05 8.63E-05 8.63E-05 1.00
36 2.23E-05 2.11E-05 1.06 3.68E-05 3.80E-05 0.97 6.25E-05 5.80E-05 1.08 7.42E-05 7.27E-05 1.02
10 1.26E-05 1.18E-05 1.07 2.14E-05 2.24E-05 0.96 4.01E-05 3.68E-05 1.09 5.10E-05 4.88E-05 1.04
4 7.15E-06 6.68E-06 1.07 1.23E-05 1.28E-05 0.96 2.41E-05 2.19E-05 1.10 3.20E-05 3.03E-05 1.06
Table 2.161 Calculation of Fcp for Mn-54 in a 10-cm-Thick Volume Source with 1-cm Concrete Cover
Fitting parameters Ai, Bi, Kai (cm2/g), Kbi(cm2/g) 0.085 0.915 1.22 0.088
Source material = concrete thickness, cm = 10 Cover material = concrete Cover thickness, cm = 1 density, g/fcm3 1.6
Reference material = soil
D(Te=t . Ts=ts) —K K , K K .
= —t_t2 5 APcte(] — e Kapsts KpPcte(1 — e~ KBPsts
Fep D (=0Tem) Ae (1—e ) + Be (1-e )

FCD =

0.612
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Table 2.162 Calculation of Famv for Mn-54 in a Reference Source for the 7th Sub-volume of a 10-cm-Thick VVolume Source with 1-cm
Concrete Cover at the Receptor Location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective
Dose Attenuation Mass Mass Mass Mass
Conversion Coefficient Attenuation Attenuation Attenuation Attenuation
Factor (source) Coefficient Coefficient Coefficient Coefficient
# photons Energy1 |Yield1 FE pSv cm2 (/cm) (ref) (fcm) (soil) (/cm) (concrete) (fcm) |(air) (/cm)
1 0.835 1 0.825 3.189 8.42E-03 8.55E-03 1.13E-01 1.12E-01 8.48E-05
ta (cm) = 99 tc (cm) = 1 Source-ref area (m2) = 3.36E+06  ts(cm)=
dist. in - L _— .
dist. in-ref- L. L. Vol-sour- 4pi x dist- distance- Receptor Receptor
exp(-ux)/x2 - ref- mfp-dist. in - mfp-dist. in- ) BF-ref- ta+tc+ r-ref h .
ref air source-cover refair ref-source-cover BF-ref-air source-cover ref FAM-ref refa2 ref e () ta(m) locationy locationz
(cm) (m2) (cm2) (cm) {cm) (cm)
(cm) (m)
2.78E-06 9.90E+01 8.00E+00 8.39E-03 9.07E-01 1.01E+00 1.96E+00 0.00E+00 0.00E+00 1.44E+05 1.07E+02 1.07E+00 0.00E+00 9.90E-01
2.75E-06 9.94E+01 8.03E+00 8.43E-03 9.10E-01 1.01E+00 1.97E+00 3.14E-02 1.71E-07 1.45E+05 1.07E+02 1.07E+00 1.00E-01 9.90E-01
2.75E-06 9.95E+01 8.04E+00 8.43E-03 9.11E-01 1.01E+00 1.97E+00 1.91E-03 1.04E-08 1.45E+05 1.07E+02 1.07E+00 1.03E-01 9.90E-01
2.74E-06 9.95E+01 8.04E+00 8.43E-03 9.11E-01 1.01E+00 1.97E+00 2.03E-03 1.11E-08 1.45E+05 1.08E+02 1.07E+00 1.06E-01 9.90E-01
2.74E-06 9.95E+01 8.04E+00 8.44E-03 9.11E-01 1.01E+00 1.97E+00 2.15E-03 1.17E-08 1.45E+05 1.08E+02 1.07E+00 1.09E-01 9.90E-01
2.74E-06 9.95E+01 8.04E+00 8.44E-03 9.12E-01 1.01E+00 1.97E+00 2.29E-03 1.24E-08 1.46E+05 1.08E+02 1.07E+00 1.13E-01 9.90E-01
2.74E-06 9.96E+01 8.05E+00 8.44E-03 9.12E-01 1.01E+00 1.97E+00 2.42E-03 1.32E-08 1.46E+05 1.08E+02 1.07E+00 1.16E-01 9.90E-01
2.73E-06 9.96E+01 8.05E+00 8.44E-03 9.12E-01 1.01E+00 1.97E+00 2.57E-03 1.40E-08 1.46E+05 1.08E+02 1.07E+00 1.19E-01 9.90E-01 0 100
2.73E-06 9.97E+01 8.05E+00 8.45E-03 9.12E-01 1.01E+00 1.97E+00 2.73E-03 1.48E-08 1.46E+05 1.08E+02 1.07E+00 1.23E-01 9.90E-01
1.22E-21 3.17E+03 2.57E+02 2.69E-01 2.91E+01 1.27E+00 1.42E+02 1.44E+02 3.17E-17 1.48E+08 3.43E+03 1.07E+00 3.43E+01 9.90E-01
6.55E-22 3.24E+03 2.62E+02 2.75E-01 2.97E+01 1.27E+00 1.47E+02 1.49E+02 1.83E-17 1.54E+08 3.50E+03 1.07E+00 3.50E+01 9.90E-01
3.46E-22 3.30E+03 2.67E+02 2.80E-01 3.02E+01 1.28E+00 1.52E+02 1.55E+02 1.04E-17 1.60E+08 3.57E+03 1.07E+00 3.57E+01 9.90E-01
1.81E-22 3.37E+03 2.72E+02 2.86E-01 3.08E+01 1.28E+00 1.57E+02 1.62E+02 5.90E-18 1.67E+08 3.64E+03 1.07E+00 3.64E+01 9.90E-01
9.33E-23 3.44E+03 2.78E+02 2.91E-01 3.15E+01 1.29E+00 1.63E+02 1.68E+02 3.29E-18 1.73E+08 3.71E+03 1.07E+00 3.71E+01 9.90E-01
4.75E-23 3.50E+03 2.83E+02 2.97E-01 3.21E+01 1.29E+00 1.69E+02 1.75E+02 1.81E-18 1.80E+08 3.79E+03 1.07E+00 3.79E+01 9.90E-01
0.00E+00  9.19E+04 7.43E+03 7.79E+00 8.42E+02 2.20E+01 2.43E+02 1.21E+05 0.00E+00 1.24E+11 9.04E+04 1.07E+00 9.94E+02 9.90E-01
0.00E+00  9.38E+04 7.58E+03 7.95E+00 8.58E+02 2.26E+01 2.43E+02 1.25E+05 0.00E+00 1.29E+11 1.01E+05 1.07E+00 1.01E+03 9.90E-01
0.00E+00 9.57E+04 7.73E+03 8.11E+00 8.76E+02 2.34E+01 2.43E+02 1.30E+05 0.00E+00 1.34E+11 1.03E+05 1.07E+00 1.03E+03 9.90E-01
3 FAM-ref= 3.72E-05
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Table 2.163 Calculation of Fay for Mn-54 in the 7! Sub-volume of a 10-cm-Thick VVolume Source with an Area of 100 m? and 1-cm

Concrete Cover at the Receptor location (0, 0, 1) (m)

Fluence to Effective
Effective Mass Effective
Dose Attenuation Mass Mass Mass Mass
Conversion Coefficient Attenuation Attenuation Attenuation Attenuation
Factor (source) Coefficient Coefficient Coefficient Coefficient
# photons Energy 1 |Yield 1 FE pSv cm?2 (/em) (ref) (/fcm) (soil) (/cm) (concrete) (fem) |(air) (/cm)
1 0.835 1 0.825 3.189 8.42E-03 8.55E-03 1.13E-01 1.12E-01 8.48E-05
ta (cm)= 99 tc (cm) = 1 Source area (m2) = 100 Source-ref area (m2) = 3.36E+06 ts (cm) = 7
mfp-dist. dist. in - dist. in- 4Api x dist- distance- Receptor  Receptor
exp(-ux)/x2 - in mfp-dist. in- source-air source-cover BF-source- BF-source- Vol-source sourceA2 source-air  dist-cover r - source locationy  location z
source -sour-air  source-cover (cm) (cm) air caver (m?2) FAM-source (cm2) (cm) (cm) (m) ta+tc+ts(ta(m) (cm) (cm)
2.39E-08 3.03E-02 3.01E+00 3.57E+02 2.70E+01 1.03E+00 5.13E+00 1.45E+00 1.83E-07 1.64E+06  3.61E+02 1.00E+00 3.45E+00 1.07E+00 9.90E-01
2.18E-08 3.09E-02 3.07E+00 3.64E+02 2.75E+01 1.03E+00 5.23E+00 1.51E+00 1.77E-07 1.70E+06  3.68E+02 1.00E+00 3.52E+00 1.07E+00 9.90E-01
1.97E-08 3.14E-02 3.12E+00 3.71E+02 2.80E+01 1.03E+00 5.34E+00 1.57E+00 1.71E-07 1.76E+06  3.74E+02 1.00E+00 3.59E+00 1.07E+00 9.90E-01
1.79E-08 3.20E-02 3.18E+00 3.77E+02 2.85E+01 1.03E+00 5.45E+00 1.63E+00 1.65E-07 1.83E+06  3.81E+02 1.00E+00 3.66E+00 1.07E4+00 9.90E-01
1.62E-08 3.26E-02 3.24E+00 3.84E+02 2.90E+01 1.03E+00 5.57E+00 1.70E+00 1.58E-07 1.90E+06  3.88E+02 1.00E+00 3.73E+00 1.07E+00 9.90E-01
1.46E-08 3.32E-02 3.30E+00 3.92E+02 2.96E+01 1.03E+00 5.69E+00 1.77E+00 1.52E-07 1.97E+06  3.95E+02 1.00E+00 3.81E+00 1.07E+00 9.90E-01
1.32E-08 3.38E-02 3.36E+00 3.99E+02 3.01E+01 1.03E+00 5.80E+00 1.84E+00 1.46E-07 2.04E+06  4.03E+02 1.00E+00 3.88E+00 1.07E+00 9.90E-01
1.19E-08 3.44E-02 3.42E+00 4.06E+02 3.07E+01 1.03E+00 5.93E+00 1.91E+00 1.40E-07 2.12E+06  4.10E+02 1.00E+00 3.96E+00 1.07E+00 9.90E-01
1.07E-08 3.51E-02 3.49E+00 4.14E+02 3.12E+01 1.03E+00 6.05E+00 1.99E+00 1.34E-07 2.20E+06  4.18E+02 1.00E+00 4.04E+00 1.07E+00 9.90E-01
9.63E-09 3.57E-02 3.55E+00 4.22E+02 3.18E+01 1.04E+00 6.18E+00 2.07E+00 1.28E-07 2.28E+06 4.26E+02 1.00E+00 4.12E+00 1.07E+00 9.90E-01
8.64E-09 3.64E-02 3.62E+00 4.29E+02 3.24E+01 1.04E+00 6.31E+00 2.16E+00 1.22E-07 2.37E+06  4.34E+02 1.00E+00 4.20E4+00 1.07E4+00 9.90E-01
7.73E-09 3.71E-02 3.69E+00 4.37E+02 3.30E+01 1.04E+00 6.44E+00 2.24E+00 1.16E-07 2.46E+06  4.42E+02 1.00E+00 4.29E+00 1.07E+00 9.90E-01
6.91E-09 3.78E-02 3.76E+00 4.46E+02 3.37E+01 1.04E+00 6.58E+00 2.33E+00 1.10E-07 2.55E+06  4.50E+02 1.00E+00 4.37E+00 1.07E+00 9.90E-01 100
6.17E-09 3.85E-02 3.83E+00 4.54E+02 3.43E+01 1.04E+00 6.71E+00 2.43E+00 1.04E-07 2.65E+06  4.59E+02 1.00E+00 4.46E+00 1.07E4+00 9.90E-01
5.50E-09 3.92E-02 3.90E+00 4.63E+02 3.49E+01 1.04E+00 6.85E+00 2.53E+00 9.89E-08 2.75E+06 4.67E+02 1.00E+00 4.55E+00 1.07E+00 9.90E-01
4.89E-09 4.00E-02 3.98E+00 4.72E+02 3.56E+01 1.04E+00 7.00E+00 2.63E+00 9.35E-08 2.85E+06 4.76E+02 1.00E+00 4.64E+00 1.07E4+00 9.90E-01
4.34E-09 4.07E-02 4.05E+00 4.80E+02 3.63E+01 1.04E+00 7.16E+00 2.73E+00 8.85E-08 2.96E+06  4.85E+02 1.00E+00 4.73E+00 1.07E4+00 9.90E-01
3.85E-09 4.15E-02 4.13E+00 4.90E+02 3.70E+01 1.04E+00 7.33E+00 2.85E+00 8.36E-08 3.07E+06  4.95E+02 1.00E+00 4.83E+00 1.07E+00 9.90E-01
3.41E-09 4.23E-02 4.21E+00 4.99E+02 3.77E+01 1.04E+00 7.51E+00 2.96E+00 7.89E-08 3.19E+06  5.04E+02 1.00E+00 4.93E+00 1.07E+00 9.90E-01
3.01E-09 4.31E-02 4.29E+00 5.08E+02 3.84E+01 1.04E+00 7.68E+00 3.08E+00 7.42E-08 3.32E+06  5.14E+02 1.00E+00 5.02E+00 1.07E+00 9.90E-01
2.65E-09 4.39E-02 4.37E+00 5.18E+02 3.91E+01 1.04E+00 7.87E+00 3.20E+00 6.98E-08 3.44E+06  5.23E+02 1.00E+00 5.12E+00 1.07E+00 9.90E-01
2.33E-09 4.48E-02 4.45E+00 5.28E+02 3.99E+01 1.04E+00 8.05E+00 3.33E+00 6.54E-08 3.58E+06  5.34E+02 1.00E+00 5.23E+00 1.07E+00 9.90E-01
2.05E-09 4.56E-02 4.54E+00 5.38E+02 4.07E+01 1.05E+00 8.24E+00 3.47E+00 6.12E-08 3.72E+06  5.44E+02 1.00E+00 5.33E+00 1.07E+00 9.90E-01
1.80E-09 4.65E-02 4.63E+00 5.49E+02 4.14E+01 1.05E+00 8.44E+00 3.61E+00 5.72E-08 3.86E+06  5.54E+02 1.00E+00 5.44E+00 1.07E4+00 9.90E-01
1.57E-09 4.74E-02 4.71E+00 5.59E+02 4.22E+01 1.05E+00 8.64E+00 3.75E+00 5.33E-08 4.01E+06  5.65E+02 1.00E+00 5.55E+00 1.07E+00 9.90E-01
1.37E-09 4.83E-02 4.81E+00 5.70E+02 4.30E+01 1.05E+00 8.84E+00 3.91E+00 4.96E-08 4.17E+06  5.76E+02 1.00E+00 5.66E+00 1.07E+00 9.90E-01
>FAM-source= 3.23E-05
FAM= 8.69E-01
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Table 2.164 Summary of Fam’s for Mn-54 in Six 10-cm-Thick Volume Sources with 1-cm Concrete Cover at the Receptor Location

(0,0,1) (m)
Area of Volume 1st Sub- | Fep for 1st Sub- Fep for 2nd Sub- Fep for 4th Sub- 5th Sub- Fep for 5th
©® 2nd Sub-source 0 3rd Sub-source  Fgp for 3rd Sub-source 4th Sub-source @ o
source (m2) source source source source source Sub-source
100,000 9.85E-01 9.72E-01 9.57E-01 9.40E-01 9.22E-01
1,000 9.69E-01 9.69E-01 9.57E-01 9.40E-01 0.22E-01
100 7.48E-01 L15E-01 8.23E-01 5 07E-01 8.64E-01 5 86E-01 8.82E-01 3.54E-01 8.86E-01 2.146-01
36 5.67E-01 6.45E-01 7.03E-01 7.43E-01 7.69E-01
10 3.35E-01 3.90E-01 4.35E-01 4.73E-01 5.05E-01
4 1.94E-01 2.27E-01 2.56E-01 2.82E-01 3.03E-01
Area of Volume 6th Sub-  Fep for 6th Sub- Fep for 7th Sub- Fep for 9th Sub- 10th Sub-  F¢p for 10th
©® 7th Sub-source = 8th Sub-source  Fpp for 8th Sub-source 9th Sub-source ©® e
source (m2) source source source source source Sub-source
100,000 9.03E-01 8.83E-01 8.61E-01 8.40E-01 8.17E-01
1,000 9.03E-01 8.83E-01 8.61E-01 8.40E-01 8.17E-01
100 8.81E-01 1.65E-01 8.69E-01 5 10E-01 8.53E-01 5 AQE-01 8.35E-01 5 83E-01 8.14E-01 6.12E-01
36 7.85E-01 7.92E-01 7.91E-01 7.86E-01 7.76E-01
10 5.32E-01 5.52E-01 5.68E-01 5.79E-01 5.85E-01
4 3.22E-01 3.40E-01 3.54E-01 3.67E-01 3.76E-01
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Table 2.165 Estimation External Radiation Dose at the Receptor Location (0, 10, 1)

(m) from Mn-54 in Six 10-cm-Thick Volume Sources with 1-cm Concrete Cover

DCF-inf . Average Decay .
Half-life, i Area of Volume Estimated
(mrem/yr per Factor in Feo Fam
. yr source (m2) Dose (mrem/yr)
pCi/g) 1st year
100,000 9.30E-01 2.01E+00
1,000 9.27E-01 2.01E+00
5.16E+00 8.56E-01 6.85E-01 6.12E-01 100 8.37E-01 1.81E+00
36 7.07E-01 1.53E+00
10 4.61E-01 9.98E-01
4 2.77E-01 6.01E-01

Table 2.166 Calculation of Fcp for Mn-54 in a 10-cm-Thick Volume Source with 2-cm Concrete Cover

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi{cm2/g) 0.085 0.915 1.22 0.088
Source material = concrete thickness, cm = 10 Cover material = concrete Cover thickness, cm = 2 density, g/fcm3
Reference material = soil

E. = D(T,=t,Ts=t;)
0 = p(T.=0Ts=x)
£ =V, 1 § =)

FCD = 0.523

= AeKabcte(] — e~Kapsts) 4 Be~KePcle(] — e~KBPsts)

1.6
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Table 2.167 Summary of Fam’s for Mn-54 in Six 10-cm-Thick Volume Sources with 2-cm Concrete Cover at the Receptor Location

(0,0,1) (m)
Area of Volume Fep for 1st Sub-  2nd Sub- Fep for 2nd Sub-  3rd Sub- 4th Sub-  Fgp for 4th Sub-  5th Sub-  Fgp for 5th
1st Sub-source Fep for 3rd Sub-source
source (m2) source source source source source source source  Sub-source
100,000 9.83E-01 9.69E-01 9.53E-01 9.36E-01 9.17E-01
1,000 9.80E-01 9.69E-01 9.53E-01 9.36E-01 9.17E-01
100 8.32E-01 0.92E-07 8.75E-01 1.71E-01 8.94E-01 > A0E-01 9.00E-D01 2 09E-01 8.95E-01 3.51E-01
36 6.53E-01 7.13E-01 7.54E-01 7.81E-01 7.98E-01
10 3.95E-01 4.42E-01 4.81E-01 5.15E-01 5.42E-01
4 2.31E-01 2.61E-01 2.87E-01 3.10E-01 3.29E-01
Area of Volume Fep for 6th Sub-  7th Sub- Fep for 7th Sub-  8th Sub- 9th Sub-  Fep for 9th Sub- ~ 10th Sub-  Fyp for 10th
6th Sub-source Fep for 8th Sub-source
source (m2) source source source source source source source  Sub-source
100,000 8.98E-01 8.77E-01 8.55E-01 8.33E-01 8.11E-01
1,000 8.98E-01 8.77E-01 8.55E-01 8.33E-01 8.11E-01
100 8.84E-01 3.06E-01 8.68E-01 4.34E-01 8.50E-01 1.68E-01 8.30E-01 1.08E-01 8.09E-01 5.93E-01
36 8.05E-01 8.06E-01 8.01E-01 7.91E-01 7.78E-01
10 5.63E-01 5.79E-01 5.91E-01 5.98E-01 6.02E-01
4 3.47E-01 3.63E-01 3.76E-01 3.86E-01 3.93E-01
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Table 2.168 Estimation of External Radiation Dose at the Receptor Location (0, 0, 1) (m) from Mn-54
in Six 10-cm-Thick Volume Sources with 2-cm Concrete Cover

) Average Decay ;
DCF-inf i i Area of Volume Estimated
. Half-life, yr Factor in Feo Fam
(mrem/yr per pCi/g) source (m2) Dose (mrem/yr)
1st year
100,000 9.25E-01 1.71E+00
1,000 0.24E-01 1.71E+00
5.16E+00 8.56E-01 6.85E-01 5.23E-01 100 8.68E-01 1.60E+00
36 7.52E-01 1.39E+00
10 5.04E-01 9.32E-01
4 3.07E-01 5.68E-01

Table 2.169 Calculation of Fcp for Mn-54 in a 10-cm-Thick Volume Source with 5-cm Concrete Cover

Fitting parameters Ai, Bi, Kai (cm2/g), Kbi(cm2/g) 0.085 0.915 1.22 0.088
Source material = concrete thickness, cm = 10 Cover material = concrete Cover thickness, cm = 5 density, g/cm3
Reference material =  soil

— D(Te=teTs=ty)
@ D(T.=0T5=x)
FCD = 0.342

= Ae RaPcte(1 — p~Kabsts) 4 Be~KsPele(] — o~KbPsls)
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Table 2.170 Summary of Fam’s for Mn-54 in Six 10-cm-Thick Volume Sources with 5-cm Concrete Cover at the Receptor Location

(0,0, 1) (m)
Area of Volume Fep for 1st Sub- = 2nd Sub- 3rd Sub- 4th Sub-  Fp for 4th Sub-  5th Sub-  Fep for 5th
1st Sub-source  °° Fep for 2nd Sub-source Fep for 3rd Sub-source ©® o
source (m2) source source source source source source  Sub-source
100,000 9.79E-01 9.62E-01 9.44E-01 9.25E-01 9.05E-01
1,000 9.79E-01 9.62E-01 9.44E-01 9.25E-01 9.05E-01
100 9.41E-01 9.39E-01 9.30E-01 9.16E-01 8.99E-01
5.94E-02 1.11E-01 1.56E-01 1.95E-01 2.29E-01
36 8.19E-01 8.39E-01 8.49E-01 8.52E-01 8.48E-01
10 5.43E-01 5.73E-01 5.97E-01 6.16E-01 6.30E-01
4 3.29E-01 3.51E-01 3.71E-01 3.88E-01 4.03E-01
Area of Volume Fep for 6th Sub-  7th Sub- 8th Sub- Oth Sub- | Fgp for 9th Sub- = 10th Sub- Fp for 10th
6th Sub-source " Fep for 7th Sub-source Fep for 8th Sub-source ©® o
source (m2) source source source source source source  Sub-source
100,000 8.84E-01 8.62E-01 8.39E-01 8.16E-01 7.93E-01
1,000 8.84E-01 8.62E-01 8.39E-01 8.16E-01 7.93E-01
100 8.80E-01 2.58E-01 8.60E-01 2.84E-01 8.38E-01 3.06E-01 8.15E-01 3.95E-01 7.92E-01 3.42E-01
36 8.40E-01 8.29E-01 8.14E-01 7.97E-01 7.78E-01
10 6.39E-01 6.45E-01 6.46E-01 6.45E-01 6.40E-01
4 4.15E-01 4.23E-01 4.30E-01 4.34E-01 4.36E-01
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Table 2.171 Estimation of External Radiation Dose at the Receptor Location (0, 0, 1) (m)
from Mn-54 in Six 10-cm-Thick Volume Sources with 5-cm Concrete Cover

Average Deca F
DCF-inf i g i Y Area of Volume . AM Estimated
. Half-life, yr Factorin Feo (weighted -
(mrem/yr per pCi/g) source (m2) Dose (mrem/yr)
1st year average)
100,000 9.14E-01 1.10E+00
1,000 9.14E-01 1.10E+00
100 9.00E-01 1.09E+00
5.16E+00 8.56E-01 6.85E-01 3.42E-01
36 8.31E-01 1.00E+00
10 6.05E-01 7.30E-01
4 3.84E-01 4.64E-01

Table 2.172 Comparison of Radiation Doses (mrem/yr) at (0, 0, 1) (m) Estimated by RESRAD-BUILD and Spreadsheets from
Mn-54 in 10-cm-Thick Volume Sources with Different Concrete Covers

1 cm - Thick Concrete Cover 5 em - Thick Concrete Cover 5 em - Thick Concrete Cover
\?:leuar:; Dose Results  Dose Results RE:E!I:[_)— Dose Results  Dose Results RE:E:[_)— Dose Results  Dose Results RFE!SEE[_)—
source (m2) from RESRAD- from BUILD/ from RESRAD- from BUILD/ from RESRAD- from BUILD/
BUILD Spreadsheets BUILD Spreadsheets BUILD Spreadsheets
Spreadsheets Spreadsheets Spreadsheets

100,000 2.16E+00 2.01E+00 1.07 1.85E+00 1.71E+00 1.08 1.21E+00 1.10E+00 1.10
1,000 2.14E+00 2.01E+00 1.07 1.85E+00 1.71E+00 1.08 1.21E+00 1.10E+00 1.10
100 1.89E+00 1.81E+00 1.04 1.71E+00 1.60E+00 1.07 1.19E+00 1.09E+00 1.09
36 1.57E+00 1.53E+00 1.03 1.46E+00 1.39E+00 1.05 1.09E+00 1.00E+00 1.09
10 9.96E-01 9.98E-01 1.00 9.50E-01 9.32E-01 1.02 7.72E-01 7.30E-01 1.06
4 5.94E-01 6.01E-01 0.99 5.73E-01 5.68E-01 1.01 4.85E-01 4.64E-01 1.05




2.5 EXTERNAL RADIATION OF FLOOR DEPOSITION

In RESRAD-BUILD, a floor with deposited radionuclides is treated as an area source;
therefore, the modeling of external radiation dose for area sources is applied to estimate the
external radiation dose from deposited radionuclides. In the modeling, the receptor is assumed to
stay at 1 m above the center of the floor and there is no shielding between the floor and the
receptor.

To verify the RESRAD-BUILD modeling results for floor deposition, the previous
radiation dose estimates from verification spreadsheets for area sources (presented in
Section 2.3.1.1) were utilized. These dose estimates concerned a receptor located at (0, 0, 1) (m)
and four area sources of 10 m?, 36 m?, 100 m?, and 1,000 m?, each containing C-14, Mn-54, and
Tc-99 with an initial concentration of 1 pCi/m?. These dose estimates were normalized by the
average decay factor in the 1% year to get the dose estimates for an average concentration of 1
pCi/m?. Table 2.173 lists the normalized dose estimates. To obtain dose estimates for floor
deposition, these normalized dose estimates need to be multiplied by the deposition
concentrations of radionuclides. A RESRAD-BUILD analysis was conducted to provide the
deposition concentrations needed. After dose estimates for the floor deposition were obtained,
they were used to verify the dose results from the RESRAD-BUILD analysis.

