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NOTATION

The following is alist of the acronyms, initialisms, and abbreviations (including units of
measure) used in this document. Some acronyms used only in tables or equations are defined in the
respective tables or equations.

ACRONYMS, INITIALISMS, AND ABBREVIATIONS

AP anteroposterior

DCF dose conversion factor

DOE U.S. Department of Energy

EDE effective dose equivalent

EPA U.S. Environmental Protection Agency

Fa(Ei) energy dependent area factor

F e radionuclide specific area factor

Fep cover-and-depth factor

Fo depth factor

FGR-12 Federal Guidance Report No. 12

Fg shape factor

ICRP International Commission on Radiological Protection
1SO isotropic

LAT |ateral

MCNP Monte Carlo N-particle Transport Code

PA posteroanterior

RESRAD residual radioactive materia guideline computer code
ROT rotational

UNITSOF MEASURE

Bq becquerel (s) m? square meter(s)

cm centimeter(s) m3 cubic meter(s)

cm? square centimeter(s) MeV million electron volt(s)
cm® cubic centimeter(s) mrem millirem(s)

g gram(s) pCi picocurie(s)

keVv kiloelectron volt(s) S second(s)

kg kilogram(s) Sv severt(s)

m meter(s) yr year(s)



EXTERNAL EXPOSURE MODEL
USED IN THE RESRAD CODE FOR VARIOUS
GEOMETRIES OF CONTAMINATED SOIL

by

S. Kamboj, C. Yu, and D.J. LePoire

ABSTRACT

An external exposure mode based on the U.S. Environmental Protection
Agency’s (EPA’s) Federa Guidance Report No. 12 (FGR-12) dose conversion
factors and the point kernel method has been developed for the residua
radioactive (RESRAD) material guideline computer code. This model improves
the external ground pathway dose estimation from that in earlier versions of the
RESRAD code by extending FGR-12 data applicability to a wider range of source
geometries. FGR-12 assumes that sources are infinite in lateral extent. In actual
Stuations, soil contamination sources can have any depth, shape, cover, and size.
A depth factor function was developed to express the attenuation of radionuclides
by using regression analysis. Three independent, nuclei-specific parameters were
determined by using the effective dose equivalent values from FGR-12. The depth
factors derived with the new model were within 2% of the FGR-12 values for all
depths for most of the radionuclides. A cover-and-depth factor function was
derived on the basis of the depth factor function by considering both dose
contribution and attenuation from different depths. The cover-and-depth factor
was compared with FGR-12 computations for some representative radionuclides
and source configurations. For thin cover thicknesses (1 cm), most of the values
were within 2%; even for large cover thicknesses (5 to 15 cm), most of the values
were within 10%. To further extend this model for actual geometries (finite
irregular areas), area and shape factors were derived by using the point kernel
method. These factors depend not only on the lateral extent of the contamination
but also on source depth, cover thickness, and gamma energies. The area factor
increases with source radius and approaches unity for source radii greater than
50 m. To test the integrity of FGR-12 data, effective dose equivalent values at the
surface and four soil depths were compared with the Monte Carlo N-Particle
(MCNP) transport code calculations for a few radionuclides. MCNP values were
within 10% of the FGR values for the four soil depths. Depth and cover factors
were aso compared with MCNP calculations. Finally, overall comparisons were



made between the new RESRAD model (Versions 5.60 and later) and the old
RESRAD model (Version 5.44 and earlier).



1 INTRODUCTION

An externd exposure modd has been developed for Verson 5.60 of the residud radioactive
(RESRAD) materia guideline computer code (Yu et a. 1993a). This model, which is based on the
dose conversion factors from the U.S. Environmental Protection Agency’s (EPA’s) Federal Guidance
Report No. 12 (FGR-12) (Eckerman and Ryman 1993) and the point kernel method, improves the
externa ground pathway dose calculations from those in earlier versions of RESRAD (Version 5.44
and earlier) (Yu et a. 1993a) and extends the applicability of FGR-12 to soil contamination of any
Size, shape, depth, and density.

Dose conversion factors (or coefficients) for external exposure relate the concentrations of
radionuclides in environmental media to the doses to organs and tissues of the body. These dose
coefficientsinclude the energy and angular distributions of the radiations incident upon the body and
the transport of these radiations within the body.