In the RESRAD-BUILD analysis, a building containing four rooms of different floor
areas (Room 1 — 10 m?, Room 2 — 36 m?, Room 3 — 100 m?, and Room 4 — 1,000 m?) was
assumed contaminated. There were four radiation sources in the building, one in each room
contaminated with different radionuclides (Source 1 with C-14, Source 2 with Mn-54, Source 3
with Mn-54, and Source 4 with Tc-99). Source 1 was a volume source located at (0, 0, 0) (m)
with z-direction; it had an area of 10 m?, a thickness of 15 cm, and a density of 2.4 g/lcm?®. Source
1 had an erosion rate of 2.4E-8 cm/d, and 10% of the eroded materials were assumed to get into
the indoor air. Source 1 was in Room 1. Source 2 was an area source with z-direction and located
at (6, 6, 0) (m). It had an area of 10 m? and a removable fraction of 0.5; 10% of the source
removed would be released into the indoor air. Source 2 was in Room 2. Source 3 was a line
source with x-direction and was located at (10, 10, 0) (m). It had a length of 10 m and a
removable fraction of 0.5; 10% of the source removed would be released into the indoor air.
Source 3 was in Room 3. Source 4 was a point source located at (25, 40, 0) (m). It also had a
removable fraction of 0.5, and 10% of the source removed would be released into the indoor air.
Source 4 was in Room 4. There were four receptors considered in the analysis, Receptor 1 in
Room 1 at (0, 0, 1) m, Receptor 2 in Room 2 at (6, 6, 1) (m), Receptor 3 in Room 3 at (10, 10, 1)
(m), and Receptor 4 in Room 4 at (25, 40, 1) (m). Each receptor was located at the center of the
room, 1 m above the floor. Table 2.174 lists the average floor concentrations of each
radionuclide for the 1% year, projected by the RESRAD-BUILD code.

Table 2.175 compares the external radiation dose estimates for the floor deposition from
the spreadsheets and the RESRAD-BUILD analysis. The differences are the same as those seen
with the dose estimates for the area sources. This confirms that the external radiation dose
modeling for floor deposition is accurately implemented in RESRAD-BUILD.
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Table 2.173 Estimated External Radiation Doses to a
Receptor at (0, 0, 1) (m) from Different Radionuclides

in Four Area Sources without Cover

Area of Source (m?) c-14 Mn-54 Tc-99
1,000 1.05E-09 5.09E-05 4.20E-09
100 5.90E-10 3.09E-05 2.40E-09
36 4.15E-10 2.23E-05 1.70E-09
10 2.32E-10 1.28E-05 9.58E-10

by 0.685, the average decay factor in 1st year.

Mote: The listed values are from Tables 2.43 and 2.67 for C-14 and Tc-99,
respectively. The listed values for Mn-54 are those in Table 55 divided

Table 2.174 Average Floor Deposition Concentrations (pCi/m?)
for the 1st Year Projected by the RESRAD-BUILD Code

Contribution from Each Source

Source 1 - Source 2 — Source 3 — Source 4 —
Room - Floor Area  (-14 Mn-54 Mn-54 Tc-99
Room 4 - 1,000 m®  3.47E-05 4.77E-05 4.77E-05 8.26E-06
Room 3 - 100 m? 2.27E-04 3.19E-04 3.19E-04 5.41E-05
Room 2 - 36 m* 3.61E-04 5.19E-04 5.19E-04 8.60E-05
Room 1- 10 m* 1.87E-03 2.85E-03 2.85E-03 4.45E-04

Table 2.175 Comparison of Estimated External Radiation Doses (mrem/yr) for
Floor Depositions by RESRAD-BUILD and Spreadsheets

Source 1 -C-14

Source 2 — Mn-54

Ratio Ratio
RESRAD- RESRAD-
RESRAD- BUILD/Spread- RESRAD- Spread-  BUILD/Spread-
Room - Floor Area BUILD Spread-sheet sheet BUILD sheet sheet
Room 4 - 1,000 m*  3.63E-14 3.64E-14 1.00 2.41E-09 2.43E-09 0.99
Room 3 - 100 m® 1.33E-13 1.34E-13 0.99 9.80E-09 9.87E-09 0.99
Room 2 - 36 m® 1.485E-13 1.50E-12 0.99 1.15E-08 1.16E-08 0.99
Room 1-10m® 4,28E-13 4,34E-12 0.99 3.60E-08 3.65E-08 0.99
Source 3 - Mn-54 Source 4 — Tc-99
Ratio Ratio
RESRAD- RESRAD-
RESRAD- BUILD/Spread- RESRAD- Spread-  BUILD/Spread-
Room - Floor Area BUILD Spread-sheet sheet BUILD sheet sheet
Room 4 - 1,000 m2 2.41E-09 2.43E-09 0.99 3.46E-14 3.47E-14 1.00
Room 3 - 100 m2 9.80E-09 9.87E-09 0.99 1.3E-13 1.30E-13 1.00
Room 2 - 36 m2 1.15E-08 1.16E-08 0.99 1.48E-13 1.46E-13 1.01
Room 1 -10m2 3.60E-08 3.65E-08 0.99 4.29E-13 4.26E-13 1.01
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3 VERIFICATION OF THE VENTILATION MODELING

To verify the ventilation modeling results of the RESRAD-BUILD code, seven cases
involving a building with nine rooms, different types of radiation sources in different rooms,
different air exchange rates between the rooms and with the outside environment, as well as
different vacuuming schedules and vacuuming efficiencies were developed. Both the RESRAD-
BUILD code and the verification spreadsheets were applied to calculate release rates of
radionuclides to the indoor air; concentrations of radionuclides remaining in the source, in the
air, and on the floor of each room over time; the average radionuclide concentrations and
integrated ingestion over the exposure duration; and the potential radiation doses and risks to
four receptors in different rooms of the building.

Each source considered in the verification cases was assumed to initially contain Co-60,
Cs-137, and Ra-226 with a concentration of 1 pCi/g in a volume source or 1 pCi/m? in an area
source. A cut-off half-life of 30 days was used to assemble the radiological decay chains.

ICRP 72 adult internal dose coefficients and ICRP 60 external dose coefficients were used to
calculate radiation doses, while FGR 13 morbidity slope factors were used to calculate
cancer risks.

Appendix B of the RESRAD-BUILD User’s Manual, Volume I (Yu et al. 2022)
describes the modeling of the fate of radionuclides implemented in Version 4.0. Equations B.10
and B.11 are solved to track the changes in the concentrations of source particles in the air and
on the floor of each room in the building as time progresses. After the concentration of source
particles in the air and on the floor are determined, they are multiplied by the initial
concentration of a parent nuclide in the source and an ingrowth and decay factor relating the
concentration of a progeny in the decay chain to the initial concentration of parent nuclide in the
source to obtain the concentration of that progeny in the air and on the floor over time. In the
verification spreadsheets, a numerical analysis method was implemented to solve Equations B.10
and B.11. The ingrowth and decay factors obtained from an execution of RESRAD-OFFSITE
were imported to the spreadsheets to calculate radionuclide concentrations in the air and on
the floor.

The numerical analysis method implemented in the spreadsheets involved calculating the
concentration of source particles in the air and on the floor at numerous time steps that began at
0 and increased steadily. To obtain more precise estimates of concentrations, a small increment
between successive time steps (2 hours) was selected to build the concentration profiles up to
1.5 years. The exposure duration and indoor time fraction for each receptor were set to
91.25 days (25% of a year) and 0.5, respectively.

The following sections discuss in more detail the calculations performed and the
comparison of the calculation results from RESRAD-BUILD and spreadsheets for each case.
3.1 CASEI-AVOLUME SOURCE IN ROOM 1 WITH NO SCHEDULED

VACUUMING

Case | considers a cylindrical volume source, with a circular area of 36 m? and a length of
15 cm, located in Room 1. No vacuuming to remove dust deposition on the floor was assumed.
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Potential radiation dose and cancer risk to four receptors, located in Rooms 1, 3, 6, and 9,
respectively, via the inhalation of airborne particulates, ingestion of source particles, and external
radiation emitted by airborne particulates were evaluated.

Table 3.1 shows the room dimensions, ventilation rates between rooms and the outside
environment, deposition velocity, and resuspension rate assumed for the case. Vacuuming to
reduce floor deposition periodically was not considered in the analysis. Table 3.2 lists the
properties assumed for the radiation source as well as its releases over time.

3.1.1 Calculation and Comparison of Release Rates and Source Concentrations

Table 3.3 shows the air release rate calculated by RESRAD-BUILD, obtained from the
intermediate output file “AirRelRatel.out,” and part of the estimated air release rates in the
spreadsheet. The air release rate calculated by RESRAD-BUILD in terms of the fraction of the
initial source per second was converted to mass of source materials per hour. The converted air
release rate matches those estimated in the spreadsheet.

Table 3.4 lists part of the ingrowth and decay factors obtained with an execution of
RESRAD-OFFSITE, which were used with the remaining mass of source materials to estimate
the remaining radioactivity in the source and the integrated radioactivity directly ingested over
the exposure duration by a receptor located in the same room as the source. Table 3.5 shows part
of calculations in the spreadsheet.

Table 3.6 compares the average radioactivity remaining in the source over the exposure
duration from RESRAD-BUILD and spreadsheets. Table 3.7 compares the integrated
radioactivity directly ingested over the exposure duration, based on full occupancy. The
results from RESRAD-BUILD were listed in the intermediate output file
“AirRelTimelntegratedConcSourcel.out.” The comparisons show the RESRAD-BUILD results
agree with the spreadsheet results.

3.1.2 Calculation and Comparison of Air and Floor Concentrations

Equations B.10 and B.11 in the User’s Manual of RESRAD-BUILD, Vol. 1 (Yu et al.
2022) describe the change in the fraction of source materials suspended in the air and deposited
on the floor, respectively, in each room of the building as a function of time. They were solved
numerically in the spreadsheets to obtain source particulate concentrations in each room.
Table 3.8 presents part of the calculations and results at different time steps in the spreadsheets.
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Table 3.1 Air Flows, Vacuuming, and Resuspension and Deposition of Particulates Assumed for Case |

Deposition Velocity 0.00039 (m/s) = 1.404 (m/hr)
Outdoors Room 1 Room 2 Room 3 Room 4 Room 5 Room 6 Room 7 Room 8 Room 9
Area (m2) 36 36 36 36 36 36 36 36 36
Volume (m3) 90 90 90 90 90 90 90 90 90
?f/SS‘;Spe”S'O” rate 5.00E-07 5.00E-07 5.00E-07 5.00E-07 5.00E-07 5.00E-07 5.00E-07 5.00E-07  5.00E-07
N .
(le/sh“)Spens'o” rate 1.80E-03 1.80E-03 1.80E-03 1.80E-03 1.80E-03 1.80E-03 1.80E-03 1.80E-03  1.80E-03
Air flow (m3/hr)
from
Outdoors 0 72 72 72 72 72 72 72 72 72
Room 1 72 0 72 72 72 72 72 72 72 72
Room 2 72 72 0 72 72 72 72 72 72 72
Room 3 72 72 72 0 72 72 72 72 72 72
Room 4 72 72 72 72 0 72 72 72 72 72
Room 5 72 72 72 72 72 0 72 72 72 72
Room 6 72 72 72 72 72 72 0 72 72 72
Room 7 72 72 72 72 72 72 72 0 72 72
Room 8 72 72 72 72 72 72 72 72 0 72
Room 9 72 72 72 72 72 72 72 72 72 0
Vacuum frequency (once in) 366 day(s) = 8784  hr(s)
Vacuum efficiency 0

Note: The yellow highlights indicate the values were specified, not calculated, in the spreadsheet. They reflected the inputs to the RESRAD-BUILD code.



Table 3.2 Source Releases Assumed for Case |

Location (Room No.) 1 Air Fraction 0.1 Area of source 36 m2

Region 1 Region 2  Region3 Region4 Region5

Contamination?

1-Yes, 2-No 1 2 2 2 2
thickness (cm) 15 0 0 0 0
density (g/cm3) 2.4 2.4 2.4 2.4 2.4
erosion rate (cm/d) 2.40E-03 2.40E-08 2.40E-08 2.40E-08 2.40E-08
Start time (d) 0.00E+00  6.25E+03 6.25E+03 6.25E+03 6.25E+03
Start time (hr) 0 150000 150000 150000 150000
End time (d) 6.25E+03  6.25E+03 6.25E+03 6.25E+03 6.25E+03
End time (hr) 1.50E+05 1.50E+05 1.50E+05 1.50E+05 1.50E+05
Release rate (g/hr) 86.4 0 0 0 0

Note: The yellow highlights indicate the values were specified, not calculated, in the spreadsheet.
They reflected the inputs to the RESRAD-BUILD code.

Table 3.3 Comparison of Calculated Air Release Rate from RESRAD-
BUILD and Spreadsheets for Case |

From "AirRelRatel.out"
Rate of release of source material to air
fraction of source per second per volume (m3) of the room of release

2.06E-12  from time 0.00E+00 to time 5.4E+08 seconds
8.64E+00 (g/hr) from  time 0.00E+00 to time 150000 hrs
Initial source mass 1.30E+07 g

Volume of source room 90 m3

Estimated Air
release rate

time (hr) (g/hr)
0 0
2 8.64
4 8.64
6 8.64
8 8.64
10 8.64
12 8.64
14 8.64
16 8.64
18 8.64
20 8.64
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Table 3.4 Radiological Ingrowth and Decay Factors Obtained from
RESRAD-OFFSITE

Year Hour Co-60 Cs-137  Ra-226  Pb-210  Po-210
0 0.00 1 1 1 0 0
0.000228 2.00 0.99997 0.999995 1 7.1E-06 1.48E-09
0.000457 4.00 0.99994 0.99999 1 1.42E-05 5.93E-09
0.000685 6.00 0.99991 0.999984 1 2.13E-05 1.33E-08
0.000913 8.00 0.99988 0.999979 1 2.84E-05 2.37E-08
0.001141 10.00 0.99985 0.999974 0.999999 3.55E-05 3.7E-08
0.00137 12.00 0.99982 0.999969 0.999999 4.26E-05 5.33E-08
0.001598 14.00 0.99979 0.999963 0.999999 4.97E-05 7.25E-08
0.001826 16.00 0.99976 0.999958 0.999999 5.68E-05 9.47E-08
0.002055 18.00 0.99973 0.999953 0.999999 6.39E-05 1.2E-07
0.002283 20.00  0.9997 0.999948 0.999999 7.1E-05 1.48E-07
0.002511 22.00 0.99967 0.999942 0.999999 7.8E-05 1.79E-07
0.002739 24.00 0.99964 0.999937 0.999999 8.51E-05 2.13E-07
0.002968 26.00 0.99961 0.999932 0.999999 09.22E-05 2.5E-07
0.003196 28.00 0.99958 0.999927 0.999998 9.93E-05 2.9E-07
0.003424 30.00 0.99955 0.999921 0.999998 0.000106 3.33E-07
0.003653 32.00 0.99952 0.999916 0.999998 0.000114 3.78E-07
0.003881 34.00 0.99949 0.999911 0.999998 0.000121 4.27E-07
0.004109 36.00 0.99946 0.999906 0.999998 0.000128 4.79E-07
0.004337 38.00 0.99943  0.9999 0.999998 0.000135 5.33E-07
0.004566 40.00  0.9994 0.999895 0.999998 0.000142 5.91E-07
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Table 3.5 Calculation of Remaining Mass and Radioactivity in the Source and Direct Ingestion Rate of Radioactivity for Case |

Initial mass of contamination

1.30E+07

g

Direct ingestion rate
Occupancy factor (summing all occupants in the source room)

0.01

g/hr

(reflect input value in the input file)

0.5

Remaining Based on an initial conc. of 1 pCi/g for the parent nuclide Direct ingestion rate of nuclide, base on full occupancy
mass of Remaining Remaining Remaining Remaining Remaining Remaining
contamination  fraction of activity of activity of activity of activity of activity of Co-60 Cs-137 Ra-226 Pb-210 Po-210
Time (hr) (g) contamination  Co-60 (pCi)  Cs-137 (pCi) Ra-226 (pCi) Pb-210 (pCi) Po-210 (pCi) (pCi/hr) (pCi/hr) (pCi/hr) (pCi/hr) (pCi/hr)
0 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
2 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 9.20E+01 1.92E-02 1.00E-02 1.00E-02 1.00E-02 7.10E-08 1.48E-11
4 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 1.84E+02 7.68E-02 1.00E-02 1.00E-02 1.00E-02 1.42E-07 5.93E-11
6 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 2.76E+02 1.73E-01 1.00E-02 1.00E-02 1.00E-02 2.13E-07 1.33E-10
8 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 3.68E+02 3.07E-01 1.00E-02 1.00E-02 1.00E-02 2.84E-07 2.37E-10
10 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 4.60E+02 4.80E-01 1.00E-02 1.00E-02 1.00E-02 3.55E-07 3.70E-10
12 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 5.52E+02 6.91E-01 1.00E-02 1.00E-02 1.00E-02 4.26E-07 5.33E-10
14 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 6.44E+02 9.40E-01 1.00E-02 1.00E-02 1.00E-02 4.97E-07 7.25E-10
16 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 7.36E+02 1.23E+00 1.00E-02 1.00E-02 1.00E-02 5.68E-07 9.47E-10
18 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 8.28E+02 1.55E+00 1.00E-02 1.00E-02 1.00E-02 6.39E-07 1.20E-09
20 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 9.19E+02 1.92E+00 1.00E-02 1.00E-02 1.00E-02 7.10E-07 1.48E-09
22 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 1.01E+03 2.32E+00 1.00E-02 1.00E-02 1.00E-02 7.80E-07 1.79E-09
24 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 1.10E+03 2.76E+00 1.00E-02 1.00E-02 1.00E-02 8.51E-07 2.13E-09
26 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 1.20E+03 3.24E+00 1.00E-02 1.00E-02 1.00E-02 9.22E-07 2.50E-09
28 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 1.29E+03 3.76E+00 1.00E-02 1.00E-02 1.00E-02 9.93E-07 2.90E-09
30 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 1.38E+03 4.31E+00 1.00E-02 1.00E-02 1.00E-02 1.06E-06 3.33E-09
32 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 1.47E+03 4.90E+00 1.00E-02 1.00E-02 1.00E-02 1.14E-06 3.78E-09
34 1.30E+07 1.00E+00 1.30E+07 1.30E+07 1.30E+07 1.56E+03 5.54E+00 9.99E-03 1.00E-02 1.00E-02 1.21E-06 4.27E-09
36 1.30E+07 1.00E+00 1.29E+07 1.30E+07 1.30E+07 1.65E+03 6.20E+00 9.99E-03 1.00E-02 1.00E-02 1.28E-06 4.79E-09
38 1.30E+07 1.00E+00 1.29E+07 1.30E+07 1.30E+07 1.75E+03 6.91E+00 9.99E-03 1.00E-02 1.00E-02 1.35E-06 5.33E-09
40 1.30E+07 1.00E+00 1.29E+07 1.30E+07 1.30E+07 1.84E+03 7.66E+00 9.99E-03 1.00E-02 1.00E-02 1.42E-06 5.91E-09
42 1.30E+07 1.00E+00 1.29E+07 1.30E+07 1.30E+07 1.93E+03 8.44E+00 9.99E-03 1.00E-02 1.00E-02 1.49E-06 6.52E-09
44 1.30E+07 1.00E+00 1.29E+07 1.30E+07 1.30E+07 2.02E+03 9.26E+00 9.99E-03 1.00E-02 1.00E-02 1.56E-06 7.15E-09
46 1.30E+07 1.00E+00 1.29E+07 1.30E+07 1.30E+07 2.11E+03 1.01E+01 9.99E-03 1.00E-02 1.00E-02 1.63E-06 7.81E-09
48 1.30E+07 1.00E+00 1.29E+07 1.30E+07 1.30E+07 2.21E+03 1.10E+01 9.99E-03 1.00E-02 1.00E-02 1.70E-06 8.51E-09
50 1.30E+07 1.00E+00 1.29E+07 1.30E+07 1.30E+07 2.30E+03 1.20E+01 9.99E-03 1.00E-02 1.00E-02 1.77E-06 9.23E-09
52 1.30E+07 1.00E+00 1.29+07 1.30E+07 1.30E+07 2.39E+03 1.29E+01 9.99E-03 1.00E-02 1.00E-02 1.84E-06 9.98E-09
54 1.30E+07 1.00E+00 1.29E+07 1.30E+07 1.30E+07 2.48E+03 1.39E+01 9.99E-03 1.00E-02 1.00E-02 1.92E-06 1.08E-08
56 1.30E+07 1.00E+00 1.29E+07 1.30E+07 1.30E+07 2.57E+03 1.50E+01 9.99E-03 1.00E-02 1.00E-02 1.99E-06 1.16E-08
58 1.30E+07 1.00E+00 1.29E+07 1.30E+07 1.30E+07 2.67E+03 1.61E+01 9.99E-03 1.00E-02 1.00E-02 2.06E-06 1.24E-08

+

+|

+

+

+

+

+

Note: The yellow highlight indicates the value was specified, not calculated, in the spreadsheet. It reflected the input to the RESRAD-BUILD code.



Table 3.6 Comparison of Time-Averaged Radioactivity Remaining in the Source over the Exposure
Duration for Case |

Time Averaged Activity (pCi) Difference (%)
Begin RESRAD-Spreadsheet
iSrc iTime  Time(yr) Parent Porgeny RESRAD-BUILD Spreadsheet RESRAD
1 1 0 RA-226 RA-226 1.29E+07 1.29E+07 0.00
1 1 0 RA-226 PB-210 4.97E+04 4.97E+04 0.06
1 1 0 RA-226 PO-210 6.77E+03 6.79E+03 0.18
1 2 0.25 RA-226 RA-226 1.27E+07 1.27E+07 0.00
1 2 0.25 RA-226 PB-210 1.47E+05 1.47E+05 0.01
1 2 0.25 RA-226 PO-210 4.15E+04 4,15E+04 0.05
1 3 0.5 RA-226 RA-226 1.25E+07 1.25E+07 0.00
1 3 0.5 RA-226 PB-210 2.40E+05 2.40E+05 0.00
1 3 0.5 RA-226 PO-210 9.78E+04 9.78E+04 0.03
1 4 0.75 RA-226 RA-226 1.23E+07 1.23E+07 0.00
1 4 0.75 RA-226 PB-210 3.30E+05 3.30E+05 0.00
1 4 0.75 RA-226 PO-210 1.66E+05 1.66E+05 0.02
1 5 1 RA-226 RA-226 1.21E+07 1.21E+07 0.01
1 5 1 RA-226 PB-210 4.16E+05 4,16E+05 0.00
1 5 1 RA-226 PO-210 2.41E+05 2.41E+05 0.01
1 6 1.25 RA-226 RA-226 1.19E+07 1.19E+07 0.01
1 6 1.25 RA-226 PB-210 4.98E+05 4.98E+05 0.01
1 6 1.25 RA-226 PO-210 3.18E+05 3.18E+05 0.01
1 7 1.5 RA-226 RA-226 1.17E+07 1.17E+07 0.01
1 7 1.5 RA-226 PB-210 5.77E+05 5.77E+05 0.01
1 7 1.5 RA-226 PO-210 3.95E+05 3.95E+05 0.01
1 1 0 CS-137 CS-137 1.28E+07 1.28E+07 0.00
1 2 0.25 CS-137 CS-137 1.26E+07 1.26E+07 0.00
1 3 0.5 CS-137 CS-137 1.23E+07 1.23E+07 0.00
1 4 0.75 Cs-137 CS-137 1.21E+07 1.21E+07 0.00
1 5 1 CS-137 CS-137 1.18E+07 1.18E+07 0.01
1 6 1.25 CS-137 CS-137 1.15E+07 1.15E+07 0.01
1 7 1.5 Cs-137 Cs-137 1.13E+07 1.13E+07 0.01
1 1 0 CO-60 CO-60 1.27E+07 1.27E+07 0.00
1 2 0.25 CO-60 CO-60 1.21E+07 1.21E+07 0.00
1 3 0.5 CO-60 CO-60 1.15E+07 1.15E+07 0.00
1 4 0.75 CO-60 CO-60 1.10E+07 1.10E+07 0.01
1 5 1 CO-60 CO-60 1.04E+07 1.04E+07 0.01
1 6 1.25 CO-60 CO-60 9.95E+06 9.95E+06 0.01
1 7 1.5 CO-60 CO-60 9.47E+06 9.47E+06 0.01

Note: The difference (%) listed in the last column was calculated by dividing the difference between the RESRAD-
BUILD result and the spreadsheet result with the RESRAD-BUILD result, and then multiplying the ratio by 100.
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Table 3.7 Comparison of Time-Integrated Radioactivity Directly Ingested over the Exposure

Duration for Case |

Time-integrated Ingestion (pCi)

Difference (%)

Begin RESRAD—Spreadsheet|
iSrc iTime  Time(yr) Parent Porgeny RESRAD-BUILD Spreadsheet RESRAD |
1 1 0 RA-226 RA-226 2.19E+01 2.19E+01 0.09
1 1 0 RA-226 PB-210 8.48E-02 8.49E-02 0.06
1 1 0 RA-226  PO-210 1.16E-02 1.16E-02 0.18
1 2 0.25 RA-226 RA-226 2.19E+01 2.19E+01 0.00
1 2 0.25 RA-226 PB-210 2.54E-01 2.54E-01 0.01
1 2 0.25 RA-226  PO-210 7.18E-02 7.19E-02 0.05
1 3 0.5 RA-226 RA-226 2.19E+01 2.19E+01 0.01
1 3 0.5 RA-226 PB-210 4.21E-01 4.21E-01 0.00
1 3 0.5 RA-226  P0O-210 1.72E-01 1.72E-01 0.03
1 4 0.75 RA-226 RA-226 2.19E+01 2.19E+01 0.01
1 4 0.75 RA-226 PB-210 5.87E-01 5.87E-01 0.01
1 4 0.75 RA-226  PO-210 2.96E-01 2.96E-01 0.01
1 5 1 RA-226 RA-226 2.19E+01 2.19E+01 0.01
1 5 1 RA-226 PB-210 7.52E-01 7.52E-01 0.01
1 5 1 RA-226  PO-210 4.36E-01 4.36E-01 0.01
1 6 1.25 RA-226 RA-226 2.19E+01 2.19E+01 0.01
1 6 1.25 RA-226 PB-210 9.16E-01 9.16E-01 0.01
1 6 1.25 RA-226  PO-210 5.84E-01 5.84E-01 0.00
1 7 1.5 RA-226 RA-226 2.19E+01 2.19E+01 0.01
1 7 1.5 RA-226 PB-210 1.08E+00 1.08E+00 0.01
1 7 1.5 RA-226  PO-210 7.38E-01 7.38E-01 0.00
1 1 0 CS-137 CS-137 2.18E+01 2.18E+01 0.09
1 2 0.25 CS-137 CS-137 2.17E+01 2.17E+01 0.00
1 3 0.5 CS-137 CS-137 2.16E+01 2.16E+01 0.00
1 4 0.75 CS-137 CS-137 2.15E+01 2.15E+01 0.00
1 5 1 CS-137 CS-137 2.13E+01 2.13E+01 0.00
1 6 1.25 CS-137 CS-137 2.12E+01 2.12E+01 0.00
1 7 1.5 CS-137 CS-137 2.11E+01 2.11E+01 0.00
1 1 0 CO-60 CO-60 2.15E+01 2.15E+01 0.09
1 2 0.25 CO-60 CO-60 2.08E+01 2.08E+01 0.00
1 3 0.5 CO-60 CO-60 2.02E+01 2.02E+01 0.00
1 4 0.75 CO-60 CO-60 1.95E+01 1.95E+01 0.00
1 5 1 CO-60 CO-60 1.89E+01 1.89E+01 0.00
1 6 1.25 CO-60 CO-60 1.83E+01 1.83E+01 0.00
1 7 1.5 CO-60 CO-60 1.77E+01 1.77E+01 0.01

Note: The difference (%) listed in the last column was calculated by dividing the difference between the RESRAD-

BUILD result and the spreadsheet result with the RESRAD-BUILD result, and then multiplying the ratio by 100.
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Table 3.8 Calculations of Source Particulate Concentrations in the Air and on the Floor of Each Room for Case |

time (hr)

time interval 2 hr
Room 1 Room 2 Room 3 Room 4 Room 5 Room 6 Room 7 Room 8 Room 9
Source_Rm (1-Yes, 0-No) 1 0 0 0 0 0 0 0 0
Vacuum
Removal Floor Floor Floor Floor
Air release  (1-Yes, 0- Airconc. Floor conc. Air conc.  Floor conc. Air conc.  Floor conc. Air conc.  Floor conc. Air conc. Floor conc.  Air conc. conc. Air conc. conc. Air conc. conc. Air conc. conc.
rate (g/hr)  No) (g/m3)  (g/m2)  (g/m3)  (g/m2)  (g/m3)  (g/m2)  (g/m3)  (g/m2)  (g/m3) (g/m2) (g/m3)  (g/m2)  (g/m3) (g/m2) (g/m3) (g/m2) (g/m3) (g/m2)

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
8.64 0 0.01162 0.016256 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
8.64 0 0.0123247 0.0496955 0.0011252 0.0015741 0.0011252 0.0015741 0.0011252 0.0015741 0.001125 0.001574125 0.001125 0.001574 0.001125 0.001574 0.001125 0.001574 0.001125 0.001574
8.64 0 0.0132419 0.085284 0.0020244 0.0059746 0.0020244 0.0059746 0.0020244 0.0059746 0.002024 0.005974646 0.002024 0.005975 0.002024 0.005975 0.002024 0.005975 0.002024 0.005975
8.64 0 0.0139971 0.1230845 0.0027775 0.0126709 0.0027775 0.0126709 0.0027775 0.0126709 0.002777 0.012670877 0.002777 0.012671 0.002777 0.012671 0.002777 0.012671 0.002777 0.012671
8.64 0 0.0146295 0.1626905 0.0034073 0.0212777 0.0034073 0.0212777 0.0034073 0.0212777 0.003407 0.021277701 0.003407 0.021278 0.003407 0.021278 0.003407 0.021278 0.003407 0.021278
8.64 0 0.0151591 0.2037802 0.0039343 0.0314719 0.0039343 0.0314719 0.0039343 0.0314719 0.003934 0.031471923 0.003934 0.031472 0.003934 0.031472 0.003934 0.031472 0.003934 0.031472
8.64 . 0.004: . . 2984
8.64 " Floor Concentration (g/m2) 0.008] Air Concentration (g/m3) Feco
8.64 18 0.005¢ 0.03 7101
8.64 foom1 ] 0.005: 3363
8.64 16 Room2 | 0.005¢ 0.025 SZZ:; 3244
8.64 14 Room 3 0.00¢ Room 3 3637
8.64 12 Room 4 0.005¢ 002 Room4 | 2945
8.64 10 Room 5 0.006( Room 5 3609
8.64 Room& | 9007 "' foom® 1 5505

8 Room 7 ] Room 7
8.64 poom | o000 Rooms | 1872
8.64 6 0.006: Room9 | 3577
Room 9
8.64 4 0.006: 0.005 2584
8.64 2 0.006¢ 2971
8.64 o 0.006¢ 0 1693
8.64 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 0.00¢ 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 1224
8.64 Time (hr) 0.006: Time (hr) 1572
8.64 0 0.0178611 0.9809285 0.0065932 0.2989613 0.0065932 0.2989613 0.0065932 0.2989613 0.006593 0.298961272 0.006593 0.298961 0.006593 0.298961 0.006593 0.298961 0.006593 0.298961
8.64 0 0.0178941 1.02743 0.0066238 0.316379 0.0066238 0.316379 0.0066238 0.316379 0.006624 0.316379003 0.006624 0.316379 0.006624 0.316379 0.006624 0.316379 0.006624 0.316379
8.64 0 0.0179238 1.0738524 0.006651 0.3338151 0.006651 0.3338151 0.006651 0.3338151 0.006651 0.333815071 0.006651 0.333815 0.006651 0.333815 0.006651 0.333815 0.006651 0.333815
8.64 0 0.0179507 1.1201874 0.0066755 0.351261 0.0066755 0.351261 0.0066755 0.351261 0.006676 0.351261003 0.006676 0.351261 0.006676 0.351261 0.006676 0.351261 0.006676 0.351261

Note: The yellow highlight indicates the value was specified, not calculated, in the spreadsheet. It was chosen to generate results for comparison.



During the analysis of Case I, the RESRAD-BUILD code generated an intermediate
output file “AirRelConcSourcel.out” that listed the concentrations in the air and on the floor of
each room at various time points. The concentrations were expressed as the fraction of the initial
source per m® of air and the fraction of the initial source per m? on the floor. They were
multiplied by the total mass of source (materials) to convert the concentration to mass of source
(particulate) per unit volume in the air (g/m?) and mass of source (particulate) per unit area on
the floor (g/m?) for comparison with spreadsheet calculations.

Figure 3.1 compares the air concentrations of source particles (g/m®) in Room 1, where
the volume source was assumed to be located. Figure 3.2 compares the floor deposition
concentrations of source particles (g/m?) in the same room. Figures 3.3 and 3.4 compare the air
concentrations and floor deposition concentrations, respectively, in Room 2. In the figures, the
blue solid curve displays the results from the spreadsheets while the red dashed curve displays
the results from RESRAD-BUILD. The comparisons of concentrations in the air and on the floor
for Rooms 3-9 were like those for Room 2. As shown in the figures, the concentration results
from RESRAD-BUILD and from the spreadsheets are in good agreement.

Table 3.9 compares calculated average concentrations of radionuclides in the air and on
the floor over the exposure duration in Room 1. Table 3.10 compares the same calculated results
in Room 3. The comparisons show good agreement between the calculated results from
RESRAD-BUILD and the spreadsheets. All but six results differ by less than 1%. The six
exceptions are the calculated concentrations of Ra-226, Cs-137, and Co-60 at time 0 in Room 3;
for them, the difference is more than 1% but less than 1.5%. The same calculated results in the
other rooms from RESRAD-BUILD and the spreadsheets also show good agreement.

3.1.3 Calculation and Comparison of Radiation Doses and Cancer Risks

Table 3.11 lists the dose coefficients and slope factors used to calculate radiation doses
and cancer risks incurred by the four receptors considered in the seven verification cases.

Table 3.12 compares the radiation doses at t = 0 and 0.75 year and the cancer risks at
t = 1 year that RESRAD-BUILD and the spreadsheets estimated to Receptor 1. Receptor 1 was
assumed to spend 100% of the time in Room 1, same as the source, while he was in the building.
He was also assumed to inhale 18 m? of air per day, would not ingest dust particles deposited on
floor, but would ingest 0.01 g of source particles per hour. The comparison shows the RESRAD-
BUILD results agree well with the spreadsheet results, with a difference of less than 1 %.

Table 3.13 compares the radiation doses at t = 0 and 1.5 years and the cancer risks at
t = 1 year that RESRAD-BUILD and the spreadsheets estimated to Receptor 3 in Room 6.
Receptor 3 would spend 30% of the time in Room 6 while he was in the building. He was
assumed to inhale 25 m?® of air per day, would ingest dust particles deposited on floor, 0.0002 m?
per hour, and would ingest 0.01 g of source particles per hour. The comparison shows the
RESRAD-BUILD results agree well with the spreadsheet results, with a difference of less
than 1.5%.

The radiation doses and cancer risks calculated by RESRAD-BUILD and the
spreadsheets at other times or to other receptors all agree well with each other.

152



Comparison of Particulate Air Concentrations (g/m3) for Room 1
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Figure 3.1 Comparison of Calculated Source Particulate Concentrations in the Air of Room 1
for Case |

Comparison of Particulate Floor Concentrations (g/m2) for Room 1
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Figure 3.2 Comparison of Calculated Source Particulate Concentrations on the Floor of
Room 1 for Case |
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Comparison of Particulate Air Concentrations (g/m3) for Room 2
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Figure 3.3 Comparison of Calculated Source Particulate Concentrations in the Air of Room 2 for
Case |

Comparison of Particulate Floor Concentrations (g/m2) for Room 2
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Figure 3.4 Comparison of Calculated Source Particulate Concentrations on the Floor of Room 2
for Case |
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Table 3.9 Comparison of Calculated Average Concentrations of Radionuclide in the Air and on the
Floor of Room 1 for Case |

Concentration [(pCi/m?) or (pCi/m?)] Difference (%)
Begin RESRAD —Spreadsheet
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
1 0 RA-226  RA-226 Air 2.17E-02 2.15E-02 0.50
1 0 RA-226  RA-226 Floor 1.25E+01 1.24E+01 0.69
1 0 RA-226 = PB-210 Air 8.72E-05 8.71E-05 0.17
1 0 RA-226 = PB-210 Floor 5.82E-02 5.80E-02 0.37
1 0 RA-226  PO-210 Air 1.21E-05 1.21E-05 0.01
1 0 RA-226  PO-210 Floor 8.41E-03 8.39E-03 0.18
1 0.25 RA-226  RA-226 Air 2.38E-02 2.38E-02 0.06
1 0.25 RA-226  RA-226 Floor 1.83E+01 1.82E+01 0.11
1 0.25 RA-226 PB-210 Air 2.76E-04 2.76E-04 0.04
1 0.25 RA-226 PB-210 Floor 2.12E-01 2.12E-01 0.08
1 0.25 RA-226  PO-210 Air 7.81E-05 7.82E-05 0.01
1 0.25 RA-226 = PO-210 Floor 6.02E-02 6.02E-02 0.03
1 0.5 RA-226  RA-226 Air 2.40E-02 2.40E-02 0.01
1 0.5 RA-226  RA-226 Floor 1.87E+01 1.87E+01 0.02
1 0.5 RA-226 PB-210 Air 4.61E-04 4.61E-04 0.01
1 0.5 RA-226 PB-210 Floor 3.59E-01 3.59E-01 0.02
1 0.5 RA-226  PO-210 Air 1.88E-04 1.88E-04 0.02
1 0.5 RA-226  PO-210 Floor 1.46E-01 1.46E-01 0.01
1 0.75 RA-226  RA-226 Air 2.40E-02 2.40E-02 0.01
1 0.75 RA-226  RA-226 Floor 1.87E+01 1.87E+01 0.01
1 0.75 RA-226 = PB-210 Air 6.44E-04 6.44E-04 0.01
1 0.75 RA-226 = PB-210 Floor 5.02E-01 5.02E-01 0.01
1 0.75 RA-226  PO-210 Air 3.24E-04 3.24E-04 0.01
1 0.75 RA-226  PO-210 Floor 2.53E-01 2.53E-01 0.01
1 1 RA-226  RA-226 Air 2.40E-02 2.40E-02 0.01
1 1 RA-226  RA-226 Floor 1.87E+01 1.87E+01 0.01
1 1 RA-226 PB-210 Air 8.24E-04 8.24E-04 0.01
1 1 RA-226 PB-210 Floor 6.43E-01 6.43E-01 0.01
1 1 RA-226  PO-210 Air 4.77E-04 4.77E-04 0.01
1 1 RA-226  PO-210 Floor 3.72E-01 3.72E-01 0.01
1 1.25 RA-226  RA-226 Air 2.40E-02 2.40E-02 0.01
1 1.25 RA-226  RA-226 Floor 1.87E+01 1.87E+01 0.01
1 1.25 RA-226 = PB-210 Air 1.00E-03 1.00E-03 0.01
1 1.25 RA-226 PB-210 Floor 7.83E-01 7.83E-01 0.01
1 1.25 RA-226  PO-210 Air 6.40E-04 6.40E-04 0.00
1 1.25 RA-226  PO-210 Floor 4.99E-01 4.99E-01 0.00
1 1.5 RA-226  RA-226 Air 2.40E-02 2.40E-02 0.01
1 1.5 RA-226  RA-226 Floor 1.87E+01 1.87E+01 0.01
1 1.5 RA-226 = PB-210 Air 1.18E-03 1.18E-03 0.01
1 1.5 RA-226 = PB-210 Floor 9.22E-01 9.22E-01 0.01
1 1.5 RA-226  PO-210 Air 8.09E-04 8.09E-04 0.00
1 1.5 RA-226  PO-210 Floor 6.31E-01 6.31E-01 0.00
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Table 3.9 (Continued)

Concentration [(pCi/m3) or (pCi/mZ)] Difference (%)

Begin RESRAD —Spreadsheet
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
1 0 CS-137 CS-137 Air 2.16E-02 2.15E-02 0.50
1 0 CS-137  CS-137 Floor 1.24E+01 1.23E+01 0.69
1 0.25 CS-137 CS-137 Air 2.36E-02 2.36E-02 0.05
1 0.25 CS-137 CS-137 Floor 1.81E+01 1.81E+01 0.10
1 0.5 CS-137  CS-137 Air 2.36E-02 2.36E-02 0.01
1 0.5 CS-137 CS-137 Floor 1.84E+01 1.84E+01 0.01
1 0.75 CS-137 CS-137 Air 2.35E-02 2.35E-02 0.00
1 0.75 CS-137  CS-137 Floor 1.83E+01 1.83E+01 0.00
1 1 CS-137 CS-137 Air 2.34E-02 2.34E-02 0.00
1 1 CS-137 CS-137 Floor 1.82E+01 1.82E+01 0.00
1 1.25 CS-137 CS-137 Air 2.32E-02 2.32E-02 0.00
1 1.25 CS-137 CS-137 Floor 1.81E+01 1.81E+01 0.00
1 1.5 CS-137  CS-137 Air 2.31E-02 2.31E-02 0.00
1 1.5 CS-137 CS-137 Floor 1.80E+01 1.80E+01 0.00
1 0 CO-60 CO-60 Air 2.13E-02 2.12E-02 0.50
1 0 CO-60 CO-60 Floor 1.22E+01 1.21E+01 0.69
1 0.25 CO-60 CO-60 Air 2.26E-02 2.26E-02 0.05
1 0.25 CO-60 CO-60 Floor 1.74E+01 1.74E+01 0.10
1 0.5 CO-60 CO-60 Air 2.21E-02 2.21E-02 0.01
1 0.5 C0O-60 CO-60 Floor 1.72E+01 1.72E+01 0.01
1 0.75 CO-60 CO-60 Air 2.14E-02 2.14E-02 0.00
1 0.75 CO-60 CO-60 Floor 1.67E+01 1.67E+01 0.00
1 1 CO-60 CO-60 Air 2.07E-02 2.07E-02 0.00
1 1 CO-60 CO-60 Floor 1.61E+01 1.61E+01 0.00
1 1.25 CO-60 CO-60 Air 2.00E-02 2.00E-02 0.00
1 1.25 CO-60 CO-60 Floor 1.56E+01 1.56E+01 0.00
1 1.5 CO-60 CO-60 Air 1.94E-02 1.94E-02 0.01
1 1.5 CO-60 CO-60 Floor 1.51E+01 1.51E+01 0.01

Note: The difference (%) listed in the last column was calculated by dividing the difference between the RESRAD-
BUILD result and the spreadsheet result with the RESRAD-BUILD result, and then multiplying the ratio by 100.
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Table 3.10 Comparison of Calculated Average Concentrations of Radionuclide in the Air and on
the Floor of Room 3 for Case |

Concentration [(pCi/m3) or (pCi/mZ)]

Difference (%)

Begin RESRAD —Spreadsheet
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
3 0 RA-226  RA-226 Air 9.87E-03 9.77E-03 1.05
3 0 RA-226  RA-226 Floor 5.58E+00 5.51E+00 1.35
3 0 RA-226 = PB-210 Air 4.12E-05 4.10E-05 0.41
3 0 RA-226  PB-210 Floor 2.66E-02 2.64E-02 0.81
3 0 RA-226  PO-210 Air 5.76E-06 5.75E-06 0.21
3 0 RA-226  PO-210 Floor 3.89E-03 3.87E-03 0.54
3 0.25 RA-226  RA-226 Air 1.18E-02 1.18E-02 0.11
3 0.25 RA-226  RA-226 Floor 8.97E+00 8.95E+00 0.20
3 0.25 RA-226  PB-210 Air 1.37E-04 1.37E-04 0.08
3 0.25 RA-226  PB-210 Floor 1.04E-01 1.04E-01 0.17
3 0.25 RA-226  PO-210 Air 3.88E-05 3.88E-05 0.03
3 0.25 RA-226  PO-210 Floor 2.97E-02 2.96E-02 0.11
3 0.5 RA-226  RA-226 Air 1.20E-02 1.20E-02 0.02
3 0.5 RA-226  RA-226 Floor 9.32E+00 9.31E+00 0.04
3 0.5 RA-226  PB-210 Air 2.30E-04 2.30E-04 0.02
3 0.5 RA-226  PB-210 Floor 1.79E-01 1.79E-01 0.03
3 0.5 RA-226  PO-210 Air 9.39E-05 9.39E-05 0.01
3 0.5 RA-226  PO-210 Floor 7.31E-02 7.31E-02 0.00
3 0.75 RA-226  RA-226 Air 1.20E-02 1.20E-02 0.01
3 0.75 RA-226  RA-226 Floor 9.35E+00 9.35E+00 0.01
3 0.75 RA-226  PB-210 Air 3.22E-04 3.22E-04 0.01
3 0.75 RA-226 = PB-210 Floor 2.51E-01 2.51E-01 0.01
3 0.75 RA-226  PO-210 Air 1.62E-04 1.62E-04 0.01
3 0.75 RA-226  PO-210 Floor 1.26E-01 1.27E-01 0.01
3 1 RA-226  RA-226 Air 1.20E-02 1.20E-02 0.01
3 1 RA-226  RA-226 Floor 9.36E+00 9.35E+00 0.01
3 1 RA-226  PB-210 Air 4.12E-04 4.12E-04 0.01
3 1 RA-226  PB-210 Floor 3.22E-01 3.21E-01 0.01
3 1 RA-226  PO-210 Air 2.39E-04 2.39E-04 0.01
3 1 RA-226  PO-210 Floor 1.86E-01 1.86E-01 0.01
3 1.25 RA-226  RA-226 Air 1.20E-02 1.20E-02 0.01
3 1.25 RA-226  RA-226 Floor 9.35E+00 9.35E+00 0.01
3 1.25 RA-226  PB-210 Air 5.02E-04 5.02E-04 0.01
3 1.25 RA-226  PB-210 Floor 3.91E-01 3.91E-01 0.01
3 1.25 RA-226  PO-210 Air 3.20E-04 3.20E-04 0.00
3 1.25 RA-226  PO-210 Floor 2.50E-01 2.50E-01 0.00
3 1.5 RA-226  RA-226 Air 1.20E-02 1.20E-02 0.01
3 1.5 RA-226 = RA-226 Floor 9.35E+00 9.35E+00 0.01
3 1.5 RA-226 = PB-210 Air 5.91E-04 5.91E-04 0.01
3 1.5 RA-226 = PB-210 Floor 4.61E-01 4.61E-01 0.01
3 1.5 RA-226  PO-210 Air 4.04E-04 4.04E-04 0.00
3 1.5 RA-226  PO-210 Floor 3.15E-01 3.15E-01 0.00
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Table 3.10 (Continued)

Concentration [(pCi/m3) or (pCi/mZ)] Difference (%)

BEgin RESRAD —Spreadsheet
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
3 0 CS-137  CS-137 Air 9.84E-03 9.74E-03 1.05
3 0 CS-137  CS-137 Floor 5.56E+00 5.49E+00 1.35
3 0.25 CS-137  CS-137 Air 1.17E-02 1.17E-02 0.10
3 0.25 CS-137  CS-137 Floor 8.89E+00 8.87E+00 0.20
3 0.5 CS-137  CS-137 Air 1.18E-02 1.18E-02 0.01
3 0.5 CS-137  CS-137 Floor 9.19E+00 9.18E+00 0.03
3 0.75 CS-137  CS-137 Air 1.18E-02 1.18E-02 0.00
3 0.75 CS-137  CS-137 Floor 9.17E+00 9.17E+00 0.00
3 1 CS-137  CS-137 Air 1.17E-02 1.17E-02 0.00
3 1 CS-137  CS-137 Floor 9.12E+00 9.12E+00 0.00
3 1.25 CS-137  CS-137 Air 1.16E-02 1.16E-02 0.00
3 1.25 CS-137  CS-137 Floor 9.07E+00 9.07E+00 0.00
3 1.5 CS-137  CS-137 Air 1.16E-02 1.16E-02 0.00
3 1.5 CS-137  CS-137 Floor 9.02E+00 9.02E+00 0.00
3 0 CO-60 CO-60 Air 9.70E-03 9.60E-03 1.06
3 0 CO-60 CO-60 Floor 5.47E+00 5.40E+00 1.36
3 0.25 CO-60 CO-60 Air 1.12E-02 1.12E-02 0.10
3 0.25 CO-60 CO-60 Floor 8.53E+00 8.52E+00 0.20
3 0.5 CO-60 CO-60 Air 1.10E-02 1.10E-02 0.01
3 0.5 CO-60 CO-60 Floor 8.59E+00 8.58E+00 0.03
3 0.75 CO-60 CO-60 Air 1.07E-02 1.07E-02 0.00
3 0.75 CO-60 CO-60 Floor 8.34E+00 8.34E+00 0.00
3 1 CO-60 CO-60 Air 1.03E-02 1.04E-02 0.00
3 1 CO-60 CO-60 Floor 8.07E+00 8.07E+00 0.00
3 1.25 CO-60 CO-60 Air 1.00E-02 1.00E-02 0.00
3 1.25 CO-60 CO-60 Floor 7.81E+00 7.81E+00 0.00
3 1.5 CO-60 CO-60 Air 9.69E-03 9.69E-03 0.01
3 1.5 CO-60 CO-60 Floor 7.56E+00 7.56E+00 0.01

Note: The difference (%) listed in the last column was calculated by dividing the difference between the RESRAD-
BUILD result and the spreadsheet result with the RESRAD-BUILD result, and then multiplying the ratio by 100.
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Table 3.11 Dose Conversion Factors and Slope Factors Used for Radiation Dose and

Cancer Risk Estimates

Dose conversion factors - ICRP-72 Adults

Slope factors - FGR13 Morbidity

Air Air
submersion submersion
Ingestion  Inhalation (mrem/yr)/  |ngestion  Inhalation (1/yr)/
Radionuclide (mrem/pCi) (mrem/pCi)  (pCi/m>) (1/pCi) (1/pCi) (pCi/m°)
Ra-226 1.04E-03 3.53E-02 9.77E-03 5.15E-10 2.83E-08 7.87E-09
Pb-210 2.56E-03 2.11E-02 3.53E-05 1.19E-09 1.63E-08 9.04E-12
Po-210 4.44E-03 1.59E-02 4.54E-08 2.25E-09 1.45E-08 3.66E-14
Cs-137 4.81E-05 1.44E-04 2.98E-03 3.74E-11 1.12E-10 2.39E-09
Co-60 1.26E-05 1.15E-04 1.39E-02 2.23E-11 1.01E-10 1.12E-08
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Table 3.12 Comparison of Radiation Doses and Cancer Risks to Receptor 1 of Case |

Receptor 1

location room

time fraction in room

breathing rate
ingestion rate

direct ingestion rate
In the same room as source?

Radiation Dose (mrem/yr) at time =

1
1
18 m3/d
0 m2/hr
1.00E-02 g/hr
0.00 yr

(Reflect value in the input file)
(Reflect value in the input file)
(Reflect value in the input file)
(Reflect value in the input file)

1 (1-Yes, 0-No) (reflect selection in the input file)

Direct Ingestion (mrem/yr) Ingestion (deposition) Inhalation Air submersion
Difference (%)  |ngestion Ingestion  Difference (%) RRB- Difference (%)  RRB-Air Air Difference (%)
. . RESRAD—Spreadsheet| . . RESRAD—Spreadsheet] . ) RESRAD—Spreadsheet] ; . RESRAD—Spreadsheet|
Nuclide  RESRAD-BUILD  Estimate W| (deposition) (deposition) | RESRAD | Inhalation Inhalation W| submersion submersion W‘
Ra-226 1.14E-02 1.13E-02 0.49 0.00E+00 0.00E+00 - 6.27E-01 6.24E-01 0.48 2.65E-05 2.63E-05 0.70
Pb-210 1.08E-04 1.09E-04 0.49 0.00E+00 0.00E+00 - 1.51E-03 1.51E-03 0.25 3.86E-10 3.85E-10 0.34
Po-210 2.57E-05 2.57E-05 0.15 0.00E+00 0.00E+00 - 1.58E-04 1.58E-04 0.21 6.86E-14 6.85E-14 0.18
Cs-137 5.25E-04 5.25E-04 0.06 0.00E+00 0.00E+00 - 2.56E-03 2.55E-03 0.54 8.05E-06 8.01E-06 0.54
Co-60 1.36E-04 1.35E-04 0.45 0.00E+00 0.00E+00 - 2.01E-03 2.00E-03 0.72 3.70E-05 3.68E-05 0.59
Total 1.22E-02 1.21E-02 0.46 0.00E+00 0.00E+00 - 6.33E-01 6.30E-01 0.48 7.16E-05 7.11E-05 0.62
Radiation Dose (mrem/yr) at time = 0.75 yr
Direct Ingestion (mrem/yr) Ingestion (deposition) Inhalation Air submersion
Difference (%) Difference (%) Difference (%) Difference (%)
RESRAD -Spreadsheet| RESRAD_ RESRAD-Spreadsheet| RESRAD_ RESRAD -Spreadsheet| RESRAD_ RESRAD-Spreadsheet|
Nuclide RESRAD-BUILD  Estimate RESRAD ‘ BUILD Estimate RESRAD ‘ BUILD Estimate T | BUILD Estimate RESRAD ‘
Ra-226 1.14E-02 1.13E-02 0.44 0.00E+00 0.00E+00 - 6.95E-01 6.95E-01 0.06 2.93E-05 2.93E-05 0.03
Pb-210 7.51E-04 7.51E-04 0.03 0.00E+00 0.00E+00 - 1.11E-02 1.11E-02 0.28 2.85E-09 2.84E-09 0.24
Po-210 6.57E-04 6.57E-04 0.06 0.00E+00 0.00E+00 - 4,24E-03 4.24E-03 0.01 1.84E-12 1.84E-12 0.08
Cs-137 5.16E-04 5.16E-04 0.03 0.00E+00 0.00E+00 - 2.79E-03 2.79E-03 0.11 8.77E-06 8.76E-06 0.08
Co-60 1.23E-04 1.23E-04 0.17 0.00E+00 0.00E+00 - 2.01E-03 2.01E-03 0.25 3.72E-05 3.71E-05 0.16
Total 1.34E-02 1.34E-02 0.37 0.00E+00 0.00E+00 - 7.15E-01 7.15E-01 0.05 7.53E-05 7.52E-05 0.10
Cancer Risk at time = 1yr
Direct Ingestion (mrem/yr) Ingestion (deposition) Inhalation Air submersion
RESRAD- Difference (%) RESRAD- Difference (%) RESRAD- Difference (%) RESRAD- Difference (%)
. [RESRAD -Spreadsheet] . RESRAD -Spreadsheet . RESRAD-S$preadsheet . RESRAD-Spreadsheer|
Nuclide BUILD Estimate el BUILD  Estimate el BUILD | Estimate o] BUILD  Estimate e
Ra-226 5.63E-09 5.63E-09 0.05 0.00E+00 0.00E+00 - 5.57E-07 5.57E-07 0.02 2.36E-11 2.36E-11 0.08
Pb-210 4,49E-10 4,49E-10 0.07 0.00E+00 0.00E+00 - 1.10E-08 1.10E-08 0.01 9.32E-16 9.31E-16 0.09
Po-210 4.90E-10 4,90E-10 0.01 0.00E+00 0.00E+00 - 5.68E-09 5.68E-09 0.08 2,18E-18 2,18E-18 0.04
Cs-137 3.99E-10 3.99E-10 0.01 0.00E+00 0.00E+00 - 2.15E-09 2.15E-09 0.04 6.99E-12 6.98E-12 0.18
Co-60 2.11E-10 2.11E-10 0.18 0.00E+00 0.00E+00 - 1.72E-09 1.72E-09 0.17 2.91E-11 2.91E-11 0.05
Total 7.18E-09 7.18E-09 0.03 0.00E+00 0.00E+00 - 5.78E-07 5.77E-07 0.02 5.97E-11 5.96E-11 0.08