FGR-12 gives the dose coefficients for external exposure to photons and el ectrons emitted
by radionuclides ditributed in soil. The values are given for surface and uniformly distributed volume
sources at four specific thicknesses (1, 5, and 15 cm and effectively infinite) with a soil density of
1.6 g/em>. FGR-12 assumes that sources are infinite in lateral extent. In actual situations, sources can
have any depth, shape, cover, and size. The soil density isalso not fixed at 1.6 g/cm3. It varies with
soil type. The dry density of most soils varies within the range of 1.1 to 1.6 g/em® (Yu et al. 1993b).
A depth factor function was developed to express the attenuation of radionuclides by using regression
andyss. Three independent, nuclei-specific parameters were determined by using the effective dose
equivalent vaues of FGR-12 at different depths. A cover-and-depth factor function was derived on
the basis of the depth factor function by considering both dose contribution and attenuation from
different depths. To further extend this model for actual geometries (finite, irregular areas), an area
and-shape factor was derived by using the point kernel method (Kocher and Sjoreen 1985); this factor
depends not only on the laterd extent of the contamination, but also on source depth, cover thickness,
and gamma energies.

Section 2 describes FGR-12 methodology. Cover-and-depth factor functions are described
in Section 3. Section 3 also compares depth factor and cover-and-depth factor results with FGR-12
results. Section 4 discusses area and shape factors. A comparison of RESRAD models (Version 5.44
and earlier vs. 5.60 and later) is provided in Section 5 for the following items. dose conversion
factors, cover and depth factors, area factors, and dose calculations. Section 6 presents the
conclusions drawn. Section 7 lists the references cited in the report, and the Appendix discusses
application of the Monte Carlo N-Particle (MCNP) transport code (Briesmeister 1993), the external
effective dose equivalent calculations, and the comparison of MCNP calculations with those of
FGR-12 and the new RESRAD model.



2 FGR-12METHODOLOGY

The EPA publication FGR-12 (Eckerman and Ryman 1993) gives the effective dose
coefficients for exposure to soil with a density of 1.6 g/cm? contaminated to thicknesses of 1, 5, and
15 cm and effectively infinite. The organ dose coefficients for isotropic plane sources at six source
depths (0, 0.04, 0.2, 1.0, 2.5, and 4.0 mean free paths in soil) were integrated over source depths to
compute organ dose coefficients for uniformly distributed volume sources. Dose coefficient
cdculationsinvolved use of energy and angular distribution of radiation incident on the body due to
monoenergetic radiation sources in contaminated soil, and transport and energy deposition of these
incident particles in different organs of the body, to calculate the organ and tissue dose for the
incident source and to calculate the effective dose equivalent for a specific radionuclide. The latter
caculations took into account the radionuclide’ s energies and intensities of radiation emitted during
nuclear transformation and different organ weighting factors.

Doses were first calculated for monoenergetic photon and electron sources a 12 energy
levels, from 0.01 to 5.0 MeV. The results of these calculations were then used to derive the dose
coefficients, taking into account the detailed nuclear decay data of each radionuclide. For organ dose
cdculations, amodified Cristy adult hermaphrodite phantom was used (Cristy and Eckerman 1987).
The head region was modified from the original phantom to include a neck and esophagus model.
This phantom represents a standing adult of 179 cm height and 73 kg mass. The weighting factors
used to calculate the effective dose equivaent were those recommended by the EPA in Radiation
Protection Guidance to Federal Agencies for Occupational Exposure (EPA 1987).

The FGR-12 dose coefficients are compared with MCNP calculational results. As shown
in the Appendix, the MCNP results are within 7 to 19% of the FGR-12 results. The FGR-12 dose
coefficients are aso compared with the dose coefficients used in the previous versions of the
RESRAD code. The results are presented in Section 5.



3 DEPTH AND COVER-AND-DEPTH FACTORS

3.1 DEVELOPMENT

The depth factor (Fp) is based on the fits to the FGR-12 dose conversion factors (DCFs)
as afunction of depth according to the following function:

DCF(T, = t ) :
FD:—(S ) _ 1 e pe L
DCF(T, = «) (D

where

DCF (Tg=1t9) = FGR-12 DCF at different depths,

t, = source depth (cm),

p = soil density (g/emd),

A, B = fit parameters (dimensionless), and
Ky Kg = fit parameters (cm?/g).