Note: The yellow highlights indicate the values were specified, not calculated, in the spreadsheet. They reflected the inputs to the RESRAD-BUILD code.
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Table 3.13 Comparison of Radiation Doses and Cancer Risks to Receptor 3 of Case |

Receptor 3  location room 6 (Reflect value in the input file)
time fraction in room 0.3 (Reflect value in the input file)
breathing rate 25 m3/d (Reflect value in the input file)
ingestion rate 0.0002 m2/hr (Reflect value in the input file)
direct ingestion rate 1.00E-02 g/hr
In the same room as source? 0 (1-Yes, 0-No) (reflect selection in the input file)
Radiation Dose (mrem/yr) at time = 0.00E+00 yr
Direct Ingestion (mrem/yr) Ingestion (deposition) Inhalation Air submersion
Deree ) peswo. oifeeree 0 sesnao- oifence 00 resnao- piferenee )
Nuclide RESRAD-BUILD  Estimate RESRAD BUILD Estimate RESRAD BUILD Estimate RESRAD BUILD Estimate RESRAD
Ra-226 0.00E+00 0.00E+00 - 3.80E-04 3.75E-04 1.26 1.19€-01 1.18E-01 0.94 3.62E-06 3.58E-06 1.13
Pb-210 0.00E+00 0.00E+00 - 4.48E-06 4.44E-06 0.85 2.97E-04 2.95E-04 0.54 5.46E-11 5.43E-11 0.51
Po-210 0.00E+00 0.00E+00 - 1.14E-06 1.13E-06 0.94 3.14E-05 3.13E-05 0.30 9.82E-15 9.79E-15 0.30
Cs-137 0.00E+00 0.00E+00 - 1.76E-05 1.73E-05 1.46 4.86E-04 4.81E-04 1.04 1.10E-06 1.09E-06 1.02
Co-60 0.00E+00 0.00E+00 - 4.52E-06 4.46E-06 1.31 3.81E-04 3.77E-04 1.12 5.06E-06 5.00E-06 1.19
Total 0.00E+00 0.00E+00 - 4.08E-04 4.03E-04 1.26 1.20E-01 1.19E-01 0.94 9.78E-06 9.67E-06 1.15
Radiation Dose (mrem/yr) at time = 1.50 yr
Direct Ingestion (mrem/yr) Ingestion (deposition) Inhalation Air submersion
Difference (%) RESRAD- Difference (%) RESRAD- Difference (%) RESRAD- Difference (%)
RESRAD -Spreadsheet| RESRAD —Spreadsheet| RESRAD -Spreadsheet| RESRAD -Spreadsheet|
Nuclide RESRAD-BUILD  Estimate RESRAD ‘ BUILD Estimate RESRAD ‘ BUILD Estimate RESRAD ‘ BUILD Estimate RESRAD ‘
Ra-226 0.00E+Q0 0.00E+00 - 6.37E-04 6.37E-04 0.03 1.45E-01 1.45E-01 0.23 4.40E-06 4.39E-06 0.17
Pb-210 0.00E+00 0.00E+00 - 7.74E-05 7.74E-05 0.04 4.26E-03 4.26E-03 0.07 7.84E-10 7.83E-10 0.15
Po-210 0.00E+00 0.00E+00 - 9.20E-05 9.20E-05 0.00 2.20E-03 2.20E-03 0.06 6.89E-13 6.88E-13 0.09
Cs-137 0.00E+00 0.00E+00 - 2.85E-05 2.85E-05 0.04 5.71E-04 5.71E-04 0.05 1.29E-06 1.29E-06 0.16
Co-60 0.00E+0Q0 0.00E+00 - 6.25E-06 6.25E-06 0.03 3.80E-04 3.80E-04 0.10 5.05E-06 5.05E-06 0.03
Total 0.00E+00 0.00E+00 - 8.41E-04 8.41E-04 0.02 1.52E-01 1.52E-01 0.22 1.07E-05 1.07E-05 0.07
Cancer Risk at time = 1yr
Direct Ingestion (mrem/yr) Ingestion (deposition) Inhalation Air submersion
piference (41 pesnan Diference 09 neswao- Diference (41 pesna- Diference 0
Nuclide BUILD Estimate RESRAD ‘ BUILD Estimate RESEAD | BUILD Estimate RESRAD ‘ BUILD Estimate RESRAD ‘
Ra-226 0.00E+00 0.00E+00 - 3.16E-10 3.16E-10 0.10 1.16E-07 1.16E-07 0.01 3.54E-12 3.54E-12 0.08
Pb-210 0.00E+00 0.00E+00 - 2.52E-11 2.52E-11 0.01 2.29E-09 2.29E-09 0.08 1.40E-16 1.40E-16 0.23
Po-210 0.00E+00 0.00E+00 - 2.75E-11 2.75E-11 0.07 1.18E-09 1.18E-09 0.36 3.27E-19 3.27E-19 0.04
Cs-137 0.00E+00 0.00E+00 - 2.24E-11 2.24E-11 0.04 4.48E-10 4.48E-10 0.02 1.05E-12 1.05E-12 0.33
Co-60 0.00E+00 0.00E+00 - 1.18E-11 1.18E-11 0.24 3.58E-10 3.58E-10 0.08 4.37E-12 4.36E-12 0.17
Total 0.00E+00 0.00E+00 - 4.03E-10 4.03E-10 0.09 1.20E-07 1.20E-07 0.02 8.96E-12 8.95E-12 0.15

Note: The yellow highlights indicate the values were specified, not calculated, in the spreadsheet. They reflected the inputs to the RESRAD-BUILD code.



3.2 CASE II-A VOLUME SOURCE IN ROOM 1 WITH SCHEDULED VACUUMING

Case Il considered the same source as in Case | in Room 1. However, the air fraction of
released source materials was changed from 0.1 to 1. Furthermore, vacuuming to clean the floor
of every room was assumed to be conducted every 30 days, with an efficiency of 90%. The
estimated concentrations of source particles and radionuclides in the air and on the floor of each
room from RESRAD-BUILD and the verification spreadsheets were compared.

Table 3.14 shows the room dimensions, ventilation rates between rooms and with the
outside environment, deposition velocity, and resuspension rate assumed for the case. Table 3.15
lists the properties assumed for the radiation source as well as its releases over time.

Table 3.16 shows the air release rate calculated by RESRAD-BUILD, obtained from the
intermediate output file “AirRelRatel.out,” and part of the estimated air release rates in the
spreadsheet. The air release rate calculated by RESRAD-BUILD in terms of the fraction of the
initial source per second was converted to mass of source materials per hour. The converted air
release rate matches those estimated in the spreadsheet.

Equations B.10 and B.11 in the User’s Manual of RESRAD-BUILD, Vol.1 (Yu et al.
2022) were solved numerically in the spreadsheets to obtain source particulate concentrations in
each room. Table 3.17 presents part of the calculations and results at different time steps in the
spreadsheets.

During the analysis of Case |1, the RESRAD-BUILD code generated an intermediate
output file “AirRelConcSourcel.out” that listed the concentrations in the air and on the floor of
each room at various time points. The concentrations were expressed as the fraction of the initial
source per m® of air and the fraction of the initial source per m? on the floor. They were
multiplied by the total mass of source (materials) to convert the concentration to mass of source
(particulate) per unit volume in the air (g/m?) and mass of source (particulate) per unit area on
the floor (g/m?) for comparison with spreadsheet calculations.

Figure 3.5 compares the air concentrations of source particles (g/m®) in Room 1, where
the volume source was assumed to be located. Figure 3.6 compares the floor deposition
concentrations of source particles (g/m?) in the same room. Figures 3.7 and 3.8 compare the air
concentrations and floor deposition concentrations, respectively, in Room 4. In the figures, the
blue solid curve displays the results from the spreadsheets while the red dashed curve displays
the results from RESRAD-BUILD. The comparison of concentrations in the air and on the floor
for the other rooms were like those for Room 4. As shown in the figures, the concentration
results from RESRAD-BUILD and from the spreadsheets are in good agreement.
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Table 3.14 Air Flows, Vacuuming, and Resuspension and Deposition of Particulates Assumed for Case Il

Deposition Velocity

Outdoors
Area (m2)
Volume (m3)
Resuspension rate
(1/s)
Resuspension rate

(1/h)

Air flow (m3/hr)
from
Outdoors
Room 1
Room 2
Room 3
Room 4
Room 5
Room 6
Room 7
Room 8
Room 9

Vacuum frequency (once in)
Vacuum efficiency

72
72
72
72
72
72
72
72
72

0.00039

Room 1
36
90

5.00E-07

1.80E-03

72
0
72
72
72
72
72
72
72
72

30
0.9

(m/s) =

Room 2
36
90

5.00E-07

1.80E-03

72
72
0
72
72
72
72
72
72
72

day(s) =

1.404 (m/hr)

Room 3
36
90

Room 4
36
90

5.00E-07 5.00E-07

1.80E-03  1.80E-03

72
72
72

72
72
72
72
72
72

72
72
72
72
0

72
72
72
72
72

720 hr(s)

Room 5
36
90

5.00E-07

1.80E-03

72
72
72
72
72

72
72
72
72

Room 6
36
90

5.00E-07

1.80E-03

72
72
72
72
72
72

72
72
72

Room 7
36
90

5.00E-07

1.80E-03

72
72
72
72
72
72
72

72
72

Room 8
36
90

5.00E-07

1.80E-03

72
72
72
72
72
72
72
72

72

Room 9
36
90

5.00E-07

1.80E-03

72
72
72
72
72
72
72
72
72

Note: The yellow highlights indicate the values were specified, not calculated, in the spreadsheet. They reflected the inputs to the RESRAD-BUILD code.



Table 3.15 Source Releases Assumed for Case 11

Source Releases
Location (Room No.) 1 Air Fraction 1 Area of source 36 m2

Region 1 Region 2 Region 3 Region4 Region5
Contamination?

1-Yes, 2-No 1 2 2 2 2
thickness (cm) 15 0 0 0 0
density (g/cm3) 2.4 2.4 2.4 2.4 2.4
erosion rate (cm/d) 2.40E-03 2.40E-08 2.40E-08 2.40E-08 2.40E-08
Start time (d) 0.00E+00 6.25E+03  6.25E+03 6.25E+03 6.25E+03
Start time (hr) 0 150000 150000 150000 150000
End time (d) 6.25E+03 6.25E+03  6.25E+03 6.25E+03 6.25E+03
End time (hr) 1.50E+05 1.50E+05 1.50E+05 1.50E+05 1.50E+05
Release rate (g/hr) 86.4 0 0 0 0

Note: The yellow highlights indicate the values were specified, not calculated, in the spreadsheet.
They reflected the inputs to the RESRAD-BUILD code.

Table 3.16 Comparison of Calculated Air Release Rates from RESRAD-
BUILD and Spreadsheets for Case Il

From "AirRelRatel.out"
Rate of release of source material to air
fraction of source per second per volume (m3) of the room of release

2.06E-11 from time 0.00E+00 to time 5.4E+08 seconds
8.64E+01 from time 0.00E+00 to time 150000 hrs
Initial source mass 1.30E+07 g
Volume of source room 90 m3

Estimated Air
release rate

time (hr) (g/hr)
0 0
2 86.4
4 86.4
6 86.4
8 86.4
10 86.4
12 86.4
14 86.4
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Table 3.17 Calculations of Source Particulate Concentrations in the Air and on the Floor of Each Room for Case 11

time interval 2 hr
Room 1 Room 2 Room 3 Room 4 Room 5 Room 6 Room 7 Room 8 Room 9
Source_Rm (1-Yes, 0-No) 1 0 0 0 0 0 0 0 0
Vacuum Floor Floor Floor Floor
Air release  Removal (1- Air conc.  Floor conc. Air conc.  Floor conc. Air conc.  Floor conc. Air conc.  Floor conc. Air conc. Floor conc.  Air conc. conc. Air conc. conc. Air conc.  conc. Air conc. conc.
time (hr) rate (g/hr)  Yes,0-No) (g/m3) (8/m2) (8/m3) (g/m2) (8/m3) (8/m2) (8/m3) (8/m2) (8/m3)  (g/m2) (8/m3)  (g/m2) (g/m3) (g/m2) (g/m3) (g/m2) (g/m3) (g/m2)
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 86.4 0 0.1162003 0.1625599 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 86.4 0 0.123247 0.4969548 0.0112521 0.0157413 0.0112521 0.0157413 0.0112521 0.0157413 0.011252 0.015741255 0.011252 0.015741 0.011252 0.015741 0.011252 0.015741 0.011252 0.015741
6 86.4 0 0.1324192 0.8528399 0.0202439 0.0597465 0.0202439 0.0597465 0.0202439 0.0597465 0.020244 0.059746459 0.020244 0.059746 0.020244 0.059746 0.020244 0.059746 0.020244 0.059746
8 86.4 0 0.139971 1.2308447 0.027775 0.1267088 0.027775 0.1267088 0.027775 0.1267088 0.027775 0.126708768 0.027775 0.126709 0.027775 0.126709 0.027775 0.126709 0.027775 0.126709
10 86.4 0 0.1462951 1.6269055 0.0340728 0.212777 0.0340728 0.212777 0.0340728 0.212777 0.034073 0.212777013 0.034073 0.212777 0.034073 0.212777 0.034073 0.212777 0.034073 0.212777
12 86.4 0 0.151591 2.0378015 0.0393426 0.3147192 0.0393426 0.3147192 0.0393426 0.3147192 0.039343 0.314719231 0.039343 0314719 0039343 0314719 0039343 0314719 0.039343 0314719
u 864 Dl @ Floor Concentration (g/m2) pas755 Ai i et
16 86.4 00 L4 047453 ir Concentration (g/m3) 55897
18 86.4 00 Room 1 050555  0.25 — 91014
20 86.4 00 12 Room2 | 053161 poom’ | 83363
22 86.4 00 Room3 | 055351 . ooy | 82444
24 86.4 00 100 Room4 | 057196 Rooms | 13637
26 86.4 00 RoomS | 058753 Rooms | 94502
28 86.4 0o 8 Room6 | ') ogoo7 015 Room6 | 56088
30 86.4 00 Room 71 061186 Room7 | 20496
32 86.4 oo room® | 062135 4 Room& | 87504
36 86.4 00 063637 25841
38 86.4 0 5 04234 % 97102
40 86.4 00 , 064749 69304
42 86.4 00 0 065197 0 42235
44 86.4 00 0 2000 4000 6000 8000 10000 065588 0 2000 4000 6000 8000 10000 15721
46 86.4 00 Time (hr) 065932 Time (hr) 89613
48 86.4 0 0.1789406 10.2743 0.0662377 3.16379 0.0662377 3.16379 0.0662377 3.16379 0.066238 3.163790028 0.066238 3.16379 0.066238 3.16379 0.066238 3.16379 0.066238 3.16379
50 86.4 0 0.1792376 10.738524 0.0665102 3.3381507 0.0665102 3.3381507 0.0665102 3.3381507 0.06651 3.338150705 0.06651 3.338151 0.06651 3.338151 0.06651 3.338151 0.06651 3.338151
52 86.4 0 0.1795071 11.201874 0.0667553 3.51261 0.0667553 3.51261 0.0667553 3.51261 0.066755 3.512610032 0.066755 3.51261 0.066755 3.51261 0.066755 3.51261 0.066755 3.51261
54 86.4 0 0.1797537 11.664285 0.0669776 3.6870975 0.0669776 3.6870975 0.0669776 3.6870975 0.066978 3.687097458 0.066978 3.687097 0.066978 3.687097 0.066978 3.687097 0.066978 3.687097

Note: The yellow highlight indicates the value was specified, not calculated, in the spreadsheet. It was chosen to generate results for comparison.
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Figure 3.5 Comparison of Calculated Source Particulate Concentrations in the Air of Room 1 for
Case 11

Comparison of Particulate Floor Concentrations (g/m2) for Room 1
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Figure 3.6 Comparison of Calculated Source Particulate Concentrations on the Floor or Room 1
for Case Il
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Comparison of Particulate Air Concentrations (g/m3) for Room 4
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Figure 3.7 Comparison of Calculated Source Particulate Concentrations in the Air of Room 4 for
Case 11

Comparison of Particulate Floor Concentrations (g/m2) for Room 4
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Figure 3.8 Comparison of Calculated Source Particulate Concentrations on the Floor of Room 4 for
Case Il
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Table 3.18 compares calculated average concentrations of radionuclides in the air and on
the floor over the exposure duration in Room 1. Table 3.19 compares the same calculated results
in Room 6. The comparisons show good agreement between the calculated results from
RESRAD-BUILD and the spreadsheets. All but three results differ by less than 1%. The three
exceptions are the calculated concentrations of Ra-226, Cs-137, and Co-60 at time 0 in Room 6;
for them, the difference is more than 1% but less than 1.5%. The same calculated results in the
other rooms from RESRAD-BUILD and from the spreadsheets also show good agreement.

3.3 CASE III - A VOLUME SOURCE IN ROOM 2 WITH NO SCHEDULED
VACUUMING

Case Il considers the same cylindrical volume source as that in Cases | and 11, but the
source was in Room 2 where no receptor was located. Unlike Cases | and Il that assumed there
was air exchange between each pair of rooms, in Case I11, the air exchange was limited to just a
few pairs of rooms. Vacuuming to remove dust deposition on the floor was not considered. The
estimated concentrations of source particles and radionuclides in the air and on the floor of each
room from RESRAD-BUILD and the verification spreadsheets were compared.

Table 3.20 shows the room dimensions, ventilation rates between rooms and with the
outside environment, deposition velocity, and resuspension rate assumed for the case. Table 3.21
lists the properties assumed for the radiation source as well as its releases over time.

Table 3.22 shows the air release rate calculated by RESRAD-BUILD, obtained from the
intermediate output file “AirRelRatel.out,” and part of the estimated air release rates in the
spreadsheet. The air release rate calculated by RESRAD-BUILD in terms of the fraction of the
initial source per second was converted to mass of source materials per hour. The converted air
release rate matches those estimated in the spreadsheet.

Equations B.10 and B.11 in the User’s Manual of RESRAD-BUILD, Vol. 1 (Yu et al.
2022) were solved numerically in the spreadsheets to obtain source particulate concentrations in
each room. Table 3.23 presents part of the calculations and results at different time steps in the
spreadsheets.

During the analysis of Case I1l, the RESRAD-BUILD code generated an intermediate
output file “AirRelConcSourcel.out” that listed the concentrations in the air and on the floor of
each room at various time points. The concentrations were expressed as the fraction of the initial
source per m® of air and the fraction of the initial source per m? on the floor. They were
multiplied by the total mass of source (materials) to convert the concentration to mass of source
(particulate) per unit volume in the air (g/m?) and mass of source (particulate) per unit area on
the floor (g/m?) for comparison with spreadsheet calculations.

Figure 3.9 compares the air concentrations of source particles (g/m®) in Room 2, where
the volume source was assumed to be located. Figure 3.10 compares the floor deposition
concentrations of source particles (g/m?) in the same room. Figures 3.11 and 3.12 compare the
air concentrations and floor deposition concentrations, respectively, in Room 9, which did not
have direct air exchange with Room 2. In the figures, the blue solid curve displays the results
from the spreadsheets while the red dashed curve displays the results from RESRAD-BUILD.
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Table 3.18 Comparison of Calculated Average Concentrations of Radionuclide in the Air and on
the Floor of Room 1 for Case Il

Concentration [(pCi/m3) or (pCi/mZ)]

Difference (%)

Begin RESRAD —Spreadsheet
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
1 0 RA-226  RA-226 Air 1.99E-01 1.98E-01 0.34
1 0 RA-226  RA-226 Floor 7.03E+01 6.97E+01 0.77
1 0 RA-226  PB-210 Air 7.78E-04 7.78E-04 0.04
1 0 RA-226  PB-210 Floor 2.98E-01 2.97E-01 0.38
1 0 RA-226  PO-210 Air 1.07E-04 1.07E-04 0.20
1 0 RA-226  PO-210 Floor 4.18E-02 4.17E-02 0.23
1 0.25 RA-226  RA-226 Air 2.00E-01 2.00E-01 0.04
1 0.25 RA-226 = RA-226 Floor 7.30E+01 7.28E+01 0.23
1 0.25 RA-226 = PB-210 Air 2.32E-03 2.32E-03 0.00
1 0.25 RA-226 = PB-210 Floor 8.58E-01 8.56E-01 0.25
1 0.25 RA-226 = PO-210 Air 6.57E-04 6.57E-04 0.06
1 0.25 RA-226  PO-210 Floor 2.46E-01 2.45E-01 0.23
1 0.5 RA-226  RA-226 Air 2.00E-01 2.00E-01 0.03
1 0.5 RA-226  RA-226 Floor 7.31E+01 7.29E+01 0.26
1 0.5 RA-226 = PB-210 Air 3.84E-03 3.84E-03 0.01
1 0.5 RA-226 = PB-210 Floor 1.41E+00 1.41E+00 0.23
1 0.5 RA-226  PO-210 Air 1.57E-03 1.57E-03 0.03
1 0.5 RA-226  PO-210 Floor 5.78E-01 5.77E-01 0.19
1 0.75 RA-226  RA-226 Air 2.00E-01 2.00E-01 0.02
1 0.75 RA-226  RA-226 Floor 7.30E+01 7.30E+01 0.10
1 0.75 RA-226  PB-210 Air 5.36E-03 5.36E-03 0.01
1 0.75 RA-226  PB-210 Floor 1.96E+00 1.96E+00 0.05
1 0.75 RA-226  PO-210 Air 2.70E-03 2.70E-03 0.02
1 0.75 RA-226  PO-210 Floor 9.90E-01 9.90E-01 0.00
1 1 RA-226  RA-226 Air 2.00E-01 2.00E-01 0.04
1 1 RA-226  RA-226 Floor 7.33E+01 7.31E+01 0.32
1 1 RA-226  PB-210 Air 6.86E-03 6.86E-03 0.03
1 1 RA-226 = PB-210 Floor 2.52E+00 2.51E+00 0.31
1 1 RA-226  PO-210 Air 3.97E-03 3.97E-03 0.01
1 1 RA-226 = PO-210 Floor 1.46E+00 1.45E+00 0.29
1 1.25 RA-226  RA-226 Air 2.00E-01 2.00E-01 0.04
1 1.25 RA-226  RA-226 Floor 7.34E+01 7.31E+01 0.34
1 1.25 RA-226 = PB-210 Air 8.35E-03 8.35E-03 0.03
1 1.25 RA-226 = PB-210 Floor 3.07E+00 3.06E+00 0.32
1 1.25 RA-226 = PO-210 Air 5.33E-03 5.33E-03 0.01
1 1.25 RA-226 = PO-210 Floor 1.95E+00 1.95E+00 0.30
1 1.5 RA-226 = RA-226 Air 2.00E-01 2.00E-01 0.03
1 1.5 RA-226  RA-226 Floor 7.33E+01 7.32E+01 0.17
1 1.5 RA-226 = PB-210 Air 9.83E-03 9.83E-03 0.02
1 1.5 RA-226 = PB-210 Floor 3.61E+00 3.60E+00 0.15
1 1.5 RA-226  PO-210 Air 6.73E-03 6.73E-03 0.01
1 1.5 RA-226  PO-210 Floor 2.47E+00 2.46E+00 0.12
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Table 3.18 (Continued)

Concentration [(pCi/m3) or (pCi/mZ)]

Difference (%)

Begin RESRAD —Spreadsheet
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
1 0 CS-137 CS-137 Air 1.98E-01 1.97E-01 0.34
1 0 CS-137 CS-137 Floor 7.00E+01 6.95E+01 0.77
1 0.25 CS-137 CS-137 Air 1.98E-01 1.98E-01 0.03
1 0.25 CS-137 CS-137 Floor 7.24E+01 7.22E+01 0.23
1 0.5 CS-137 CS-137 Air 1.97E-01 1.97E-01 0.02
1 0.5 CS-137 CS-137 Floor 7.21E+01 7.19E+01 0.25
1 0.75 CS-137 CS-137 Air 1.96E-01 1.96E-01 0.01
1 0.75 CS-137 CS-137 Floor 7.16E+01 7.15E+01 0.09
1 1 CS-137 CS-137 Air 1.95E-01 1.95E-01 0.03
1 1 CS-137 CS-137 Floor 7.14E+01 7.12E+01 0.30
1 1.25 CS-137 CS-137 Air 1.94E-01 1.93E-01 0.02
1 1.25 CS-137 CS-137 Floor 7.11E+01 7.09E+01 0.33
1 1.5 CS-137 CS-137 Air 1.92E-01 1.92E-01 0.01
1 1.5 CS-137 CS-137 Floor 7.07E+01 7.06E+01 0.16
1 0 CO-60 CO-60 Air 1.95E-01 1.95E-01 0.35
1 0 CO-60 CO-60 Floor 6.90E+01 6.85E+01 0.78
1 0.25 CO-60 CO-60 Air 1.90E-01 1.90E-01 0.03
1 0.25 CO-60 CO-60 Floor 6.94E+01 6.93E+01 0.23
1 0.5 CO-60 CO-60 Air 1.84E-01 1.84E-01 0.02
1 0.5 CO-60 CO-60 Floor 6.73E+01 6.71E+01 0.25
1 0.75 CO-60 CO-60 Air 1.78E-01 1.78E-01 0.01
1 0.75 CO-60 CO-60 Floor 6.51E+01 6.51E+01 0.09
1 1 CO-60 CO-60 Air 1.72E-01 1.72E-01 0.03
1 1 CO-60 CO-60 Floor 6.32E+01 6.30E+01 0.30
1 1.25 CO-60 CO-60 Air 1.67E-01 1.67E-01 0.02
1 1.25 CO-60 CO-60 Floor 6.13E+01 6.11E+01 0.33
1 1.5 CO-60 CO-60 Air 1.61E-01 1.61E-01 0.01
1 1.5 CO-60 CO-60 Floor 5.93E+01 5.92E+01 0.16

Note: The difference (%) listed in the last column was calculated by dividing the difference between the RESRAD-
BUILD result and the spreadsheet result with the RESRAD-BUILD result, and then multiplying the ratio by 100.
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Table 3.19 Comparison of Calculated Average Concentrations of Radionuclide in the Air and on
the Floor of Room 6 for Case Il

Concentration [(pCi/m?) or (pCi/m?)] Difference (%)
Begin RESRAD —Spreadsheet
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
6 0 RA-226  RA-226 Air 8.31E-02 8.25E-02 0.77
6 0 RA-226  RA-226 Floor 2.88E+01 2.84E+01 1.34
6 0 RA-226  PB-210 Air 3.29E-04 3.29E-04 0.03
6 0 RA-226  PB-210 Floor 1.23E-01 1.23E-01 0.51
6 0 RA-226 = PO-210 Air 4.52E-05 4.53E-05 0.25
6 0 RA-226 = PO-210 Floor 1.73E-02 1.73E-02 0.24
6 0.25 RA-226  RA-226 Air 8.40E-02 8.39E-02 0.06
6 0.25 RA-226  RA-226 Floor 3.02E+01 3.01E+01 0.09
6 0.25 RA-226  PB-210 Air 9.76E-04 9.76E-04 0.00
6 0.25 RA-226 PB-210 Floor 3.55E-01 3.55E-01 0.12
6 0.25 RA-226 = PO-210 Air 2.77E-04 2.77E-04 0.08
6 0.25 RA-226  PO-210 Floor 1.02E-01 1.02E-01 0.11
6 0.5 RA-226  RA-226 Air 8.39E-02 8.39E-02 0.04
6 0.5 RA-226  RA-226 Floor 3.02E+01 3.02E+01 0.12
6 0.5 RA-226 PB-210 Air 1.62E-03 1.62E-03 0.00
6 0.5 RA-226 PB-210 Floor 5.84E-01 5.84E-01 0.10
6 0.5 RA-226  PO-210 Air 6.60E-04 6.60E-04 0.05
6 0.5 RA-226  PO-210 Floor 2.39E-01 2.39E-01 0.06
6 0.75 RA-226  RA-226 Air 8.39E-02 8.39E-02 0.03
6 0.75 RA-226  RA-226 Floor 3.02E+01 3.02E+01 0.05
6 0.75 RA-226 PB-210 Air 2.25E-03 2.25E-03 0.01
6 0.75 RA-226 PB-210 Floor 8.11E-01 8.12E-01 0.10
6 0.75 RA-226  PO-210 Air 1.14E-03 1.14E-03 0.03
6 0.75 RA-226  PO-210 Floor 4.09E-01 4.10E-01 0.15
6 1 RA-226  RA-226 Air 8.40E-02 8.39E-02 0.07
6 1 RA-226  RA-226 Floor 3.03E+01 3.02E+01 0.18
6 1 RA-226  PB-210 Air 2.89E-03 2.88E-03 0.05
6 1 RA-226  PB-210 Floor 1.04E+00 1.04E+00 0.17
6 1 RA-226  PO-210 Air 1.67E-03 1.67E-03 0.03
6 1 RA-226 = PO-210 Floor 6.03E-01 6.02E-01 0.15
6 1.25 RA-226  RA-226 Air 8.40E-02 8.39E-02 0.05
6 1.25 RA-226  RA-226 Floor 3.03E+01 3.03E+01 0.21
6 1.25 RA-226 = PB-210 Air 3.51E-03 3.51E-03 0.04
6 1.25 RA-226 = PB-210 Floor 1.27E+00 1.26E+00 0.19
6 1.25 RA-226 = PO-210 Air 2.24E-03 2.24E-03 0.02
6 1.25 RA-226  PO-210 Floor 8.08E-01 8.06E-01 0.16
6 1.5 RA-226  RA-226 Air 8.40E-02 8.39E-02 0.03
6 1.5 RA-226  RA-226 Floor 3.03eE+01 3.03e+01 0.03
6 1.5 RA-226 PB-210 Air 4.14E-03 4.13E-03 0.02
6 1.5 RA-226 PB-210 Floor 1.49E+00 1.49E+00 0.00
6 1.5 RA-226  PO-210 Air 2.83E-03 2.83E-03 0.00
6 1.5 RA-226  PO-210 Floor 1.02E+00 1.02E+00 0.02
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Table 3.19 (Continued)

Concentration [(pCi/m3) or (pCi/mZ)]

Difference (%)

Begin RESRAD —Spreadsheet
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
6 0 CS-137 CS-137 Air 8.29E-02 8.23E-02 0.77
6 0 CS-137 CS-137 Floor 2.87E+01 2.84E+01 1.34
6 0.25 CS-137  CS-137 Air 8.33E-02 8.32E-02 0.06
6 0.25 CS-137 CS-137 Floor 2.99E+01 2.99E+01 0.08
6 0.5 CS-137 CS-137 Air 8.28E-02 8.27E-02 0.04
6 0.5 CS-137 CS-137 Floor 2.98E+01 2.97E+01 0.11
6 0.75 CS-137 CS-137 Air 8.23E-02 8.23E-02 0.02
6 0.75 CS-137 CS-137 Floor 2.96E+01 2.96E+01 0.06
6 1 CS-137 CS-137 Air 8.19E-02 8.18E-02 0.06
6 1 CS-137 CS-137 Floor 2.95E+01 2.95E+01 0.17
6 1.25 CS-137 CS-137 Air 8.14E-02 8.14E-02 0.04
6 1.25 CS-137 CS-137 Floor 2.94E+01 2.93E+01 0.20
6 1.5 CS-137 CS-137 Air 8.09E-02 8.09E-02 0.01
6 1.5 CS-137 CS-137 Floor 2.92E+01 2.92E+01 0.02
6 0 CO-60 CO-60 Air 8.18E-02 8.11E-02 0.78
6 0 CO-60 CO-60 Floor 2.83E+01 2.79E+01 1.36
6 0.25 CO-60 CO-60 Air 7.99E-02 7.99E-02 0.06
6 0.25 CO-60 CO-60 Floor 2.87E+01 2.87E+01 0.08
6 0.5 CO-60 CO-60 Air 7.73E-02 7.73E-02 0.04
6 0.5 CO-60 CO-60 Floor 2.78E+01 2.78E+01 0.11
6 0.75 CO-60 CO-60 Air 7.49E-02 7.48E-02 0.02
6 0.75 CO-60 CO-60 Floor 2.69E+01 2.69E+01 0.05
6 1 CO-60 CO-60 Air 7.25E-02 7.24E-02 0.06
6 1 CO-60 CO-60 Floor 2.61E+01 2.61E+01 0.17
6 1.25 CO-60 CO-60 Air 7.01E-02 7.01E-02 0.04
6 1.25 CO-60 CO-60 Floor 2.53E+01 2.53E+01 0.20
6 1.5 CO-60 CO-60 Air 6.79E-02 6.79E-02 0.01
6 1.5 CO-60 CO-60 Floor 2.45E+01 2.45E+01 0.02

Note: The difference (%) listed in the last column was calculated by dividing the difference between the RESRAD-
BUILD result and the spreadsheet result with the RESRAD-BUILD result, and then multiplying the ratio by 100.
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Table 3.20 Air Flows, Vacuuming, and Resuspension and Deposition of Particulates Assumed for Case 111

Deposition Velocity

Area (m2)
Volume (m3)
Resuspension rate
(1/s)
Resuspension rate

(1/h)

Air flow (m3/hr)
from
Outdoors
Room 1
Room 2
Room 3
Room 4
Room 5
Room 6
Room 7
Room 8
Room 9

Outdoors

o O

36

O O O © o

90

Vacuum frequency (once in)

Vacuum efficiency

0.00039 (m/s) =

Room 1 Room 2

36 36
90 90
5.00E-07 5.00E-07
1.80E-03  1.80E-03
90 0
0 72
0 0
0 0
0 0
0 0
0 0
0 0
0 0
18 0
366 day(s) =
0

1.404 (m/hr)

Room 3 Room 4
36 36
90 90

5.00E-07 5.00E-07

1.80E-03  1.80E-03

0 36
0 36
72 0
0 18
0 0
0 0
0 0
0 0
0 0
0 0
8784 hr(s)

Room 5

36
90

5.00E-07

1.80E-03

O O O o

o O

18

Room 6

36
90

5.00E-07

1.80E-03

Room 7

36
90

5.00E-07

1.80E-03

(%]
Q@ oooo

O O O O o

Room 8

36
90

5.00E-07

1.80E-03

o O O O o

54

18

Room 9

36
90

5.00E-07

1.80E-03

O O O O O o

Note: The yellow highlights indicate the values were specified, not calculated, in the spreadsheet. They reflected the inputs to the RESRAD-BUILD code.



Table 3.21 Source Releases Assumed for Case 111

Source Releases
Location (Room No.) 2 Air Fraction 1 Area of source 36 m?2

Region 1 Region2 Region3 Region4 Region5
Contamination?

1-Yes, 2-No 1 2 2 2 2
thickness (cm) 15 0 0 0 0
density (g/cm3) 2.4 2.4 2.4 2.4 2.4
erosion rate (cm/d) 2.40E-03 2.40E-08 2.40E-08 2.40E-08 2.40E-08
Start time (d) 0.00E+00  6.25E+03 6.25E+03 6.25E+03  6.25E+03
Start time (hr) 0 150000 150000 150000 150000
End time (d) 6.25E+03 6.25E+03 6.25E+03 6.25E+03 6.25E+03
End time (hr) 1.50E+05 1.50E+05 1.50E+05 1.50E+05 1.50E+05
Release rate (g/hr) 86.4 0 0 0 0

Note: The yellow highlights indicate the values were specified, not calculated, in the spreadsheet.
They reflected the inputs to the RESRAD-BUILD code.

Table 3.22 Comparison of Calculated Air Release Rates from RESRAD-
BUILD and Spreadsheets for Case 111

From "AirRelRatel.out"
Rate of release of source material to air
fraction of source per second per volume (m3) of the room of release

2.06E-11 from time 0.00E+00 to time 5.4E+08 seconds
8.64E+01 from time 0.00E+00 to time 150000 hrs
Initial source mass 1.30E+07 g
Volume of source room 90 m3

Estimated Air
time (hr)  release rate (g/hr)

0 0

2 86.4
4 86.4
6 86.4
8 86.4
10 86.4
12 86.4
14 86.4
16 86.4
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Table 3.23 Calculations of Source Particulate Concentrations in the Air and on the Floor of Each Room for Case 111

time (hr)

1200

1000

time interval

Source_Rm (1-Yes, 0-No)

Air release
rate (g/hr)
0

86.4
86.4
86.4
86.4

1000

86.4
86.4
86.4
86.4

2 hr
Room 1 Room 2 Room 3 Room 4 Room 5 Room 6 Room 7 Room 8 Room 9
0 1 0 0 0 0 0 0 0
Vacuum
Removal Floor Floor Floor Floor
(1-Yes, 0- Airconc. Floor conc. Air conc.  Floor conc. Air conc.  Floor conc. Air conc.  Floor conc. Air conc. Floor conc.  Air conc. conc. Air conc. conc. Air conc. conc. Air conc. conc.
No) (g/m3)  (g/m2)  (g/m3)  (g/m2)  (g/m3)  (g/m2)  (g/m3)  (g/m2)  (g/m3) (g/m2) (g/m3)  (g/m2)  (g/m3) (g/m2) (g/m3) (g/m2) (g/m3) (g/m2)
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0.5156854 0.7214252 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0.6544704 2.355843 0.2216096 0.3100237 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0.6923783 4.2315849 0.3408919 1.0958308 0.0214988 0.030076 0 0 0.026674 0.037316 0 0 0 0 0 0
0 0 0 0.7032853 6.1688885 0.3895238 2.113725 0.0382952 0.112AR17% N NNS175 N NN724N258 N NAON7S5 N 142152 N NN77RR N N1NKRA n N N NNARSN?2 N NO9096
. 71159 0.2z i ; 136744
Floor Concentration (g/m2) 115841 0.30 Air Concentration (g/m3) 008
30077 0.51 1.4 14168
39414 0.6€ 11994
""""" — Rooml 45189 0.81 12 89450
Room 2
Room 3 49465 0.9¢ . 171435
Rooma| 32996 1.11 56163
Rooms| 55609 1.2€ 42569
Room 6 58904 1.41 130034
Room 7 51533 1.t 06 '18211
Room 8 54046 1.71 106905
Room9| 56484 1.87 0.4 196008
58878 2.0z 185458
71244 2.17 0.2 175219
73594 2.3z 65272
2000 3000 4000 5000 6000 7000 8000 9000 75933 2'43 ’ 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 55602
Time (hr) 78267 2.6: Time (hr) 46203
U 10 1 L 3 -37069
0 0.0039487 0.1614648 0.7285816 42.737762 0.4390676 23.906152 0.0582921 2.9372871 0.023895 1.078528761 0.085882 4.233316 0.030748 1.422808 0.019496 0.820698 0.034518 1.528197
0 0.0039769 0.1719733 0.7295987 44.6244 0.4402726 25.050564 0.0585244 3.0901729 0.024037 1.141714569 0.086278 4.458977 0.030918 1.503973 0.01963 0.87249 0.034727 1.619587
0 0.004005 0.1825228 0.7306137 46.507112 0.441476 26.19424 0.0587565 3.2431599 0.024179 1.205072008 0.086675 4.684937 0.031088 1.585323 0.019765 0.924473 0.034937 1.711235
0 0.0040331 0.1931131 0.7316265 48.385908 0.4426777 27.337178 0.0589884 3.3962473 0.024322 1.268600424 0.087071 4.911197 0.031259 1.666858 0.019899 0.976646 0.035147 1.803141

Note: The yellow highlight indicates the value was specified, not calculated, in the spreadsheet. It was chosen to generate results for comparison.



Comparison of Particulate Air Concentrations (g/m3) for Room 2
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Figure 3.9 Comparison of Calculated Source Particulate Concentrations in the Air of Room 2 for
Case 11

Comparison of Particulate Floor Concentrations (g/m2) for Room 2
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Figure 3.10 Comparison of Calculated Source Particulate Concentrations on the Floor of Room 2
for Case 11
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Comparison of Particulate Air Concentrations (g/m3) for Room 9
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Figure 3.11 Comparison of Calculated Source Particulate Concentrations in the Air of Room 9 for
Case 11

Comparison of Particulate Floor Concentrations (g/m2) for Room 9
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Figure 3.12 Comparison of Calculated Source Particulate Concentrations on the Floor of Room 9
for Case 11
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The comparison of concentrations in the air and on the floor for the other rooms were like
those for Room 9. As shown in the figures, the concentration results from RESRAD-BUILD and
the spreadsheets are in good agreement.

Table 3.24 compares calculated average concentrations of radionuclides in the air and on
the floor over the exposure duration in Room 3. Table 3.25 compares the same calculated results
in Room 9. The comparisons show good agreement between the calculated results from
RESRAD-BUILD and the spreadsheets. All but eight results differ by less than 1%. The eight
exceptions are the calculated concentrations at time 0 in Room 9; for them, the difference is
more than 1% but less than 1.6%. The same calculated results in the other rooms from RESRAD-
BUILD and the spreadsheets also show good agreement.

3.4 CASE 1V -AVOLUME SOURCE IN ROOM 2 WITH SCHEDULED VACUUMING

Case IV considers the same cylindrical volume source in Room 2 as Case I1l. The more
limited air exchange between rooms considered in Case Il was also retained. However,
vacuuming to remove dust deposition on the floor was assumed to occur every 14 days, with a
dust removal efficiency of 80%. The estimated concentrations of source particles and
radionuclides in the air and on the floor of each room from RESRAD-BUILD and the
verification spreadsheets were compared.

The room dimensions, ventilation rates between rooms and with the outside environment,
deposition velocity, and resuspension rate assumed for Case |11 were applicable to Case 1V
(Table 3.20). The properties of the radiation source as well as its releases over time assumed in
Case |11 were also applicable to Case IV (Table 3.21). The air release rate calculated by
RESRAD-BUILD, obtained from the intermediate output file “AirRelRatel.out,” matched those
calculated in the spreadsheet, after being converted from fraction of the initial source per second
to mass of source materials per hour (Table 3.22).

Equations B.10 and B.11 in the User’s Manual of RESRAD-BUILD, Vol. 1 (Yu et al.
2022) were solved numerically in the spreadsheets to obtain source particulate concentrations in
each room. Table 3.26 presents part of the calculations and results at different time steps in the
spreadsheets.

During the analysis of Case 1V, the RESRAD-BUILD code generated an intermediate
output file “AirRelConcSourcel.out” that listed the concentrations in the air and on the floor of
each room at various time points. The concentrations were expressed as the fraction of the initial
source per m® of air and the fraction of the initial source per m? on the floor. They were
multiplied by the total mass of source (materials) to convert the concentration to mass of source
(particulate) per unit volume in the air (g/m®) and mass of source (particulate) per unit area on
the floor (g/m?) for comparison with spreadsheet calculations.

178



Table 3.24 Comparison of Calculated Average Concentrations of Radionuclide in the Air and on
the Floor of Room 3 for Case 111

Concentration [(pCi/m3) or (pCi/m2)]

Difference (%)

Begin RESRAD —Spreadsheet
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
3 0 RA-226  RA-226 Air 8.47E-01 8.43E-01 0.42
3 0 RA-226  RA-226 Floor 4.65E+02 4.63E+02 0.53
3 0 RA-226  PB-210 Air 3.71E-03 3.70E-03 0.19
3 0 RA-226 PB-210 Floor 2.29E+00 2.28E+00 0.32
3 0 RA-226  PO-210 Air 5.29E-04 5.29E-04 0.04
3 0 RA-226  PO-210 Floor 3.40E-01 3.40E-01 0.16
3 0.25 RA-226  RA-226 Air 1.19E+00 1.19E+00 0.11
3 0.25 RA-226  RA-226 Floor 8.82E+02 8.80E+02 0.17
3 0.25 RA-226  PB-210 Air 1.38E-02 1.38E-02 0.09
3 0.25 RA-226  PB-210 Floor 1.03E+01 1.03E+01 0.14
3 0.25 RA-226  PO-210 Air 3.93E-03 3.93E-03 0.04
3 0.25 RA-226  PO-210 Floor 2.94E+00 2.94E+00 0.09
3 0.5 RA-226 RA-226 Air 1.25E+00 1.25E+00 0.04
3 0.5 RA-226  RA-226 Floor 9.69E+02 9.68E+02 0.06
3 0.5 RA-226  PB-210 Air 2.41E-02 2.41E-02 0.04
3 0.5 RA-226  PB-210 Floor 1.87E+01 1.87E+01 0.05
3 0.5 RA-226  PO-210 Air 9.84E-03 9.84E-03 0.01
3 0.5 RA-226  PO-210 Floor 7.61E+00 7.61E+00 0.03
3 0.75 RA-226  RA-226 Air 1.27E+00 1.27E+00 0.02
3 0.75 RA-226  RA-226 Floor 9.87E+02 9.87E+02 0.03
3 0.75 RA-226 PB-210 Air 3.40E-02 3.40E-02 0.02
3 0.75 RA-226  PB-210 Floor 2.65E+01 2.65E+01 0.03
3 0.75 RA-226  PO-210 Air 1.72E-02 1.72E-02 0.00
3 0.75 RA-226  PO-210 Floor 1.34E+01 1.34E+01 0.00
3 1 RA-226  RA-226 Air 1.27E+00 1.27E+00 0.02
3 1 RA-226  RA-226 Floor 9.92E+02 9.92E+02 0.02
3 1 RA-226 PB-210 Air 4.37E-02 4.37E-02 0.01
3 1 RA-226  PB-210 Floor 3.41E+01 3.41E+01 0.02
3 1 RA-226  PO-210 Air 2.53E-02 2.53E-02 0.00
3 1 RA-226  PO-210 Floor 1.97E+01 1.97E+01 0.00
3 1.25 RA-226  RA-226 Air 1.27E+00 1.27E+00 0.01
3 1.25 RA-226  RA-226 Floor 9.93E+02 9.93E+02 0.01
3 1.25 RA-226 PB-210 Air 5.33E-02 5.33E-02 0.01
3 1.25 RA-226  PB-210 Floor 4,16E+01 4,16E+01 0.01
3 1.25 RA-226  PO-210 Air 3.40E-02 3.40E-02 0.00
3 1.25 RA-226  PO-210 Floor 2.65E+01 2.65E+01 0.00
3 1.5 RA-226  RA-226 Air 1.27E+00 1.27E+00 0.02
3 1.5 RA-226  RA-226 Floor 9.94E+02 9.93E+02 0.02
3 1.5 RA-226 PB-210 Air 6.28E-02 6.28E-02 0.01
3 1.5 RA-226  PB-210 Floor 4,90E+01 4,89E+01 0.02
3 1.5 RA-226  PO-210 Air 4.30E-02 4.30E-02 0.00
3 1.5 RA-226  PO-210 Floor 3.35E+01 3.35E+01 0.00
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Table 3.24 (Continued)

Concentration [(pCi/m3) or (pCi/m2)]

Difference (%)

Begin RESRAD —Spreadsheet
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
3 0 CS-137 CS-137 Air 8.44E-01 8.41E-01 0.42
3 0 CS-137 CS-137 Floor 4.63E+02 4.61E+02 0.53
3 0.25 CS-137 CS-137 Air 1.18E+00 1.18E+00 0.11
3 0.25 CS-137 CS-137 Floor 8.74E+02 8.73E+02 0.17
3 0.5 CS-137 CS-137 Air 1.24E+00 1.24E+00 0.04
3 0.5 CS-137 CS-137 Floor 9.55E+02 9.55E+02 0.05
3 0.75 CS-137 CS-137 Air 1.24E+00 1.24E+00 0.01
3 0.75 CS-137 CS-137 Floor 9.68E+02 9.68E+02 0.02
3 1 CS-137 CS-137 Air 1.24E+00 1.24E+00 0.00
3 1 CS-137 CS-137 Floor 9.67E+02 9.67E+02 0.01
3 1.25 CS-137 CS-137 Air 1.23E+00 1.23E+00 0.00
3 1.25 CS-137 CS-137 Floor 9.63E+02 9.63E+02 0.00
3 1.5 CS-137 CS-137 Air 1.23E+00 1.23E+00 0.00
3 1.5 CS-137 CS-137 Floor 9.58E+02 9.58E+02 0.00
3 0 CO-60 CO-60 Air 8.31E-01 8.28E-01 0.42
3 0 CO-60 CO-60 Floor 4.55E+02 4.53E+02 0.54
3 0.25 CO-60 CO-60 Air 1.13E+00 1.13E+00 0.11
3 0.25 CO-60 CO-60 Floor 8.39E+02 8.38E+02 0.17
3 0.5 CO-60 CO-60 Air 1.16E+00 1.15E+00 0.04
3 0.5 CO-60 CO-60 Floor 8.93E+02 8.92E+02 0.05
3 0.75 CO-60 CO-60 Air 1.13E+00 1.13E+00 0.01
3 0.75 CO-60 CO-60 Floor 8.81E+02 8.80E+02 0.02
3 1 CO-60 CO-60 Air 1.10E+00 1.10E+00 0.00
3 1 CO-60 CO-60 Floor 8.56E+02 8.56E+02 0.00
3 1.25 CO-60 CO-60 Air 1.06E+00 1.06E+00 0.00
3 1.25 CO-60 CO-60 Floor 8.30E+02 8.30E+02 0.00
3 1.5 CO-60 CO-60 Air 1.03E+00 1.03E+00 0.00
3 15 CO-60 CO-60 Floor 8.03E+02 8.03E+02 0.00

Note: The difference (%) listed in the last column was calculated by dividing the difference between the RESRAD-
BUILD result and the spreadsheet result with the RESRAD-BUILD result, and then multiplying the ratio by 100.
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Table 3.25 Comparison of Calculated Average Concentrations of Radionuclide in the Air and on
the Floor of Room 9 for Case 111

Concentration [(pCi/m3) or (pCi/m2)]

Difference (%)

Begin RESRAD —Spreadsheet
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
9 0 RA-226  RA-226 Air 1.50E-01 1.48E-01 1.29
9 0 RA-226  RA-226 Floor 7.60E+01 7.48E+01 1.53
9 0 RA-226  PB-210 Air 7.30E-04 7.23E-04 0.94
9 0 RA-226 PB-210 Floor 4.02E-01 3.97E-01 1.21
9 0 RA-226  PO-210 Air 1.09E-04 1.08E-04 0.74
9 0 RA-226  PO-210 Floor 6.20E-02 6.14E-02 1.01
9 0.25 RA-226  RA-226 Air 3.30E-01 3.28E-01 0.52
9 0.25 RA-226  RA-226 Floor 2.27E+02 2.26E+02 0.67
9 0.25 RA-226  PB-210 Air 3.90E-03 3.88E-03 0.48
9 0.25 RA-226  PB-210 Floor 2.71E+00 2.69E+00 0.62
9 0.25 RA-226  PO-210 Air 1.12E-03 1.11E-03 0.42
9 0.25 RA-226  PO-210 Floor 7.82E-01 7.78E-01 0.55
9 0.5 RA-226 RA-226 Air 4.09E-01 4.08E-01 0.23
9 0.5 RA-226  RA-226 Floor 3.07E+02 3.06E+02 0.30
9 0.5 RA-226  PB-210 Air 7.90E-03 7.88E-03 0.22
9 0.5 RA-226  PB-210 Floor 5.93E+00 5.92E+00 0.29
9 0.5 RA-226  PO-210 Air 3.23E-03 3.22E-03 0.19
9 0.5 RA-226  PO-210 Floor 2.43E+00 2.42E+00 0.25
9 0.75 RA-226  RA-226 Air 4.37E-01 4.36E-01 0.10
9 0.75 RA-226  RA-226 Floor 3.37E+02 3.36E+02 0.13
9 0.75 RA-226 PB-210 Air 1.17E-02 1.17E-02 0.10
9 0.75 RA-226  PB-210 Floor 9.04E+00 9.03E+00 0.13
9 0.75 RA-226  PO-210 Air 5.92E-03 5.91E-03 0.07
9 0.75 RA-226  PO-210 Floor 4.56E+00 4.56E+00 0.10
9 1 RA-226  RA-226 Air 4.46E-01 4.46E-01 0.05
9 1 RA-226  RA-226 Floor 3.46E+02 3.46E+02 0.06
9 1 RA-226 PB-210 Air 1.53E-02 1.53E-02 0.04
9 1 RA-226  PB-210 Floor 1.19E+01 1.19E+01 0.06
9 1 RA-226  PO-210 Air 8.87E-03 8.87E-03 0.03
9 1 RA-226  PO-210 Floor 6.90E+00 6.89E+00 0.04
9 1.25 RA-226  RA-226 Air 4.48E-01 4.48E-01 0.03
9 1.25 RA-226  RA-226 Floor 3.49E+02 3.49E+02 0.03
9 1.25 RA-226 PB-210 Air 1.88E-02 1.88E-02 0.03
9 1.25 RA-226  PB-210 Floor 1.46E+01 1.46E+01 0.03
9 1.25 RA-226  PO-210 Air 1.20E-02 1.20E-02 0.01
9 1.25 RA-226  PO-210 Floor 9.33E+00 9.32E+00 0.01
9 1.5 RA-226  RA-226 Air 4.49E-01 4.49E-01 0.02
9 1.5 RA-226  RA-226 Floor 3.50E+02 3.50E+02 0.02
9 1.5 RA-226 PB-210 Air 2.21E-02 2.21E-02 0.02
9 1.5 RA-226  PB-210 Floor 1.73E+01 1.73E+01 0.02
9 1.5 RA-226  PO-210 Air 1.52E-02 1.51E-02 0.01
9 1.5 RA-226  PO-210 Floor 1.18E+01 1.18E+01 0.01
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Table 3.25 (Continued)

Concentration [(pCi/m3) or (pCi/m2)]

Difference (%)