The following constraints were applied for the four fitting parameters:
* All the parameters are forced to be positive.
e A+B=1

 Inthe limit source depth tg -~ zero, the DCF should be consistent with the
contaminated surface DCF.

This method was used to determine the four unknown parameters (A, B, K,, and Ky) for
84 radionuclides availablein RESRAD (Table 1). RESRAD has two radionuclide libraries, one with
the cutoff half-life of 6 months (67 radionuclides) and another with the cutoff half-life of 30 days
(84 radionuclides). Progeny radionuclides with a half-life less than the cutoff half-life are assumed to
bein secular equilibrium with the parent radionuclide. The symbol “+D” is used to indicate that the
short-lived decay product radionuclides are in equilibrium with the parent radionuclide and that their
dose factors have been added to the parent dose factor.



TABLE 1 Four Fitted Parameters (A, B, K,, and Kg) to Calculate

Cover-and-Depth Factor for 84 Radionuclides

Radionuclide? A B Ka Kg

H-3 0.00 0.00 0.00 0.00
C-14 6.421 x 101 3579x 101 2940 x 101 3.369
Na-22 9.263x 101  7.37x102  874x 102 1.331
Al-26 9276 x 101  7.24x102  7.94x 102 1.284
S35 3.405x 101 6.595 x 1071 3.312 2.846 x 1071
Cl-36 8.885x 101 1.115x101 1.325x 101 1.886
K-40 7.26x 102  9.274x 101 1.269 7.70 x 102
Ca4l 0.00 0.00 0.00 0.00
Ca45 2519x 101 7.481x 101 2.743 2.259 x 101
Sc-46 7.29x 102  9.271x 101 1.352 8.53 x 102
Mn-54 8.48x 102  9.152x 101 1.215 8.79 x 102
Fe-55 0.00 0.00 0.00 0.00
Fe-59 9276 x 101  7.24x10?  8.19x 102 1.314
Co-57 9.288x 101  7.12x102% 1.604 x 101 1.671
Co-60 9.235x 101  765x102%  7.83x 1072 1.263
Ni-59 0.00 0.00 0.00 0.00
Ni-63 0.00 0.00 0.00 0.00
Zn-65 9271x 101  729x10?  8.37x102 1.327
Ge-68+D 9270x 101  7.30x102  9.94x 102 1.412
Se75 6.85x 102  9.315x 101 1.552 1.245 x 101
Sr-85 7.210x 102 9.279x 101 1.441 9.99 x 102
Sr-89 8.998x 101 1.002x101 1.279x 101 1.763
Sr-90+D 9.074x 101 9260x 102 1.202x 101 1.699
Nb-94 9.275x 101  7.250x 102  9.10x 102 1.378
Nb-95 7.480x 102  9.252 x 101 1.363 9.12 x 102
Zr-95+D 9.298x 101  7.020x 102  9.30x 102 1.445
Tc-99 7.871x 101  2129x101 2106 x 101 2.589
Ru-106 9.271x 101 7.200x 102 957 x 102 1.409
Ag-108m 0.282x 101  7.180x 102  9.67 x 107 1.442
Ag-110m+D 9.261x 101  7.390x 102  8.74x 102 1.339
Cd-109 6.534 x 101 3466 x 101  2.047 x 101 4.753
Sn-113+D 9272x 101  728x10?% 1.070x 101 1.652
Sh-124 1.109x 101 8891x101 9478x101  7.38x 102
Sh-125 9.273x 101  7.270x 102 1.005x 101 1.507
Te-125m 7.763x 101 2.237x 101 3.481 3.700 x 1071
1-125 8540 x 101 1.460 x 1071 3.451 4.422 x 101
1-129 4350x 101  5650x 101 7.137x 101 3.555
Cs-134 9266 x 101 7.34x102  9.26x 102 1.379
Cs-135 7.254x 101 2746 x 101 2508 x 101 3.030
Cs-137+D 9.281x 101  7.19x102  9.47x 102 1.411
Ce-141 9.187x 101  813x102% 1.457x 101 1.683
Ce-144+D 9.116x 101  884x102  9.38x 102 1.411
Pm-147 7.726 x 101 2274x 101 2087 x 101 2.780



TABLE 1 (Cont.)

Radionuclide? A B Ka Kg

Sm-147 0.00 0.00 0.00 0.00
Sm-151 3.310x 102 9669x 101 8270x 101 4.926
Eu-152 9.100x 101  9.000x 102  8.40 x 102 1.185
Eu-154 8.939x 101 1061x101 825x101 1.008
Eu-155 8569 x 101  1.431x101 1912x101 1.486
Gd-152 0.00 0.00 0.00 0.00
Gd-153 8.226 x 101 1.774x 101 1.986 x 101 1.983
Ta-182 9.233x 101 7670x102  8.49x 102 1.337
Ir-192 9.306 x 101  6.940x 102 1.078 x 10! 1.482
Au-195 8.772x 101 1.228x101 2.380x 101 1.880
TI-204 8.679x 101 1.321x101 2068x 101 1.923
Pb-210+D 7502 %101 2498x 101 1.753x 101 2.200
Po-210 9.269x 101  7.310x 102  9.04 x 102 1.385
Bi-207 9.246x 101  7540x 102  8.89 x 102 1.350
Ra-226+D 9272x 101 7.280x102 8.35x 102 1.315
Ra-228+D 9.266 x 101 7.340x 102  8.77x 102 1.371
AC-227+D 9.229x 101 7.710x 102 1.172x 101 1.512
Th-228+D 9.277x 101 7.230x102  7.55x 102 1.262
Th-229+D 9.130x 101  8700x 102 1.130x 101 1.491
Th-230 8.628x 101 1.372x101 1871x101 4.033
Th-232 8.152x 101 1.848x101 2.082x 101 5.645
Pa-231 9.295x 101  7.050x 102 1.163x 10 2.014
U-232 8.086x 101 1.914x101 1.754x 101 6.021
U-233 8.889x 101 1.112x101 1.394x 101 4.179
U-234 7.229x 101 2771x101 1937 x 101 7.238
U-235 9.292x 101 7.080x 102 1.383x 101 1.813
U-236 5932x 101  4.068x 101 1.980x 101 8.379
U-238+D 8590x 101  1410x 101 9.19x 102 1.111
Np-237+D 9.255x 101 7.450x 102  1.228 x 101 1.671
Pu-238 2972x 101 7.028x101 1958 x 101 9.011
Pu-239 8.002x 101 1.998x 101 1.348x 101 6.550
Pu-240 2977x101  7.023x101 2176 x 101 8.997
Pu-241 9.132x 101 8680x 102 1.582x 101 2.027
Pu-242 3314x 101 6.686x101 2109x 101 8.982
Pu-244 9.259x 101 7.410x 102  9.26 x 102 1.431
Am-241 8.365x 101  1.635x101 3.130x 101 2.883
Am-243+D 9.098x 101  9.020x 102 1.473x 101 1.642
Cm-243 9.247x 101 7530x 102 1.350x 101! 1.662
Cm-244 70x10°%  9930x 101  8.461 x 102 2.194
Cm-248 7.333x 101 2667x101  1.042x 10! 1.215
Cf-252 6.505x 101 3.495x 1071 7.259 0.182

2 +D means that associated decay product radionuclides with half-lives of less
than 30 days are included.



On the basis of depth factor function, the following cover-and-depth factor (F-p) was
derived by considering both dose contribution and attenuation from different depths:

DCFK(T t,T.=1 i , i .
o = ( c c''s 5) - Ae KApctc(l e KApsts) + Be Kchtc(l e KBpsts) , (2)
DCF(T, = 0T, = =)

where

—
I

c cover thickness (cm),

cover density (g/cmd),

o
)
1

~—
I

s source depth (cm), and

source density (g/cm?).