Begin RESRAD —Spreadsheet
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
9 0 CS-137 CS-137 Air 1.49E-01 1.47E-01 1.29
9 0 CS-137 CS-137 Floor 7.57E+01 7.45E+01 1.53
9 0.25 CS-137 CS-137 Air 3.27E-01 3.25E-01 0.52
9 0.25 CS-137 CS-137 Floor 2.25E+02 2.24E+02 0.67
9 0.5 CS-137 CS-137 Air 4.03E-01 4.02E-01 0.22
9 0.5 CS-137 CS-137 Floor 3.03E+02 3.02E+02 0.29
9 0.75 CS-137 CS-137 Air 4.28E-01 4.28E-01 0.09
9 0.75 CS-137 CS-137 Floor 3.30E+02 3.30E+02 0.12
9 1 CS-137 CS-137 Air 4.35E-01 4.34E-01 0.03
9 1 CS-137 CS-137 Floor 3.38E+02 3.37E+02 0.05
9 1.25 CS-137 CS-137 Air 4.35E-01 4.35E-01 0.01
9 1.25 CS-137 CS-137 Floor 3.39E+02 3.39E+02 0.02
9 1.5 CS-137 CS-137 Air 4.33E-01 4.33E-01 0.00
9 1.5 CS-137 CS-137 Floor 3.38E+02 3.38E+02 0.01
9 0 CO-60 CO-60 Air 1.47E-01 1.45E-01 1.30
9 0 CO-60 CO-60 Floor 7.43E+01 7.31E+01 1.53
9 0.25 CO-60 CO-60 Air 3.13E-01 3.12E-01 0.52
9 0.25 CO-60 CO-60 Floor 2.16E+02 2.15E+02 0.67
9 0.5 CO-60 CO-60 Air 3.77E-01 3.76E-01 0.22
9 0.5 CO-60 CO-60 Floor 2.83E+02 2.82E+02 0.29
9 0.75 CO-60 CO-60 Air 3.90E-01 3.89E-01 0.09
9 0.75 CO-60 CO-60 Floor 3.00E+02 3.00E+02 0.12
9 1 CO-60 CO-60 Air 3.85E-01 3.85E-01 0.03
9 1 CO-60 CO-60 Floor 2.99E+02 2.99E+02 0.04
9 1.25 CO-60 CO-60 Air 3.75E-01 3.75E-01 0.01
9 1.25 CO-60 CO-60 Floor 2.92E+02 2.92E+02 0.01
9 1.5 CO-60 CO-60 Air 3.63E-01 3.63E-01 0.00
9 1.5 CO-60 CO-60 Floor 2.83E+02 2.83E+02 0.00

Note: The difference (%) listed in the last column was calculated by dividing the difference between the RESRAD-
BUILD result and the spreadsheet result with the RESRAD-BUILD result, and then multiplying the ratio by 100.
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Table 3.26 Calculations of Source Particulate Concentrations in the Air and on the Floor of Each Room for Case IV

time interval 2 hr
Room 1 Room 2 Room 3 Room 4 Room 5 Room 6 Room 7 Room 8 Room 9
Source_Rm (1-Yes, 0-No) 0 1 0 0 0 0 0 0 0
Vacuum
Removal Floor Floor Floor Floor
Air release  (1-Yes,0- Airconc. Floor conc. Air conc.  Floor conc. Air conc.  Floor conc. Air conc.  Floor conc. Air conc. Floor conc.  Airconc. conc. Air conc. conc. Air conc. conc. Air conc. conc.
time (hr) rate (g/hr)  No) (g/m3)  (g/m2)  (g/m3)  (g/m2)  (g/m3)  (g/m2)  (g/m3)  (g/m2)  (g/m3) (g/m2) (g/m3)  (g/m2)  (g/m3) (g/m2) (g/m3) (g/m2) (g/m3) (g/m2)
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 86.4 0 0 0 0.5156854 0.7214252 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 86.4 0 0 0 0.6544704 2.355843 0.2216096 0.3100237 0 0 0 0 0 0 0 0 0 0 0 0
6 86.4 0 0 0 0.6923783 4.2315849 0.3408919 1.0958308 0.0214988 0.030076 0 0 0.026674 0.037316 0 0 0 0 0 0
8 86.4 0 0 0 0.7032853 6.1688885 0.3895238 2.113725 0.0382952 0.1136178 0.005175 0.007240258 0.049075 0.143152 0.007763 0.01086 0 0 0.006502 0.009096
10 86.4 0 0.000575 0.0008044 0.706964 8.1196479 0.4076665 3.2213833 0.0471159 0.2326973 0.010779 0.02953451 0.062961 0.299372 0.016169 0.044302 0.003392 0.004746 0.013285 0.036744
12 [h A4 N NNN12N22 N NNWUM?275 N 70RAK27 1N N71220 N 4145487 A RRNN77 N ﬂl:11684 (\ 2£02EQ0Q N N1ENNT7 N NEEENIQQY nNIN7A N AQE2A N N21Q0Q N NO720Q N NNTREE N NINATE N N1Q1EQ N nqlggg
Floor Concentration (g/m2) B0077| € Air Concentration (g/m3) 4168
400 39414 ( 1994
Room1] 45189 ( ! 19459
0 Room2 | 49465 ( 09 Room1 | 11435
» Room3 | 5p996 1 05 feom? 1 6163
Room 4 Room 3
55609 1 0.7 2569
250 Room 5 Room 4 [
Room6 | 38904 1 o6 Rooms | 10034
200 Room7| 51533 0.5 Room 6 8211
Room8 | 54046 1 0.4 Room 7 16905
150 Room9 ] 56484 1 ! Room8 | 16008
0.3
100 58878 : Room9 | 5458
71244 2 %2 5219
50 73594 z 01 15272
0 75933 : 0 15602
0 1000 2000 2000 000 000 000 5000 000 78267 2 0 1000 2000 3000 AOOOv 5000 6000 7000 8000 9000 6203
Time (hr) 80595 Z.. e icom oot on e e e e Tmen) o e e e e - 57069
46 86.4 0 0.0039487 0.1614648 0.7285816 42.737762 0.4390676 23.906152 0.0582921 2.9372871 0.023895 1.078528761 0.085882 4.233316 0.030748 1.422808 0.019496 0.820698 0.034518 1.528197
48 86.4 0 0.0039769 0.1719733 0.7295987  44.6244 0.4402726 25.050564 0.0585244 3.0901729 0.024037 1.141714569 0.086278 4.458977 0.030918 1.503973 0.01963 0.87249 0.034727 1.619587
50 86.4 0 0.004005 0.1825228 0.7306137 46.507112 0.441476 26.19424 0.0587565 3.2431599 0.024179 1.205072008 0.086675 4.684937 0.031088 1.585323 0.019765 0.924473 0.034937 1.711235
52 86.4 0 0.0040331 0.1931131 0.7316265 48.385908 0.4426777 27.337178 0.0589884 3.3962473 0.024322 1.268600424 0.087071 4.911197 0.031259 1.666858 0.019899 0.976646 0.035147 1.803141

Note: The yellow highlight indicates the value was specified, not calculated, in the spreadsheet. It was chosen to generate results for comparison.



Figure 3.13 compares the air concentrations of source particles (g/m®) in Room 2, where
the volume source was assumed to be located. Figure 3.14 compares the floor deposition
concentrations of source particles (g/m?) in the same room. Figures 3.15 and 3.16 compare the
air concentrations and floor deposition concentrations, respectively, in Room 9 which did not
have direct air exchange with Room 2. In the figures, the blue solid curve displays the results
from the spreadsheets while the red dashed curve displays the results from RESRAD-BUILD.
The comparison of concentrations in the air and on the floor for the other rooms were like those
for Room 9. As shown in the figures, the concentration results from RESRAD-BUILD and the
spreadsheets are in good agreement.

Table 3.27 compares calculated average concentrations of radionuclides in the air and on
the floor over the exposure duration in Room 1. Table 3.28 compares the same calculated results
in Room 6. The comparisons show good agreement between the calculated results from
RESRAD-BUILD and the spreadsheets. All but six results differ by less than 1%. The six
exceptions are the calculated concentrations on the floor at time 0; for them, the difference is
more than 1% but less than 1.2%. The same calculated results in the other rooms from RESRAD-
BUILD and the spreadsheets also show good agreement.

3.5 CASE V-AN AREA SOURCE IN ROOM 3 WITH NO SCHEDULED VACUUMING

Case V considers an area source of 36 m? located in Room 3. The air exchange rates
between rooms and with the outside environment were the same as in Cases 1l and IV.
Vacuuming to remove dust deposition on the floor was not considered. The estimated
concentrations of source particles and radionuclides in the air and on the floor of each room from
RESRAD-BUILD and the verification spreadsheets were compared.

The room dimensions, ventilation rates between rooms and with the outside environment,
deposition velocity, and resuspension rate assumed for Cases I11 and IV were applicable to
Case IV (Table 3.20). The contaminated source materials were assumed to be eroded and
released to the indoor air over several phases with a constant erosion/release rate in each phase.
Table 3.29 lists the beginning and ending time and fraction of the source materials involved in
each release phase.

The air release rates calculated by RESRAD-BUILD, listed in the intermediate output file
“AirRelRatel.out,” were in terms of the fraction of the initial source inventory. They were
multiplied by the initial mass assumed for the source materials for comparison with the
calculated source release rates from the spreadsheets. Table 3.30 shows the comparison of source
release rates.

Equations B.10 and B.11 in the User’s Manual of RESRAD-BUILD, Vol. 1 (Yu et al.
2022) were solved numerically in the spreadsheets to obtain source particulate concentrations in
each room. Table 3.31 presents part of the calculations and results at different time steps in the
spreadsheets.
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Comparison of Particulate Air Concentrations (g/m3) for Room 2
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Figure 3.13 Comparison of Calculated Source Particulate Concentrations in the Air of Room 2
for Case IV

Comparison of Particulate Floor Concentrations (g/m2) for Room 2
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Figure 3.14 Comparison of Calculated Source Particulate Concentrations on the Floor of
Room 2 for Case IV
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Comparison of Particulate Air Concentrations (g/m3) for Room 9
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Figure 3.15 Comparison of Calculated Source Particulate Concentrations in the Air of Room 9 for
Case IV

Comparison of Particulate Floor Concentrations (g/m2) for Room 9

30

Estimated
25 — — — RESRAD-
BUILD
20
15
1
10 l
1
1
5
0
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Time (hr})

Figure 3.16 Comparison of Calculated Source Particulate Concentrations on the Floor of Room 9
for Case IV
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Table 3.27 Comparison of Calculated Average Concentrations of Radionuclide in the Air and on

the Floor of Room 1 for Case IV

Concentration [(pCi/m3) or (pCi/m2)]

Difference (%)

Begin RESRAD —Spreadsheet|
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD |
1 0 RA-226  RA-226 Air 7.02E-03 6.95E-03 0.91
1 0 RA-226  RA-226 Floor 1.55E+00 1.54E+00 1.17
1 0 RA-226  PB-210 Air 2.81E-05 2.81E-05 0.22
1 0 RA-226  PB-210 Floor 6.52E-03 6.50E-03 0.35
1 0 RA-226  PO-210 Air 3.85E-06 3.85E-06 0.03
1 0 RA-226  PO-210 Floor 8.97E-04 8.96E-04 0.07
1 0.25 RA-226  RA-226 Air 7.48E-03 7.48E-03 0.10
1 0.25 RA-226  RA-226 Floor 1.79E+00 1.79E+00 0.14
1 0.25 RA-226  PB-210 Air 8.68E-05 8.67E-05 0.06
1 0.25 RA-226  PB-210 Floor 2.08E-02 2.08E-02 0.10
1 0.25 RA-226  PO-210 Air 2.46E-05 2.46E-05 0.00
1 0.25 RA-226  PO-210 Floor 5.90E-03 5.89E-03 0.03
1 0.5 RA-226  RA-226 Air 7.31E-03 7.29E-03 0.29
1 0.5 RA-226  RA-226 Floor 1.71E+00 1.71E+00 0.11
1 0.5 RA-226  PB-210 Air 1.41E-04 1.40E-04 0.27
1 0.5 RA-226  PB-210 Floor 3.30E-02 3.30E-02 0.11
1 0.5 RA-226  PO-210 Air 5.74E-05 5.73E-05 0.23
1 0.5 RA-226  PO-210 Floor 1.35E-02 1.34E-02 0.08
1 0.75 RA-226  RA-226 Air 7.46E-03 7.46E-03 0.03
1 0.75 RA-226 = RA-226 Floor 1.78E+00 1.78E+00 0.04
1 0.75 RA-226  PB-210 Air 2.00E-04 2.00E-04 0.02
1 0.75 RA-226  PB-210 Floor 4.79E-02 4.79E-02 0.05
1 0.75 RA-226 = P0O-210 Air 1.01E-04 1.01E-04 0.01
1 0.75 RA-226  PO-210 Floor 2.41E-02 2.41E-02 0.03
1 1 RA-226  RA-226 Air 7.33E-03 7.30E-03 0.36
1 1 RA-226  RA-226 Floor 1.72E+00 1.72E+00 0.33
1 1 RA-226  PB-210 Air 2.52E-04 2.51E-04 0.34
1 1 RA-226  PB-210 Floor 5.92E-02 5.91E-02 0.32
1 1 RA-226  PO-210 Air 1.46E-04 1.45E-04 0.31
1 1 RA-226  PO-210 Floor 3.43E-02 3.42E-02 0.29
1 1.25 RA-226  RA-226 Air 7.45E-03 7.45E-03 0.00
1 1.25 RA-226  RA-226 Floor 1.78E+00 1.78E+00 0.05
1 1.25 RA-226 PB-210 Air 3.12E-04 3.12E-04 0.01
1 1.25 RA-226  PB-210 Floor 7.43E-02 7.44E-02 0.05
1 1.25 RA-226  PO-210 Air 1.99E-04 1.99E-04 0.03
1 1.25 RA-226  PO-210 Floor 4.74E-02 4.74E-02 0.07
1 1.5 RA-226  RA-226 Air 7.35E-03 7.32E-03 0.41
1 1.5 RA-226  RA-226 Floor 1.73E+00 1.72E+00 0.25
1 1.5 RA-226  PB-210 Air 3.62E-04 3.60E-04 0.40
1 1.5 RA-226 PB-210 Floor 8.51E-02 8.49E-02 0.23
1 1.5 RA-226  PO-210 Air 2.48E-04 2.47E-04 0.39
1 1.5 RA-226  PO-210 Floor 5.83E-02 5.81E-02 0.22
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Table 3.27 (Continued)

Concentration [(pCi/m3) or (pCi/m2)]

Difference (%)

Begin RESRAD —Spreadsheet|
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD |
1 0 CS-137  (CS-137 Air 6.99E-03 6.93E-03 0.91
1 0 CS-137 CS-137 Floor 1.55E+00 1.53E+00 1.17
1 0.25 CS-137 CS-137 Air 7.42E-03 7.41E-03 0.10
1 0.25 CS-137 CS-137 Floor 1.78E+00 1.77E+00 0.14
1 0.5 CS-137 CS-137 Air 7.21E-03 7.19E-03 0.29
1 0.5 CS-137 CS-137 Floor 1.69E+00 1.69E+00 0.11
1 0.75 CS-137 CS-137 Air 7.32E-03 7.32E-03 0.02
1 0.75 CS-137 CS-137 Floor 1.75E+00 1.75E+00 0.03
1 1 CS-137 CS-137 Air 7.14E-03 7.12E-03 0.35
1 1 CS-137 CS-137 Floor 1.68E+00 1.67E+00 0.32
1 1.25 CS-137  CS-137 Air 7.22E-03 7.22E-03 0.02
1 1.25 CS-137 CS-137 Floor 1.72E+00 1.72E+00 0.06
1 1.5 CS-137 CS-137 Air 7.08E-03 7.05E-03 0.40
1 1.5 CS-137 CS-137 Floor 1.67E+00 1.66E+00 0.23
1 0 CO-60 CO-60 Air 6.90E-03 6.83E-03 0.92
1 0 CO-60 CO-60 Floor 1.53E+00 1.51E+00 1.19
1 0.25 CO-60 CO-60 Air 7.12E-03 7.12E-03 0.10
1 0.25 CO-60 CO-60 Floor 1.71E+00 1.70E+00 0.14
1 0.5 CO-60 CO-60 Air 6.75E-03 6.72E-03 0.47
1 0.5 CO-60 CO-60 Floor 1.59E+00 1.58E+00 0.95
1 0.75 CO-60 CO-60 Air 6.66E-03 6.65E-03 0.02
1 0.75 C0-60 CO-60 Floor 1.59E+00 1.59E+00 0.03
1 1 CO-60 CO-60 Air 6.32E-03 6.30E-03 0.35
1 1 CO-60 CO-60 Floor 1.49E+00 1.48E+00 0.32
1 1.25 CO-60 CO-60 Air 6.22E-03 6.22E-03 0.02
1 1.25 CO-60 CO-60 Floor 1.48E+00 1.48E+00 0.07
1 1.5 CO-60 CO-60 Air 5.94E-03 5.91E-03 0.40
1 1.5 CO-60 CO-60 Floor 1.40E+00 1.39E+00 0.23

Note: The difference (%) listed in the last column was calculated by dividing the difference between the RESRAD-

BUILD result and the spreadsheet result with the RESRAD-BUILD result, and then multiplying the ratio by 100.
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Table 3.28 Comparison of Calculated Average Concentrations of Radionuclide in the Air and on

the Floor of Room 6 for Case IV

Concentration [(pCi/m3) or (pCi/m2)]

Difference (%)

Begin RESRAD —Spreadsheet|
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD |
6 0 RA-226  RA-226 Air 1.24E-01 1.23E-01 0.60
6 0 RA-226  RA-226 Floor 2.80E+01 2.76E+01 1.16
6 0 RA-226 = PB-210 Air 4.90E-04 4.89E-04 0.19
6 0 RA-226  PB-210 Floor 1.16E-01 1.15E-01 0.72
6 0 RA-226  PO-210 Air 6.70E-05 6.69E-05 0.04
6 0 RA-226 = P0O-210 Floor 1.59E-02 1.58E-02 0.54
6 0.25 RA-226  RA-226 Air 1.29€-01 1.29E-01 0.16
6 0.25 RA-226  RA-226 Floor 3.16E+01 3.14E+01 0.59
6 0.25 RA-226  PB-210 Air 1.50E-03 1.49E-03 0.13
6 0.25 RA-226 = PB-210 Floor 3.67E-01 3.65E-01 0.54
6 0.25 RA-226  PO-210 Air 4.24E-04 4.24E-04 0.07
6 0.25 RA-226  PO-210 Floor 1.04E-01 1.04E-01 0.47
6 0.5 RA-226 = RA-226 Air 1.27E-01 1.27E-01 0.29
6 0.5 RA-226  RA-226 Floor 3.03E+01 3.01E+01 0.65
6 0.5 RA-226  PB-210 Air 2.44E-03 2.44E-03 0.27
6 0.5 RA-226  PB-210 Floor 5.83E-01 5.80E-01 0.64
6 0.5 RA-226 PO-210 Air 9.97E-04 9.94E-04 0.23
6 0.5 RA-226  PO-210 Floor 2.38E-01 2.36E-01 0.61
6 0.75 RA-226  RA-226 Air 1.29E-01 1.29E-01 0.12
6 0.75 RA-226 = RA-226 Floor 3.15E+01 3.13E+01 0.49
6 0.75 RA-226  PB-210 Air 3.46E-03 3.45E-03 0.11
6 0.75 RA-226  PB-210 Floor 8.45E-01 8.41E-01 0.50
6 0.75 RA-226 = P0O-210 Air 1.74E-03 1.74E-03 0.08
6 0.75 RA-226  PO-210 Floor 4.26E-01 4.24E-01 0.48
6 1 RA-226  RA-226 Air 1.27E-01 1.27E-01 0.31
6 1 RA-226  RA-226 Floor 3.05E+01 3.02E+01 0.85
6 1 RA-226 = PB-210 Air 4.37E-03 4.36E-03 0.30
6 1 RA-226  PB-210 Floor 1.05E+00 1.04E+00 0.84
6 1 RA-226  PO-210 Air 2.53E-03 2.52E-03 0.28
6 1 RA-226 = P0O-210 Floor 6.06E-01 6.01E-01 0.82
6 1.25 RA-226  RA-226 Air 1.29€-01 1.29€-01 0.09
6 1.25 RA-226  RA-226 Floor 3.13E+01 3.12E+01 0.41
6 1.25 RA-226  PB-210 Air 5.38E-03 5.38E-03 0.09
6 1.25 RA-226 = PB-210 Floor 1.31E+00 1.31E+00 0.40
6 1.25 RA-226  PO-210 Air 3.43E-03 3.43E-03 0.07
6 1.25 RA-226  PO-210 Floor 8.36E-01 8.33E-01 0.39
6 1.5 RA-226  RA-226 Air 1.27E-01 1.27E-01 0.35
6 1.5 RA-226 = RA-226 Floor 3.06E+01 3.03E+01 0.77
6 1.5 RA-226  PB-210 Air 6.28E-03 6.26E-03 0.34
6 1.5 RA-226  PB-210 Floor 1.51E+00 1.49E+00 0.76
6 1.5 RA-226  PO-210 Air 4.30E-03 4.28E-03 0.33
6 1.5 RA-226  PO-210 Floor 1.03E+00 1.02E+00 0.74
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Table 3.28 (Continued)

Concentration [(pCi/m3) or (pCi/m2)]

Difference (%)

Begin RESRAD —Spreadsheet|
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD |
6 0 CS-137 CS-137 Air 1.23E-01 1.23E-01 0.60
6 0 CS-137 CS-137 Floor 2.79E+01 2.76E+01 1.15
6 0.25 CS-137 CS-137 Air 1.28E-01 1.28E-01 0.15
6 0.25 CS-137  (CS-137 Floor 3.14E+01 3.12E+01 0.59
6 0.5 CS-137 CS-137 Air 1.25E-01 1.25E-01 0.28
6 0.5 CS-137 CS-137 Floor 2.99E+01 2.97E+01 0.64
6 0.75 CS-137 CS-137 Air 1.26E-01 1.26E-01 0.11
6 0.75 CS-137 CS-137 Floor 3.09E+01 3.07E+01 0.49
6 1 CS-137 CS-137 Air 1.24E-01 1.24E-01 0.30
6 1 CS-137 CS-137 Floor 2.97E+01 2.95E+01 0.84
6 1.25 CS-137 CS-137 Air 1.25E-01 1.25E-01 0.08
6 1.25 CS-137 CS-137 Floor 3.04E+01 3.03E+01 0.39
6 1.5 CS-137 CS-137 Air 1.23E-01 1.22E-01 0.33
6 1.5 CS-137 CS-137 Floor 2.94E+01 2.92E+01 0.76
6 0 CO-60 CO-60 Air 1.22E-01 1.21E-01 0.61
6 0 CO-60 CO-60 Floor 2.75E+01 2.72E+01 1.16
6 0.25 CO-60 CO-60 Air 1.23E-01 1.23E-01 0.15
6 0.25 CO-60 CO-60 Floor 3.01E+01 2.99E+01 0.59
6 0.5 CO-60 CO-60 Air 1.17E-01 1.17E-01 0.28
6 0.5 CO-60 CO-60 Floor 2.79E+01 2.77E+01 0.64
6 0.75 CO-60 CO-60 Air 1.15E-01 1.15E-01 0.11
6 0.75 CO-60 CO-60 Floor 2.81E+01 2.79E+01 0.48
6 1 CO-60 CO-60 Air 1.10E-01 1.09E-01 0.30
6 1 CO-60 CO-60 Floor 2.63E+01 2.61E+01 0.84
6 1.25 CO-60 CO-60 Air 1.07E-01 1.07E-01 0.08
6 1.25 CO-60 CO-60 Floor 2.62E+01 2.61E+01 0.39
6 1.5 CO-60 CO-60 Air 1.03E-01 1.03E-01 0.33
6 1.5 CO-60 CO-60 Floor 2.47E+01 2.45E+01 0.75

Note: The difference (%) listed in the last column was calculated by dividing the difference between the RESRAD-

BUILD result and the spreadsheet result with the RESRAD-BUILD result, and then multiplying the ratio by 100.
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Table 3.29 Source Releases Assumed for Case V

Source Releases

Location (Room No.) 3 Air Fraction 1 Initial mass

Release 1 Release 2 Release 3 Release 4 Release 5 Release 6 Release 7 Release 8 Release 9
Start time (d) 0 30 60 100 120 200 280 350 1000
Start time (hr) 0 720 1440 2400 2880 4800 6720 8400 24000
End time (d) 30 60 100 120 200 280 350 1000 1100
End time (hr) 720 1440 2400 2880 4800 6720 8400 24000 26400
Fraction released 0.1 0.15 0.25 0.3 0.1 0 0.1 0 0
Release rate (1/hr) 0.000138889 0.000208 0.00026 0.000625 5.20833E-05 0 5.95238E-05 0

1.000E+03 g

Release 10
1100
26400
1500
36000
0
0

Note: The yellow highlights indicate the values were specified, not calculated, in the spreadsheet. They reflected the inputs to the RESRAD-BUILD code.



ol

Table 3.30 Comparison of Calculated Air Release Rates from RESRAD-BUILD and Spreadsheets for Case V

From "AirRelRatel.out"
Rate of release of source material to air
fraction of source per second per volume (m3) of the room of release

Volume of source room 90 m3
2592000 seconds
5184000 seconds
8640000 seconds

10368000 seconds

17280000 seconds

30240000 seconds

Comparison of Release Rate (fraction/hr)

— @ [rT1]

3000 4000 5000 6000 7000 8000 9000
Time (hr)

0 1000 2000 10000

4.29E-10 from time 0 to time
6.43E-10 from time 2592000 to time
8.04E-10 from time 5184000 to time
1.93E-09 from time 8640000 to time
1.61E-10 from time 10368000 to time
1.84E-10 from time 24192000 to time
Estimated RESRAD-BUILD
Air release Air release 0.0007
time (hr) rate (1/hr) time (hr) rate (1/hr) — 0.0006
0 0 0.00 0.00E+00 <
2 0.0001389 010 139-04 | 2%
4 0.0001389 720.00 1.39E-04 .g 0.0004
6 0.0001389 720.01 2.08E-04 £ 0.0003
8 0.0001389 1440.00 2.08E-04 P
10 0.0001389 1440.01 2.60E-04 | & *00%2
12 0.0001389 2400.00 2.60E-04 & 0.0001
14 0.0001389 2400.01 6.26E-04 0
16 0.0001389 2880.00 6.26E-04
18 0.0001389 2880.01 5.21E-05
20 0.0001389 4800.00 5.21E-05
22 0.0001389 4800.01 0.00E+00
24 0.0001389 6720.00 0.00E+00
26 0.0001389 6720.01 5.95E-05
28 0.0001389 8400.00 5.95E-05
30 0.0001389 8400.01 0.00E+00
32 0.0001389 8800.00 0.00E+00
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Table 3.31 Calculations of Source Particulate Concentrations in the Air and on the Floor of Each Room for Case V

time interval 2 hr
Room 1 Room 2 Room 3 Room 4 Room 5 Room 6 Room 7 Room 8 Room 9
Source_Rm (1-Yes, 0-No) 0 0 1 0 0 0 0 0 0
Vacuum
Removal Floor Floor Floor Floor Floor Floor Floor Floor Floor
Release rate  (1-Yes, O- Air conc. conc. Air conc. conc. Air conc. conc. Air conc. conc. Air conc. conc. Air conc. conc. Air conc. conc. Air conc. conc. Air conc. conc.
time (hr) (1/hr) No) (g/m3) (g/m2) (g/m3) (8/m2)  (g/m3) (8/m2)  (g/m3) (g/m2)  (g/m3) (g/m2) (g/m3) (g/m2) (g/m3) (g/m2) (g/m3) (g/m2) (g/m3) (g/m2)
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0.000138889 0 0 0 0 0 0.00082897 0.002319 0 0 0 0 0 0 0 0 0 0 0 0
4 0.000138889 0 0 0 0 0 0.001052516 0.004943 8.042E-05 0.000113 0 0 9.98E-05 0.00014 0 0 0 0 0 0
6 0.000138889 0 0 0 0 0 0.001113573 0.007956 0.00012165 0.000395 1.94E-05 2.71E-05 0.000157 0.000498 2.9E-05 4.06E-05 0 0 2.43E-05 3.4E-05
8 0.000138889 0 2.15E-06 3.01E-06 0 0 0.001131137 0.011067 0.000137672 0.000756 3.51E-05 0.000103 0.000186 0.000976 5.27E-05 0.000155 1.27E-05 1.78E-05 4.32E-05 0.000128
10 0.000138889 0 4.29E-06 1.2E-05 9.24259E-07 1.29E-06 0.001137058 0.014201 0.000143805 0.001147 4.53E-05 0.000215 0.000201 0.001514 6.56E-05 0.00032 2.6E-05 7.18E-05 5.83E-05 0.00027
12 0.000138889 0 6.11E-06 2.65E-05 2.09379E-06 5.51E-06 0.001140257 0.017336 0.000146419 0.001549 5.15E-05 0.00035 0.000209 0.002082 7.18E-05 0.000511 3.55E-05 0.000158 6.94E-05 0.000447
14 0001478 7E-05 0.00065
16 Floor Concentration (g/m2) 0001488 4 00 Air Concdntration (g/m3) 2E-05 0.000869
18 4.5 0001496 ) 4E-05 0.001097
Room 1 Room 1

20 4 fooma 0001503 0.007 Room 2 7E-05 0.00133
22 Room 3 0001509: Room 3 8E-05 0.001566
24 35 oo 2.000151: 0006 Room 4 7E-05 0.001805
26 5 Room S 0001519 0.005 Room 5 3E-05 0.002045
28 Room 6 0001523: Room 6 9E-05 0.002285
30 25 Room 7 0001528 0, Room 7 4E-05 0.002527
32 Room 8 0001532 Room 8 9E-05 0.002768
34 2 Room o 0001536/  0.003 Room 9 4E-05 0.003011
36 1.5 0001541 8E-05 0.003253
38 0001545 0.002 3E-05 0.003497
40 t 0001549 7E-05 0.00374
42 s 0001553 %% 2E-05 0.003984
44 2.000155 0 == 6E-05 0.004228
46 ’ 0 1000 2000 3000 4000 5000 6000 7000 8000 0001561 0 1000 2000 3000 4000 5000 6000 7000 8000 1E-05, 0.004473
48 Time (h1) 0001565 Time (hr) 5E-05 0.004718
50 VRV U L.UOLTUD UiUUUDOD Uettior LU viuuuco viuvaasovoo viuroove v.000157000  ciovooas e oreRsrre e -.-9E-05 0.004963
52 0.000138889 0 1.09E-05 0.000561 6.48659E-06 0.000311 0.001176682 0.07888 0.000157423  0.00972 6.53E-05 0.003659 0.000233 0.014078 8.38E-05  0.0048 5.36E-05 0.002832 9.44E-05 0.005209
54 0.000138889 0 1.09E-05 0.00059 6.53183E-06 0.000328 0.001178305 0.081891 0.000157835 0.010126 6.56E-05 0.003829 0.000233 0.014679 8.41E-05 0.005017 5.39E-05 0.002972 9.48E-05 0.005455

Note: The yellow highlight indicates the value was specified, not calculated, in the spreadsheet. It was chosen to generate results for comparison.