Ps

3.2 DEPTH FACTOR COMPARISON WITH FGR-12 RESULTS

Results obtained by using the fit parameters are compared with the FGR-12 datain Table 2
for 84 radionuclides for four source thicknesses. Four radionuclides (Cm-244, Cm-248, |-125, and
Sm-151) showed less than 10% variation in DCF between 1 cm and infinite depth values. Among
these four, Sm-151 showed the smallest variation (1%). The overal comparison shows that most of
the fit data are within 3% of the FGR-12 data, except for eight points. For these eight points, fit
values are mostly higher than FGR data (two are 5% higher, one is 3.2% lower, and five are 4%
higher). A statistical analysis of the comparison is summarized in Table 3.

3.3 COVER-AND-DEPTH FACTOR COMPARISON WITH FGR-12 RESULTS

Theresults of dose calculations using the cover-and-depth factor for afew geometries are
compared with FGR-12 radionuclide-specific dose calculations in Table 4. The comparisons were
done for cadmium-109, cesium-137, cobalt-60, manganese-54, and aluminum-26. For the FGR-12
calculations, the effective dose equivalent for a source thickness of 4 cm with 1 cm cover, for
example, was obtained by subtracting the value for a 1-cm-thick source from the value for a
5-cm-thick source. For a cover thickness of 1 cm, most values from RESRAD calculations were
within 2% of the FGR-12 vaues, and the maximum difference was 5%. For cover thicknesses of 5 cm
and 15 cm, most values were within 10%, and the maximum difference was less than 20%.



TABLE 2 Fitted DCFsfor 84 Radionuclides at 1, 5, and 15 cm and Effectively Infinitely Thick Sources and the Ratio of the
Fitted Valuesto the FGR-12 Values

Fitted DCF [(mrem/yr)/(pCi/g)] Fit/FGR-12 Ratio
Radionuclide? lcm 5cm 15cm Infinite lcm 5cm 15cm Infinite
Ac-227+D 4.60 x 101 1.29 1.91 2.02 1.00 1.00 1.01 1.00
Ag-108m+D 1.92 5.54 8.80 9.67 1.00 1.00 1.02 1.00
Ag-110m+D 3.19 9.26 152x101  1.72x10 9.97x101 9.97x10? 1.03 1.00
Al-26 3.01 8.81 1.50 x 101 1.74 x 101 0.89x 101  9.93x 101 1.03 9.95x 101
Am-241 215x 102 4.08x102 4.38x102 4.38x 102 1.00 1.00 9.99 x 101 1.00
Am-243+D 246x 101 645x101 873x101 897x 101 9.99x 101  9.99x 101 1.00 1.00
Au-195 821x102 181x101 207x101 208x101 1.00 1.00 9.98 x 101 1.00
Bi-207 1.78 5.13 8.37 9.40 1.00 1.00 1.03 1.00
C-14 806x10°% 127x10° 135x10° 1.35x10° 1.00 1.00 1.00 1.00
Ca41l 0.00 0.00 0.00 0.00 - - - -
Ca45 298x10° 549x10° 6.24x10° 6.26x10° 1.00 1.00 9.97 x 101 1.00
Cd-109 7.78x10°  128x102 146x102  1.47x 102 9.99x 101 998x101 992x101 998x 101
Ce-141 849x102 227x101 309x101 318x101 9.99 x 101 1.00 9.86x 101  9.99x 101
Ce-144+D 6.69x 102 1.85x101 294x101 325x101 9.99 x 101 1.00 1.04 1.00
Cf-252 1.30x10% 162x10% 1.75x10% 1.76x10* 9.99 x 101 1.00 9.95x 101 1.00
Cl-36 6.62x10% 166x10° 231x10° 240x 103 1.00 1.00 1.01 1.00
Cm-243 146x 101  401x101 563x101 584x101 9.99 x 101 1.00 9.96 x 101 1.00
Cm-244 1.22x10% 126x10% 126x10% 1.26x10* 998x 101 998x101 998x101 998x 101
Cm-248 847x10° 880x10° 880x10° 880x10° 1.00 1.00 1.00 1.00
Co-57 139x 101  372x101  492x101 502x101 998x101 999x101 9.88x101 1.00
Co-60 2.82 8.18 1.39 x 10! 1.62 x 101 9.92x101 9.82x101 1.02 9.96 x 101
Cs-134 1.83 5.31 8.55 9.49 1.00 1.00 1.02 1.00
Cs-135 197x10° 347x10° 383x10° 3.84x10° 1.00 1.00 9.98 x 101 1.00
Cs-137+D 6.68 x 101 1.94 3.10 3.42 1.00 1.00 1.02 1.00
Eu-152 1.34 3.76 6.17 7.02 1.02 9.89 x 101 1.02 1.00
Eu-154 1.50 4.12 6.73 7.68 1.05 9.96 x 101 1.02 9.99 x 101
Eu-155 651x102 149x101 181x101 1.83x101 1.03 1.00 9.94 x 101 1.00
Fe-55 0.00 0.00 0.00 0.00 - - - -