During the analysis of Case V, the RESRAD-BUILD code generated an intermediate
output file “AirRelConcSourcel.out” that listed the concentrations in the air and on the floor of
each room at various time points. The concentrations were expressed as the fraction of the initial
source per m® of air and the fraction of the initial source per m? on the floor. They were
multiplied by the total mass of source (materials) to convert the concentration to mass of source
(particulate) per unit volume in the air (g/m?) and mass of source (particulate) per unit area on
the floor (g/m?) for comparison with spreadsheet calculations.

Figures 3.17 and 3.18 compare the air concentrations (g/m?) and floor deposition
concentrations (g/m?), respectively, in Room 1, which did not have direct air exchange with
Room 3, where the area source was located. Figures 3.19 and 3.20 compare the air
concentrations and floor deposition concentrations, respectively, in Room 3. Figures 3.21 and
3.22 compare the air concentrations and floor deposition concentrations, respectively, in Room 5.
In the figures, the blue solid curve displays the results from the spreadsheets while the red
dashed curve displays the results from RESRAD-BUILD. As shown in the figures, the
concentration results from RESRAD-BUILD and the spreadsheets are in good agreement. Good
agreement was observed with the concentration results in other rooms.

Table 3.32 compares calculated average concentrations of radionuclides in the air and on
the floor over the exposure duration in Room 3. Table 3.33 compares the same calculated results
in Room 9. The comparisons show good agreement between the calculated results from
RESRAD-BUILD and the spreadsheets; all results differ by less than 3%. The differences seem
to increase with time, which is typical with numerical analysis solutions.

3.6 CASE VI-AN AREA SOURCE IN ROOM 3 WITH SCHEDULED VACUUMING

Case VI considered the same area source as Case V that had an area of 36 m? and was in
Room 3 of the building. It was assumed that regular vacuuming was conducted to remove dust
deposition on the floor. The efficiency of vacuuming was 80%. Potential radiation dose and
cancer risk to four receptors, located in Rooms 1, 3, 6, and 9, respectively, via the inhalation of
airborne particulates, ingestion of source particles, and external radiation emitted by airborne
particulates were evaluated.

The room dimensions, ventilation rates between rooms and with the outside environment,
deposition velocity, and resuspension rate assumed for Case V (same as Cases 11l and 1V) were
applicable to Case VI (Table 3.20). The contaminated source materials were assumed to be
eroded away over several phases with a constant erosion rate in each phase, as assumed in
Case V (Table 3.29). However, only 50% of the eroded materials were assumed to become
airborne and get into the indoor air.

3.6.1 Calculation and Comparison of Release Rates and Source Concentrations

The air release rates calculated by RESRAD-BUILD, listed in the intermediate output file
“AirRelRatel.out,” were in terms of the fraction of the initial source inventory. They were
multiplied by the initial mass assumed for the source materials for comparison with the
calculated air release rates from the spreadsheets. Table 3.34 shows that the converted air release
rates from RESRAD-BUILD match those from the spreadsheets.
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Comparison of Particulate Air Concentrations (g/m3) for Room 1
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Figure 3.17 Comparison of Calculated Source Particulate Concentrations in the Air of
Room 1 for Case V

Comparison of Particulate Floor Concentrations (g/m2) for Room 1
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Figure 3.18 Comparison of Calculated Source Particulate Concentrations on the Floor of
Room 1 for Case V
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Comparison of Particulate Air Concentrations (g/m3) for Room 3

0.009

0.008

Estimated

v.ao7 — — — RESRAD-

BUILD

0.006

0.005

0.004

0.003

0.002

0.001

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time (hr)

Figure 3.19 Comparison of Calculated Source Particulate Concentrations in the Air of Room 3 for
Case V

Comparison of Particulate Floor Concentrations (g/m2) for Room 3
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Figure 3.20 Comparison of Calculated Source Particulate Concentrations on the Floor of Room 3
for Case V
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Comparison of Particulate Air Concentrations (g/m3) for Room 5
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Figure 3.21 Comparison of Calculated Source Particulate Concentrations in the Air of Room 5 for
Case V

Comparison of Particulate Floor Concentrations (g/m2) for Room 5
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Figure 3.22 Comparison of Calculated Source Particulate Concentrations on the Floor of Room 5
for Case V
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Table 3.32 Comparison of Calculated Average Concentrations of Radionuclide in the Air and on
the Floor of Room 3 for Case V

Concentration [(pCi/m3) or (pCi/m2)]

Difference (%)

Begin RESRAD —Spreadsheet|
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
3 0 RA-226  RA-226 Air 8.43E-05 8.41E-05 0.27
3 0 RA-226  RA-226 Floor 4.48E-02 4.46E-02 0.33
3 0 RA-226 PB-210 Air 3.87E-07 3.86E-07 0.12
3 0 RA-226 = PB-210 Floor 2.27E-04 2.27E-04 0.20
3 0 RA-226  PO-210 Air 5.65E-08 5.65E-08 0.01
3 0 RA-226  PO-210 Floor 3.43E-05 3.43E-05 0.07
3 0.25 RA-226  RA-226 Air 1.11E-04 1.11E-04 0.08
3 0.25 RA-226  RA-226 Floor 9.51E-02 9.50E-02 0.10
3 0.25 RA-226 = PB-210 Air 1.16E-06 1.16E-06 0.15
3 0.25 RA-226 PB-210 Floor 1.06E-03 1.06E-03 0.04
3 0.25 RA-226  PO-210 Air 3.03E-07 3.03E-07 0.24
3 0.25 RA-226  PO-210 Floor 2.90E-04 2.90E-04 0.04
3 0.5 RA-226  RA-226 Air 1.82E-05 1.84E-05 1.05
3 0.5 RA-226  RA-226 Floor 2.49E-02 2.51E-02 0.70
3 0.5 RA-226 = PB-210 Air 3.26E-07 3.30E-07 1.06
3 0.5 RA-226 PB-210 Floor 4.51E-04 4,54E-04 0.71
3 0.5 RA-226  PO-210 Air 1.26E-07 1.28E-07 1.09
3 0.5 RA-226  PO-210 Floor 1.76E-04 1.77E-04 0.75
3 0.75 RA-226  RA-226 Air 2.33E-05 2.33E-05 0.06
3 0.75 RA-226  RA-226 Floor 1.64E-02 1.64E-02 0.09
3 0.75 RA-226 PB-210 Air 6.23E-07 6.23E-07 0.01
3 0.75 RA-226  PB-210 Floor 4.48E-04 4.48E-04 0.07
3 0.75 RA-226  PO-210 Air 3.14E-07 3.14E-07 0.07
3 0.75 RA-226  PO-210 Floor 2.28E-04 2.28E-04 0.04
3 1 RA-226  RA-226 Air 4.11E-06 4.17E-06 1.37
3 1 RA-226  RA-226 Floor 6.52E-03 6.60E-03 1.19
3 1 RA-226 PB-210 Air 1.37E-07 1.39E-07 1.37
3 1 RA-226 PB-210 Floor 2.17E-04 2.19E-04 1.19
3 1 RA-226  PO-210 Air 7.80E-08 7.91E-08 1.39
3 1 RA-226 = PO-210 Floor 1.23E-04 1.25E-04 1.21
3 1.25 RA-226  RA-226 Air 8.40E-07 8.58E-07 2.16
3 1.25 RA-226  RA-226 Floor 1.09E-03 1.11E-03 2.00
3 1.25 RA-226 = PB-210 Air 3.44E-08 3.52E-08 2.16
3 1.25 RA-226 PB-210 Floor 4.45E-05 4,54E-05 2.00
3 1.25 RA-226  PO-210 Air 2.18E-08 2.22E-08 2.18
3 1.25 RA-226  PO-210 Floor 2.81E-05 2.87E-05 2.02
3 1.5 RA-226  RA-226 Air 2.32E-07 2.39E-07 2.96
3 1.5 RA-226  RA-226 Floor 2.68E-04 2.75E-04 2.78
3 1.5 RA-226 PB-210 Air 1.13E-08 1.16E-08 2.97
3 1.5 RA-226  PB-210 Floor 1.30E-05 1.34E-05 2.79
3 1.5 RA-226  PO-210 Air 7.67E-09 7.90E-09 2.98
3 1.5 RA-226  PO-210 Floor 8.84E-06 9.08E-06 2.80
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Table 3.32 (Continued)

Concentration [(pCi/m3) or (pCi/m2)]

Difference (%)

Begin RESRAD —Spreadsheet
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
3 0 CS-137 CS-137 Air 8.40E-05 8.38E-05 0.27
3 0 CS-137 CS-137 Floor 4.46E-02 4.44E-02 0.33
3 0.25 CS-137 CS-137 Air 1.10E-04 1.11E-04 0.09
3 0.25 CS-137 CS-137 Floor 9.44E-02 9.43E-02 0.10
3 0.5 CS-137 CS-137 Air 1.80E-05 1.82E-05 1.06
3 0.5 CS-137 CS-137 Floor 2.46E-02 2.47E-02 0.70
3 0.75 CS-137 CS-137 Air 2.28E-05 2.28E-05 0.05
3 0.75 CS-137 CS-137 Floor 1.61E-02 1.61E-02 0.09
3 1 CS-137 CS-137 Air 4.01E-06 4.07E-06 1.38
3 1 CS-137 CS-137 Floor 6.36E-03 6.44E-03 1.20
3 1.25 CS-137 CS-137 Air 8.14E-07 8.32E-07 2.17
3 1.25 CS-137 CS-137 Floor 1.06E-03 1.08E-03 2.01
3 1.5 CS-137 CS-137 Air 2.24E-07 2.31E-07 2.98
3 1.5 CS-137 CS-137 Floor 2.58E-04 2.65E-04 2.80
3 0 CO-60 CO-60 Air 8.27E-05 8.25E-05 0.27
3 0 CO-60 CO-60 Floor 4.38E-02 4.37E-02 0.33
3 0.25 CO-60 CO-60 Air 1.06E-04 1.07E-04 0.08
3 0.25 CO-60 CO-60 Floor 9.08E-02 9.07E-02 0.10
3 0.5 CO-60 CO-60 Air 1.69E-05 1.71E-05 1.06
3 0.5 CO-60 CO-60 Floor 2.30E-02 2.32E-02 0.70
3 0.75 CO-60 CO-60 Air 2.08E-05 2.07E-05 0.05
3 0.75 CO-60 CO-60 Floor 1.46E-02 1.46E-02 0.09
3 1 CO-60 CO-60 Air 3.57E-06 3.62E-06 1.38
3 1 CO-60 CO-60 Floor 5.66E-03 5.73E-03 1.20
3 1.25 CO-60 CO-60 Air 7.04E-07 7.19E-07 2.18
3 1.25 CO-60 CO-60 Floor 9.12E-04 9.31E-04 2.01
3 1.5 CO-60 CO-60 Air 1.88E-07 1.94E-07 2.98
3 1.5 CO-60 CO-60 Floor 2.17E-04 2.23E-04 2.80

Note: The difference (%) listed in the last column was calculated by dividing the difference between the RESRAD-
BUILD result and the spreadsheet result with the RESRAD-BUILD result, and then multiplying the ratio by 100.
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Table 3.33 Comparison of Calculated Average Concentrations of Radionuclides in the Air and on
the Floor of Room 9 for Case V

Concentration [(pCi/m3) or (pCi/m2)]

Difference (%)

Begin RESRAD —Spreadsheet|
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
9 0 RA-226  RA-226 Air 1.44E-05 1.43E-05 0.94
9 0 RA-226  RA-226 Floor 7.13E-03 7.03E-03 1.34
9 0 RA-226 PB-210 Air 7.23E-08 7.18E-08 0.75
9 0 RA-226 = PB-210 Floor 3.84E-05 3.80E-05 1.09
9 0 RA-226  PO-210 Air 1.10E-08 1.09E-08 0.65
9 0 RA-226  PO-210 Floor 5.99E-06 5.93E-06 0.91
9 0.25 RA-226  RA-226 Air 3.52E-05 3.50E-05 0.35
9 0.25 RA-226  RA-226 Floor 2.54E-02 2.52E-02 0.58
9 0.25 RA-226 = PB-210 Air 4.01E-07 4.00E-07 0.25
9 0.25 RA-226 PB-210 Floor 2.99E-04 2.97E-04 0.48
9 0.25 RA-226  P0O-210 Air 1.12E-07 1.12E-07 0.18
9 0.25 RA-226  PO-210 Floor 8.53E-05 8.50E-05 0.38
9 0.5 RA-226  RA-226 Air 1.82E-05 1.83E-05 0.69
9 0.5 RA-226  RA-226 Floor 1.76E-02 1.77E-02 0.46
9 0.5 RA-226 = PB-210 Air 3.39E-07 3.41E-07 0.72
9 0.5 RA-226 = PB-210 Floor 3.30E-04 3.31E-04 0.49
9 0.5 RA-226  PO-210 Air 1.35E-07 1.36E-07 0.76
9 0.5 RA-226  PO-210 Floor 1.32E-04 1.33E-04 0.53
9 0.75 RA-226  RA-226 Air 1.01E-05 1.02E-05 0.77
9 0.75 RA-226  RA-226 Floor 8.81E-03 8.87E-03 0.68
9 0.75 RA-226 PB-210 Air 2.71E-07 2.73E-07 0.74
9 0.75 RA-226  PB-210 Floor 2.35E-04 2.36E-04 0.64
9 0.75 RA-226  PO-210 Air 1.36E-07 1.37E-07 0.57
9 0.75 RA-226  PO-210 Floor 1.18E-04 1.19E-04 0.66
9 1 RA-226  RA-226 Air 5.08E-06 5.15E-06 1.28
9 1 RA-226  RA-226 Floor 5.07E-03 5.13E-03 1.09
9 1 RA-226 = PB-210 Air 1.72E-07 1.74E-07 1.29
9 1 RA-226 PB-210 Floor 1.72E-04 1.73E-04 1.10
9 1 RA-226  PO-210 Air 9.84E-08 9.97E-08 1.32
9 1 RA-226  PO-210 Floor 9.85E-05 9.96E-05 1.13
9 1.25 RA-226  RA-226 Air 1.74E-06 1.78E-06 2.11
9 1.25 RA-226  RA-226 Floor 1.88E-03 1.91E-03 1.92
9 1.25 RA-226  PB-210 Air 7.18E-08 7.33E-08 2.12
9 1.25 RA-226 = PB-210 Floor 7.73E-05 7.87E-05 1.93
9 1.25 RA-226  PO-210 Air 4,54E-08 4.64E-08 2.14
9 1.25 RA-226  PO-210 Floor 4.89E-05 4.99E-05 1.94
9 1.5 RA-226  RA-226 Air 5.51E-07 5.67E-07 2.95
9 1.5 RA-226  RA-226 Floor 6.07E-04 6.24E-04 2.75
9 1.5 RA-226 PB-210 Air 2.67E-08 2.75E-08 2.95
9 1.5 RA-226 PB-210 Floor 2.95E-05 3.03E-05 2.76
9 1.5 RA-226 = PO-210 Air 1.82E-08 1.87E-08 2.97
9 1.5 RA-226  P0O-210 Floor 2.01E-05 2.06E-05 2.78
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Table 3.33 (Continued)

Concentration [(pCi/m3) or (pCi/m2)]

Difference (%)

Begin RESRAD —Spreadsheet
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
9 0 CS-137 CS-137 Air 1.44E-05 1.42E-05 0.94
9 0 CS-137 CS-137 Floor 7.10E-03 7.01E-03 1.34
9 0.25 CS-137 CS-137 Air 3.49E-05 3.48E-05 0.34
9 0.25 CS-137 CS-137 Floor 2.52E-02 2.50E-02 0.57
9 0.5 CS-137 CS-137 Air 1.79E-05 1.81E-05 0.70
9 0.5 CS-137 CS-137 Floor 1.74E-02 1.74E-02 0.47
9 0.75 CS-137 CS-137 Air 9.93E-06 1.00E-05 0.78
9 0.75 CS-137 CS-137 Floor 8.64E-03 8.70E-03 0.69
9 1 CS-137 CS-137 Air 4.96E-06 5.02E-06 1.30
9 1 CS-137 CS-137 Floor 4.95E-03 5.00E-03 1.11
9 1.25 CS-137 CS-137 Air 1.69E-06 1.73E-06 2.13
9 1.25 CS-137 CS-137 Floor 1.82E-03 1.85E-03 1.93
9 1.5 CS-137 CS-137 Air 5.31E-07 5.47E-07 2.96
9 1.5 CS-137 CS-137 Floor 5.86E-04 6.02E-04 2.77
9 0 CO-60 CO-60 Air 1.41E-05 1.40E-05 0.94
9 0 CO-60 CO-60 Floor 6.97E-03 6.88E-03 1.34
9 0.25 CO-60 CO-60 Air 3.35E-05 3.34E-05 0.35
9 0.25 CO-60 CO-60 Floor 2.42E-02 2.40E-02 0.58
9 0.5 CO-60 CO-60 Air 1.68E-05 1.69E-05 0.70
9 0.5 CO-60 CO-60 Floor 1.62E-02 1.63E-02 0.46
9 0.75 CO-60 CO-60 Air 9.04E-06 9.11E-06 0.74
9 0.75 CO-60 CO-60 Floor 7.87E-03 7.92E-03 0.67
9 1 CO-60 CO-60 Air 4.40E-06 4.45E-06 1.30
9 1 CO-60 CO-60 Floor 4.39E-03 4.44E-03 1.11
9 1.25 CO-60 CO-60 Air 1.46E-06 1.49E-06 2.13
9 1.25 CO-60 CO-60 Floor 1.57E-03 1.60E-03 1.93
9 1.5 CO-60 CO-60 Air 4.46E-07 4.60E-07 2.97
9 1.5 CO-60 CO-60 Floor 4.92E-04 5.06E-04 2.77

Note: The difference (%) listed in the last column was calculated by dividing the difference between the RESRAD-
BUILD result and the spreadsheet result with the RESRAD-BUILD result, and then multiplying the ratio by 100.
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Table 3.34 Comparison of Calculated Air Release Rates from RESRAD-BUILD and Spreadsheets for Case VI

From "AirRelRatel.out"
Rate of release of source material to air

fraction of source per second per volume (m3) of the room of release

2.14E-10 from
3.22E-10 from
4.02E-10 from
9.65E-10 from
8.04E-11 from
9.19E-11 from

Estimated

Air release

time (hr) rate (1/hr)
0
6.944E-05
6.944E-05
6.944E-05
6.944E-05
10 6.944E-05
12 6.944E-05
14 6.944E-05
16 6.944E-05
18 6.944E-05
20 6.944E-05
22 6.944E-05
24 6.944E-05
26 6.944E-05
28 6.944E-05
30 6.944E-05
32 6.944E-05

oo~ N O

time
time
time
time
time
time

0
2592000
5184000
8640000

10368000
24192000

time (hr)

0.00
0.10
720.00
720.01
1440.00
1440.01
2400.00
2400.01
2880.00
2880.01
4800.00
4800.01
6720.00
6720.01
8400.00
8400.01
8800.00

to
to
to
to
to
to

RRB

Air release
rate (1/hr)
0.00E+00
6.95E-05
6.95E-05
1.04E-04
1.04E-04
1.30E-04
1.30E-04
3.13E-04
3.13E-04
2.60E-05
2.60E-05
0.00E+00
0.00E+00
2.98E-05
2.98E-05
0.00E+00
0.00E+00

time
time
time
time
time
time

2592000 seconds
5184000 seconds
8640000 seconds
10368000 seconds
17280000 seconds
30240000 seconds

Volume of source room

720 hr
1440 hr
2400 hr
2880 hr
4800 hr
8400 hr

90 m3 (reflect value in input file)

0.00035

0.0003

0.00025

0.0002

0.00015

0.0001

Release rate (fraction/hr)

0.00005

Comparison of Release Rate (fraction/hr)

0 1000 2000 3000

4000

| S R

5000 6000 7000 8000
Time (hr)

9000

10000

Note: The yellow highlight indicates the value was specified, not calculated, in the spreadsheet. It reflected the input to the RESRAD-BUILD code.




The remaining mass of source materials were multiplied with the ingrowth and decay
factors to estimate the remaining radioactivity in the source and the integrated radioactivity
directly ingested over the exposure duration by a receptor located in the same room as the
source, in this case, Receptor 2. Table 3.35 compares the average radioactivity remaining in the
source over the exposure duration from RESRAD-BUILD and the spreadsheets. Table 3.36
compares the integrated radioactivity directly ingested over the exposure duration, based on full
occupancy. The results from RESRAD-BUILD were listed in the intermediate output file
“AirRelTimelntegratedConcSourcel.out.” The comparisons show the RESRAD-BUILD results
agree well with the spreadsheet results, with differences of less than 1.2%.

3.6.2 Calculation and Comparison of Air and Floor Concentrations

Equations B.10 and B.11 in the User’s Manual of RESRAD-BUILD, Vol. 1 (Yu et al.
2022) describe the change in the fraction of source materials suspended in the air and deposited
on the floor, respectively, in each room of the building as a function of time. They were solved
numerically in the spreadsheets to obtain source particulate concentrations in each room.
Table 3.37 presents part of the calculations and results at different time steps in the spreadsheets.

During the analysis of Case VI, the RESRAD-BUILD code generated an intermediate
output file “AirRelConcSourcel.out” that listed the concentrations in the air and on the floor of
each room at various time points. The concentrations were expressed as the fraction of the initial
source per m® of air and the fraction of the initial source per m? on the floor. They were
multiplied by the initial mass of source (materials) (assumed to be 1,000 g) to convert the
concentration to mass of source (particulate) per unit volume in the air (g/m3®) and mass of source
(particulate) per unit area on the floor (g/m?) for comparison with spreadsheet calculations.

Figure 3.23 compares the air concentrations of source particles (g/m®) in Room 3, where
the area source was assumed to be located. Figure 3.24 compares the floor deposition
concentrations of source particles (g/m?) in the same room. Figures 3.25 and 3.26 compare the
air concentrations and floor deposition concentrations, respectively, in Room 6. In the figures,
the blue solid curve displays the results from the spreadsheets while the red dashed curve
displays the results from RESRAD-BUILD. As shown in the figures, the concentration results
from RESRAD-BUILD and the spreadsheets are in good agreement. The comparison of
concentrations in the air and on the floor of other rooms also shows good agreement.

Table 3.38 compares calculated average concentrations of radionuclides in the air and on
the floor over the exposure duration in Room 1. Table 3.39 compares the same calculated results
in Room 3. For most of the results, the comparisons show good agreement between RESRAD-
BUILD and the spreadsheets. More than 10% of differences were observed when radionuclide
concentrations were very small, i.e., close to 0. This is thought to be due to the different
precisions used in RESRAD-BUILD and spreadsheets for numeric values.
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Table 3.35 Comparison of Time-Averaged Radioactivity Remaining in the Source over the
Exposure Duration for Case VI

Time Averaged Radioactivity (pCi)

Difference (%)

Begin RESRAD —Spreadsheet|
iSrc iTime  Time(yr) Parent Porgeny RESRAD-BUILD Estimated RESRAD |
1 1 0 RA-226 RA-226 2.90E+01 2.91E+01 0.02
1 1 0 RA-226 PB-210 1.02E-01 1.02E-01 0.06
1 1 0 RA-226 PO-210 1.32E-02 1.32E-02 0.19
1 2 0.25 RA-226 RA-226 8.54E+00 8.56E+00 0.24
1 2 0.25 RA-226 PB-210 9.00E-02 9.02E-02 0.22
1 2 0.25 RA-226 PO-210 2.37E-02 2.38E-02 0.23
1 3 0.5 RA-226 RA-226 3.67E+00 3.67E+00 0.04
1 3 0.5 RA-226 PB-210 7.04E-02 7.04E-02 0.04
1 3 0.5 RA-226 PO-210 2.86E-02 2.87E-02 0.06
1 4 0.75 RA-226 RA-226 1.62E+00 1.63E+00 0.56
1 4 0.75 RA-226 PB-210 4.08E-02 4.10E-02 0.58
1 4 0.75 RA-226 PO-210 1.97E-02 1.99E-02 0.61
1 5 1 RA-226 RA-226 0.00E+00 0.00E+00 -
1 5 1 RA-226 PB-210 0.00E+00 0.00E+00 -
1 5 1 RA-226 PO-210 0.00E+00 0.00E+00 -
1 6 1.25 RA-226 RA-226 0.00E+00 0.00E+00 -
1 6 1.25 RA-226 PB-210 0.00E+00 0.00E+00 -
1 6 1.25 RA-226 PO-210 0.00E+00 0.00E+00 -
1 7 1.5 RA-226 RA-226 0.00E+00 0.00E+00 -
1 7 1.5 RA-226 PB-210 0.00E+00 0.00E+00 -
1 7 1.5 RA-226 PO-210 0.00E+00 0.00E+00 -
1 1 0 CS-137 CS-137 2.90E+01 2.90E+01 0.02
1 2 0.25 CS-137 CS-137 8.47E+00 8.49E+00 0.25
1 3 0.5 CS-137 CS-137 3.62E+00 3.62E+00 0.05
1 4 0.75 CS-137 CS-137 1.59E+00 1.60E+00 0.57
1 5 1 CS-137 CS-137 0.00E+00 0.00E+00 -
1 6 1.25 CS-137 CS-137 0.00E+00 0.00E+00 -
1 7 1.5 CS-137 CS-137 0.00E+00 0.00E+00 -
1 1 0 CO-60 CO-60 2.86E+01 2.86E+01 0.02
1 2 0.25 CO-60 CO-60 8.17E+00 8.19E+00 0.25
1 3 0.5 CO-60 CO-60 3.39E+00 3.39E+00 0.05
1 4 0.75 CO-60 CO-60 1.45E+00 1.46E+00 0.57
1 5 1 CO-60 CO-60 0.00E+00 0.00E+00 -
1 6 1.25 CO-60 CO-60 0.00E+00 0.00E+00 -
1 7 1.5 CO-60 CO-60 0.00E+00 0.00E+00 -

Note: The difference (%) listed in the last column was calculated by dividing the difference between the RESRAD-

BUILD result and the spreadsheet result with the RESRAD-BUILD result, and then multiplying the ratio by 100.
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Table 3.36 Comparison of Time-Integrated Radioactivity Directly Ingested over the Exposure
Duration for Case VI

Time Integrated Radioactivity (pCi)

Difference (%)

Begin RESRAD—Spreadsheet|
iSrc iTime  Time(yr) Parent Porgeny RESRAD-BUILD Estimated RESRAD |
1 1 0 RA-226 RA-226 7.88E-04 7.88E-04 0.09
1 1 0 RA-226 PB-210 3.05E-06 3.05E-06 0.06
1 1 0 RA-226 PO-210 4,17E-07 4.17E-07 0.18
1 2 0.25 RA-226 RA-226 7.88E-04 7.88E-04 0.00
1 2 0.25 RA-226 PB-210 9.13E-06 9.13E-06 0.01
1 2 0.25 RA-226 PO-210 2.59E-06 2.59E-06 0.05
1 3 0.5 RA-226 RA-226 1.50E-04 1.52E-04 1.10
1 3 0.5 RA-226 PB-210 2.42E-06 2.45E-06 1.13
1 3 0.5 RA-226 PO-210 8.67E-07 8.77E-07 1.17
1 4 0.75 RA-226 RA-226 6.05E-04 6.04E-04 0.10
1 4 0.75 RA-226 PB-210 1.60E-05 1.60E-05 0.03
1 4 0.75 RA-226 PO-210 7.99E-06 7.99E-06 0.04
1 5 1 RA-226 RA-226 0.00E+00 0.00E+00 -
1 5 1 RA-226 PB-210 0.00E+00 0.00E+00 -
1 5 1 RA-226 PO-210 0.00E+00 0.00E+00 -
1 6 1.25 RA-226 RA-226 0.00E+00 0.00E+00 -
1 6 1.25 RA-226 PB-210 0.00E+00 0.00E+00 -
1 6 1.25 RA-226 PO-210 0.00E+00 0.00E+00 -
1 7 1.5 RA-226 RA-226 0.00E+00 0.00E+00 -
1 7 1.5 RA-226 PB-210 0.00E+00 0.00E+00 -
1 7 1.5 RA-226 PO-210 0.00E+00 0.00E+00 -
1 1 0 CS-137 CS-137 7.86E-04 7.85E-04 0.09
1 2 0.25 CS-137 CS-137 7.82E-04 7.82E-04 0.00
1 3 0.5 CS-137 CS-137 1.48E-04 1.50E-04 1.11
1 4 0.75 CS-137 CS-137 5.93E-04 5.92E-04 0.09
1 5 1 CS-137 CS-137 0.00E+00 0.00E+00 -
1 6 1.25 CS-137 CS-137 0.00E+00 0.00E+00 -
1 7 1.5 CS-137 CS-137 0.00E+00 0.00E+00 -
1 1 0 CO-60 CO-60 7.76E-04 7.75E-04 0.09
1 2 0.25 CO-60 CO-60 7.50E-04 7.51E-04 0.00
1 3 0.5 CO-60 CO-60 1.40E-04 1.42E-04 1.11
1 4 0.75 CO-60 CO-60 5.40E-04 5.39E-04 0.10
1 5 1 CO-60 CO-60 0.00E+00 0.00E+00 -
1 6 1.25 CO-60 CO-60 0.00E+00 0.00E+00 -
1 7 1.5 CO-60 CO-60 0.00E+00 0.00E+00 -

Note: The difference (%) listed in the last column was calculated by dividing the difference between the RESRAD-

BUILD result and the spreadsheet result with the RESRAD-BUILD result, and then multiplying the ratio by 100.
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90C

Table 3.37 Calculations of Source Particulate Concentrations in the Air and on the Floor of Each Room for Case VI

time interval 2 hr
Room 1 Room 2 Room 3 Room 4 Room 5 Room 6 Room 7 Room 8 Room 9
Source_Rm (1-Yes, 0-No) 0 0 1 0 0 0 0 0 0
Vacuum
Removal Floor Floor Floor Floor Floor Floor Floor Floor Floor
Release rate  (1-Yes, O- Air conc. conc. Air conc. conc. Air conc. conc. Air conc. conc. Air conc. conc. Air conc. conc. Air conc. conc. Air conc. conc. Air conc. conc.
time (hr) (1/hr) No) (8/m3) (8/m2)  (g/m3) (8/m2)  (g/m3) (g/m2)  (g/m3) (e/m2)  (g/m3) (g/m2) (g/m3) (g/m2) (g/m3) (g/m2) (g/m3) (g/m2) (g/m3) (s/m2)
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0.000138889 0 0 0 0 0 0.000414485 0.00116 0 0 0 0 0 0 0 0 0 0 0 0
4 0.000138889 0 0 0 0 0 0.000526258 0.002472 4.021E-05 5.63E-05 0 0 4.99E-05 6.98E-05 0 0 0 0 0 0
6 0.000138889 0 0 0 0 0 0.000556786 0.003978 6.08252E-05 0.000197 9.68E-06 1.35E-05 7.84E-05 0.000249 1.45E-05 2.03E-05 0 0 1.22E-05 1.7E-05
8 0.000138889 0 1.07538E-06 1.5E-06 0 0 0.000565568 0.005534 6.88359E-05 0.000378 1.76E-05 5.16E-05 9.3E-05 0.000488 2.63E-05 7.74E-05 6.34E-06 8.88E-06 2.16E-05 6.42E-05
10 0.000138889 0 2.14671E-06 6.01E-06 4.6213E-07 6.47E-07 0.000568529  0.0071 7.19024E-05 0.000574 2.26E-05 0.000108 0.000101 0.000757 3.28E-05 0.00016 1.3E-05 3.59E-05 2.91E-05 0.000135
12 0.l 0.0( ‘4
14 0.l Floor Concentration (g/m2) 0.0( Air Concdntration (g/m3) 5
16 0. 1.2 0.0( 0.0035 4
18 0.l 0.0¢ -8
20 0. 1 Room 1 0.0C  0.003 Room 1 5
2 0. foom? 0.0¢ oo ;
24 0. o5 Room 4 0.0¢ 0:0025 Room 4 2
26 0.l Room 5 0.0¢ Room 5 2
28 o . Room 6l 0.0 0002 Room 6 3
30 0. ’ Room 7 0.0C Room 7 i3
32 0. Room § 0.0 00015 Room 8 a
34 0.l 0.4 Room 9 0.0( Room 9 )5
36 0. o % 7
38 0.l 0.2 0.0( -8
: : 0.0005
40 0.l 0.0( )
42 0.l 0 — ——— 0.0( 0 2
44 0. 0 1000 2000 3000 4000 5000 6000 7000 8000 0.0C 1000 2000 3000 4000 5000 6000 2000 2000 4
46 0.l Time (hr) 0.0 Time (hr) 6
48 0.000138889 0 5.37127E-06 0.000252 3.19807E-06 0.000138 0.000586712 0.036419 7.8299E-05 0.004453 3.23E-05 0.00166 0.000116 0.006437 4.15E-05 0.002182 2.65E-05 0.001276 4.68E-05 0.002359
50 0.000138889 0 5.40212E-06 0.000266 3.22068E-06 0.000147 0.000587527 0.037931 7.85054E-05 0.004657 3.25E-05 0.001745 0.000116 0.006738 4.17E-05 0.002291 2.66E-05 0.001346 4.7E-05 0.002481
52 0.000138889 0 5.43297E-06 0.000281  3.2433E-06 0.000155 0.000588341 0.03944 7.87116E-05 0.00486 3.26E-05 0.00183 0.000116 0.007039 4.19E-05 0.0024 2.68E-05 0.001416 4.72E-05 0.002604
54 0.000138889 0 5.46381E-06 0.000295 3.26592E-06 0.000164 0.000589153 0.040946 7.89175E-05 0.005063 3.28E-05 0.001915 0.000117 0.00734 4.21E-05 0.002509 2.69E-05 0.001486 4.74E-05 0.002727

Note: The yellow highlight indicates the value was specified, not calculated, in the spreadsheet. It was chosen to generate results for comparison.



Comparison of Particulate Air Concentrations (g/m3) for Room 3
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Figure 3.23 Comparison of Calculated Source Particulate Concentrations in the Air of Room 3
for Case VI

Comparison of Particulate Floor Concentrations (g/m2) for Room 3
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Figure 3.24 Comparison of Calculated Source Particulate Concentrations on the Floor of
Room 3 for Case VI
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Comparison of Particulate Air Concentrations (g/m3) for Room 6
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Figure 3.25 Comparison of Calculated Source Particulate Concentrations in the Air of Room 6
for Case VI

Comparison of Particulate Floor Concentrations (g/m2) for Room 6
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Figure 3.26 Comparison of Calculated Source Particulate Concentrations on the Floor of
Room 6 for Case VI
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Table 3.38 Comparison of Calculated Average Concentrations of Radionuclide in the Air and on
the Floor of Room 1 for Case VI

Concentration (pCi/m3 or pCi/m2)

Difference (%)

Begin RESRAD—Spreadsheet|
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD |
1 0 RA-226  RA-226 Air 4.40E-07 4.35E-07 0.98
1 0 RA-226  RA-226 Floor 9.58E-05 9.44E-05 1.44
1 0 RA-226  PB-210 Air 1.97E-09 1.96E-09 0.51
1 0 RA-226  PB-210 Floor 4.43E-07 4.38E-07 0.92
1 0 RA-226  PO-210 Air 2.83E-10 2.82E-10 0.32
1 0 RA-226  PO-210 Floor 6.40E-08 6.36E-08 0.69
1 0.25 RA-226  RA-226 Air 4.85E-07 4.86E-07 0.17
1 0.25 RA-226  RA-226 Floor 1.26E-04 1.26E-04 0.22
1 0.25 RA-226  PB-210 Air 4.84E-09 4.86E-09 0.40
1 0.25 RA-226  PB-210 Floor 1.29E-06 1.29E-06 0.04
1 0.25 RA-226  PO-210 Air 1.21E-09 1.21E-09 0.60
1 0.25 RA-226  PO-210 Floor 3.28E-07 3.29E-07 0.27
1 0.5 RA-226  RA-226 Air 2.78E-08 2.85E-08 2.46
1 0.5 RA-226  RA-226 Floor 8.43E-06 8.64E-06 2.53
1 0.5 RA-226 PB-210 Air 4.58E-10 4.70E-10 2.63
1 0.5 RA-226 PB-210 Floor 1.42E-07 1.45E-07 2.70
1 0.5 RA-226  PO-210 Air 1.66E-10 1.71E-10 2.78
1 0.5 RA-226  PO-210 Floor 5.22E-08 5.37E-08 2.85
1 0.75 RA-226  RA-226 Air 1.04E-07 1.04E-07 0.45
1 0.75 RA-226  RA-226 Floor 2.45E-05 2.44E-05 0.73
1 0.75 RA-226  PB-210 Air 2.78E-09 2.77E-09 0.24
1 0.75 RA-226  PB-210 Floor 6.65E-07 6.62E-07 0.48
1 0.75 RA-226  PO-210 Air 1.40E-09 1.40E-09 0.09
1 0.75 RA-226  PO-210 Floor 3.37E-07 3.36E-07 0.30
1 1 RA-226  RA-226 Air 7.48E-10 8.49E-10 13.54
1 1 RA-226  RA-226 Floor 5.35E-07 6.13E-07 14.67
1 1 RA-226 PB-210 Air 2.35E-11 2.67E-11 13.59
1 1 RA-226  PB-210 Floor 1.68E-08 1.93E-08 14.69
1 1 RA-226  PO-210 Air 1.29E-11 1.47E-11 13.64
1 1 RA-226  PO-210 Floor 9.28E-09 1.06E-08 14.73
1 1.25 RA-226  RA-226 Air 1.40E-14 1.78E-14 26.72
1 1.25 RA-226  RA-226 Floor 1.36E-11 1.72E-11 26.29
1 1.25 RA-226  PB-210 Air 5.43E-16 6.89E-16 26.73
1 1.25 RA-226  PB-210 Floor 5.27E-13 6.66E-13 26.29
1 1.25 RA-226  PO-210 Air 3.34E-16 4.23E-16 26.76
1 1.25 RA-226 = PO-210 Floor 3.24E-13 4.09E-13 26.32
1 1.5 RA-226  RA-226 Air 1.14E-19 1.53E-19 34.52
1 1.5 RA-226  RA-226 Floor 1.21E-16 1.63E-16 34.73
1 1.5 RA-226 PB-210 Air 5.28E-21 7.10E-21 34.57
1 1.5 RA-226  PB-210 Floor 5.62E-18 7.57E-18 34.76
1 1.5 RA-226  PO-210 Air 3.52E-21 4.74E-21 34.61
1 1.5 RA-226  PO-210 Floor 3.74E-18 5.05E-18 34.79
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Table 3.38 (Continued)

Concentration (pCi/m3 or pCi/m2)

Difference (%)

Begin RESRAD—Spreadsheet
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
1 0 CS-137 CS-137 Air 4,38E-07 4,34E-07 0.97
1 0 CS-137 CS-137 Floor 9.55E-05 9.41E-05 1.44
1 0.25 CS-137 CS-137 Air 4.81E-07 4.82E-07 0.17
1 0.25 CS-137 CS-137 Floor 1.25E-04 1.25E-04 0.22
1 0.5 CS-137 CS-137 Air 2.75E-08 2.82E-08 2.47
1 0.5 CS-137 CS-137 Floor 8.33E-06 8.54E-06 2.54
1 0.75 CS-137 CS-137 Air 1.02E-07 1.02E-07 0.45
1 0.75 CS-137 CS-137 Floor 2.41E-05 2.39E-05 0.73
1 1 CS-137 CS-137 Air 7.30E-10 8.29E-10 13.55
1 1 CS-137 CS-137 Floor 5.23E-07 5.99E-07 14.68
1 1.25 CS-137 CS-137 Air 1.36E-14 1.73E-14 26.73
1 1.25 CS-137 CS-137 Floor 1.32E-11 1.67E-11 26.30
1 1.5 CS-137 CS-137 Air 1.10E-19 1.48E-19 34.54
1 1.5 CS-137 CS-137 Floor 1.17E-16 1.58E-16 34.75
1 0 CO-60 CO-60 Air 4.31E-07 4.27E-07 0.98
1 0 CO-60 CO-60 Floor 9.40E-05 9.26E-05 1.45
1 0.25 CO-60 CO-60 Air 4.65E-07 4.65E-07 0.17
1 0.25 CO-60 CO-60 Floor 1.21E-04 1.21E-04 0.23
1 0.5 CO-60 CO-60 Air 2.59E-08 2.66E-08 2.46
1 0.5 CO-60 CO-60 Floor 7.85E-06 8.05E-06 2.53
1 0.75 CO-60 CO-60 Air 9.29E-08 9.24E-08 0.47
1 0.75 CO-60 CO-60 Floor 2.19E-05 2.17E-05 0.75
1 1 CO-60 CO-60 Air 6.53E-10 7.42E-10 13.55
1 1 CO-60 CO-60 Floor 4.68E-07 5.36E-07 14.68
1 1.25 CO-60 CO-60 Air 1.19E-14 1.51E-14 26.73
1 1.25 CO-60 CO-60 Floor 1.15E-11 1.46E-11 26.30
1 1.5 CO-60 CO-60 Air 9.34E-20 1.26E-19 34.54
1 1.5 CO-60 CO-60 Floor 9.93E-17 1.34E-16 34.75

Note: The difference (%) listed in the last column was calculated by dividing the difference between the RESRAD-
BUILD result and the spreadsheet result with the RESRAD-BUILD result, and then multiplying the ratio by 100.
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Table 3.39 Comparison of Calculated Average Concentrations of Radionuclide in the Air and on
the Floor of Room 3 for Case VI

Concentration (pCi/m3 or pCi/m2)

Difference (%)

Begin RESRAD—Spreadsheet|
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD |
3 0 RA-226  RA-226 Air 3.41E-05 3.41E-05 0.25
3 0 RA-226  RA-226 Floor 7.78E-03 7.71E-03 0.90
3 0 RA-226 PB-210 Air 1.51E-07 1.50E-07 0.12
3 0 RA-226  PB-210 Floor 3.54E-05 3.51E-05 0.84
3 0 RA-226  PO-210 Air 2.16E-08 2.16E-08 0.02
3 0 RA-226  PO-210 Floor 5.10E-06 5.06E-06 0.74
3 0.25 RA-226  RA-226 Air 3.43E-05 3.43E-05 0.12
3 0.25 RA-226  RA-226 Floor 9.52E-03 9.46E-03 0.66
3 0.25 RA-226  PB-210 Air 3.37E-07 3.37E-07 0.04
3 0.25 RA-226  PB-210 Floor 9.61E-05 9.56E-05 0.58
3 0.25 RA-226  PO-210 Air 8.32E-08 8.33E-08 0.06
3 0.25 RA-226  PO-210 Floor 2.42E-05 2.41E-05 0.48
3 0.5 RA-226  RA-226 Air 1.78E-06 1.80E-06 1.16
3 0.5 RA-226  RA-226 Floor 5.83E-04 5.85E-04 0.32
3 0.5 RA-226  PB-210 Air 2.89E-08 2.92E-08 1.20
3 0.5 RA-226  PB-210 Floor 9.70E-06 9.73E-06 0.38
3 0.5 RA-226  PO-210 Air 1.04E-08 1.05E-08 1.26
3 0.5 RA-226  PO-210 Floor 3.54E-06 3.56E-06 0.45
3 0.75 RA-226  RA-226 Air 7.76E-06 7.75E-06 0.17
3 0.75 RA-226  RA-226 Floor 1.93E-03 1.91E-03 0.84
3 0.75 RA-226  PB-210 Air 2.06E-07 2.06E-07 0.06
3 0.75 RA-226  PB-210 Floor 5.19E-05 5.15E-05 0.73
3 0.75 RA-226  PO-210 Air 1.03E-07 1.03E-07 0.02
3 0.75 RA-226  PO-210 Floor 2.62E-05 2.60E-05 0.65
3 1 RA-226  RA-226 Air 8.91E-09 9.53E-09 6.98
3 1 RA-226  RA-226 Floor 1.61E-05 1.70E-05 5.77
3 1 RA-226  PB-210 Air 2.79E-10 2.98E-10 7.01
3 1 RA-226 PB-210 Floor 5.04E-07 5.33E-07 5.78
3 1 RA-226  PO-210 Air 1.53E-10 1.64E-10 7.04
3 1 RA-226  PO-210 Floor 2.77E-07 2.93E-07 5.81
3 1.25 RA-226  RA-226 Air 4.83E-14 5.76E-14 19.15
3 1.25 RA-226  RA-226 Floor 7.33E-11 8.44E-11 15.14
3 1.25 RA-226  PB-210 Air 1.87E-15 2.23E-15 19.16
3 1.25 RA-226  PB-210 Floor 2.84E-12 3.26E-12 15.14
3 1.25 RA-226  PO-210 Air 1.15E-15 1.37E-15 19.19
3 1.25 RA-226 = PO-210 Floor 1.74E-12 2.00E-12 15.17
3 1.5 RA-226  RA-226 Air 2.49E-19 3.28E-19 31.75
3 1.5 RA-226  RA-226 Floor 3.06E-16 3.92E-16 28.08
3 1.5 RA-226 PB-210 Air 1.15E-20 1.52E-20 31.80
3 1.5 RA-226  PB-210 Floor 1.42E-17 1.82E-17 28.12
3 1.5 RA-226  PO-210 Air 7.69E-21 1.01E-20 31.83
3 1.5 RA-226  PO-210 Floor 9.45E-18 1.21E-17 28.15
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Table 3.39 (Continued)

Concentration (pCi/m3 or pCi/m2)

Difference (%)

Begin RESRAD—Spreadsheet
iRoom Time (yr) Parent Progeny Media RESRAD-BUILD Spreadsheet RESRAD
3 0 CS-137 CS-137 Air 3.40E-05 3.39E-05 0.24
3 0 CS-137 CS-137 Floor 7.75E-03 7.68E-03 0.89
3 0.25 CS-137 CS-137 Air 3.41E-05 3.40E-05 0.12
3 0.25 CS-137 CS-137 Floor 9.45E-03 9.39E-03 0.66
3 0.5 CS-137 CS-137 Air 1.76E-06 1.78E-06 1.16
3 0.5 CS-137 CS-137 Floor 5.76E-04 5.78E-04 0.32
3 0.75 CS-137 CS-137 Air 7.61E-06 7.60E-06 0.16
3 0.75 CS-137  CS-137 Floor 1.89E-03 1.88E-03 0.83
3 1 CS-137 CS-137 Air 8.70E-09 9.31E-09 6.99
3 1 CS-137 CS-137 Floor 1.57E-05 1.66E-05 5.78
3 1.25 CS-137 CS-137 Air 4,70E-14 5.60E-14 19.16
3 1.25 CS-137 CS-137 Floor 7.13E-11 8.21E-11 15.15
3 1.5 CS-137 CS-137 Air 2.41E-19 3.17E-19 31.77
3 1.5 CS-137 CS-137 Floor 2.96E-16 3.79E-16 28.10
3 0 CO-60 CO-60 Air 3.35E-05 3.34E-05 0.25
3 0 CO-60 CO-60 Floor 7.63E-03 7.56E-03 0.90
3 0.25 CO-60 CO-60 Air 3.29E-05 3.29E-05 0.12
3 0.25 CO-60 CO-60 Floor 9.12E-03 9.06E-03 0.66
3 0.5 CO-60 CO-60 Air 1.66E-06 1.68E-06 1.16
3 0.5 CO-60 CO-60 Floor 5.43E-04 5.45E-04 0.32
3 0.75 CO-60 CO-60 Air 6.93E-06 6.92E-06 0.17
3 0.75 CO-60 CO-60 Floor 1.72E-03 1.70E-03 0.84
3 1 CO-60 CO-60 Air 7.79E-09 8.33E-09 6.99
3 1 CO-60 CO-60 Floor 1.41E-05 1.49E-05 5.78
3 1.25 CO-60 CO-60 Air 4.09E-14 4.88E-14 19.16
3 1.25 CO-60 CO-60 Floor 6.21E-11 7.15E-11 15.15
3 1.5 CO-60 CO-60 Air 2.04E-19 2.69E-19 31.77
3 1.5 CO-60 CO-60 Floor 2.51E-16 3.21E-16 28.10

Note: The difference (%) listed in the last column was calculated by dividing the difference between the RESRAD-
BUILD result and the spreadsheet result with the RESRAD-BUILD result, and then multiplying the ratio by 100.
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3.6.3 Calculation and Comparison of Radiation Doses and Cancer Risks

Table 3.40 compares the radiation doses at t = 0 and 0.75 year and the cancer risks at
t = 1 year that RESRAD-BUILD and the spreadsheets estimated to Receptor 1. Receptor 1 was
assumed to spend 100% of the time in Room 1, while he was in the building. He was also
assumed to inhale 18 m? of air per day and would not ingest dust particles deposited on floor.
Although a direct ingestion of a fraction of 1E-8 of source particles per hour was specified, no
direct ingestion of radionuclide would be considered because the receptor was not in the same
room as the source. The comparison shows that for radiation dose estimates, the RESRAD-
BUILD results agree well with the spreadsheet results, with a difference of less than 1.5 %. The
differences in cancer risk estimates at t = 1 year were greater, because the values were very small
(< 1x 1013), essentially Os. The greater differences were due to the different precisions used to
save numeric values.

Table 3.41 compares the radiation doses at t = 0 and 0.75 years and the cancer risks at
t=0.75, 1, and 1.25 years that RESRAD-BUILD and the spreadsheets estimated to Receptor 2 in
Room 3, where the source was located. Receptor 2 would spend 50% of the time in Room 3
while he was in the building. He was assumed to inhale 20 m® of air per day, would ingest dust
particles deposited on floor, 0.0001 m? per hour, and would ingest a fraction of 1E-8 of source
particles per hour. The comparison shows the radiation dose estimates agree very well. For
cancer risk estimates, the differences were less than 1% for t = 0.75 year, less than 6% for
t = 1 year, and less than 20% at t = 1.25 years. The difference increases because the values of
estimated cancer risk became smaller and closer to Os.

From the above comparisons, it is concluded that the calculations of radiation dose and
cancer risk using the air and floor deposition concentrations of radionuclides are accurately
implemented in the RESRAD-BUILD code.

3.7 CASE VII - AN AREA SOURCE IN ROOM 5 WITH SCHEDULED VACUUMING

Case VII considers an area source of 36 m? located in Room 5. The air exchange rates
between rooms and with the outside environment were the same as in Case V1. Vacuuming to
remove dust deposition on the floor was assumed to be conducted every 14 days with a dust
removal efficiency of 0.8. The estimated concentrations of source particles and radionuclides in
the air and on the floor of each room from RESRAD-BUILD and the verification spreadsheets
were compared.

The room dimensions, ventilation rates between rooms and with the outside environment,
deposition velocity, and resuspension rate assumed for Cases Il1, 1V, V, and VI were applicable
to Case VII (Table 3.20). The contaminated source materials were assumed to be eroded and
released to the indoor air over several phases with a constant erosion/release rate in each phase.
Table 3.42 lists the beginning and ending time and fraction of the source materials involved in
each release phase.
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Table 3.40 Comparison of Radiation Doses and Cancer Risks to Receptor 1 of Case VI

Receptor 1 location room 1 (Reflect value in the input file)
time fraction in room 1 (Reflect value in the input file)
breathing rate 18 m3/d (Reflect value in the input file)
ingestion rate 0 m2/hr (Reflect value in the input file)
direct ingestion rate 1.00E-08 1/hr
In the same room as source? 0 (1-Yes, 0-No) election in the input file)
dose (mrem/yr) at time = 0.00 yr
Direct Ingestion (mrem/yr) Ingestion (deposition) Inhalation Air submersion
RESRAD- Difference (%)  RgsrAD- Difference (%)  RgsrRAD- Difference (%) RgsrRAD- Difference (%)
. |[RESRAD—Spreadsheet| . RESRAD-Spreadsheet] . |[RESRAD —Spreadsheet| . |[RESRAD —Spreadsheet|
Nuclide BUILD Estimate | resmap | BUILD Estimate "%k | BUILD Estimate  |"“"“Fesm | BUILD Estimate  |""“Temin |
Ra-226 0.00E+00 0.00E+00 - 0.00E+00 0.00E+00 - 1.27E-05 1.26E-05 0.74 5.37E-10 5.32E-10 1.01
Pb-210 0.00E+00 0.00E+00 - 0.00E+00 0.00E+00 - 3.40E-08 3.38E-08 0.46 8.70E-15 8.64E-15 0.65
Po-210 0.00E+00 0.00E+00 - 0.00E+00 