Fe-59 1.35 3.96 6.65 7.63 9.98 x 101 1.00 1.03 9.99 x 101



TABLE 2 (Cont.)

Fitted DCF [(mrem/yr)/(pCi/g)] Fit/FGR-12 Ratio
Radionuclide? lcm 5cm 15cm Infinite lcm 5cm 15cm Infinite
Gd-152 0.00 0.00 0.00 0.00 - - - -
Gd-153 9.65x 102 204x101 243x101 245x 101 9.99 x 101 1.00 9.92x101 999x 101
Ge-68+D 1.13 3.27 5.15 5.63 9.96x 101  9.97x 101 1.01 9.99 x 101
H-3 0.00 0.00 0.00 0.00 - - - -
1-125 154x102 165x102 166x102  1.66x 1072 1.00 9.98 x 101 1.00 1.00
1-129 112x102 130x102 1.30x102 1.30x 1072 1.00 1.00 1.00 1.00
Ir-192 9.72x 101 2.81 4.30 4.62 1.00 1.00 1.01 1.00
K-40 1.78x 101 519x101 888x10? 1.04 9.99x 101  9.98x 101 1.04 9.96 x 101
Mn-54 9.98 x 101 2.83 4.60 5.17 1.02 1.00 1.02 1.00
Na-22 2.54 7.38 1.21 x 10t 1.37 x 10t 9.99x 101 997x 101 1.03 1.00
Nb-94 1.84 5.35 8.69 9.70 9.98 x 101 1.00 1.02 1.00
Nb-95 9.00 x 101 2.60 4.20 4.69 1.00 9.99 x 101 1.02 1.00
Ni-59 0.00 0.00 0.00 0.00 - - - -
Ni-63 0.00 0.00 0.00 0.00 - - - -
Np-237+D 258x101  7.19x 107 1.05 1.10 9.99 x 10! 1.00 1.00 1.00
Pa-231 429x102% 121x101 180x101 191x101 9.97x101  9.99x 101 1.00 1.00
Pb-210+D 258x10° 493x10° 598x10°  6.05x 103 1.00 9.88 x 101 1.01 1.00
Pm-147 223x10° 429x10° 499x10° 502x10° 1.00 1.00 9.99 x 101 1.00
Po-210 9.90x10% 287x10° 467x10° 523x10° 9.96x 101  997x 101 1.02 1.00
Pu-238 119x10% 143x10% 152x10% 152x10% 1.00 1.00 1.00 1.00
Pu-239 1.05x 10% 216x10% 287x10% 296x10* 1.00 9.98 x 101 1.01 1.00
Pu-240 116x10% 139x10% 147x10% 1.47x10* 1.00 1.00 1.00 1.00
Pu-241+D 544x10% 140x10° 185x10° 1.89x10° 9.99x 101 997x101 9.89x101 998x 101
Pu-242 9.78x10° 120x10% 128x10% 1.28x10% 998x 101 999x101 996x101 998x 101
Pu-244+D 1.50 4.32 6.94 7.73 9.94x 101 993x 101 1.02 1.00
Ra-226+D 2.01 5.85 9.78 1.12 x 10t 9.97x101  996x 101 1.03 9.98 x 101
Ra-228+D 1.12 3.24 5.32 5.99 1.00 1.00 1.03 9.99 x 101
Ru-106+D 255x 101 7.35x 101 1.17 1.29 1.00 9.99 x 101 1.02 9.97 x 101
335 864x10°% 139x10° 149x10° 1.49x10° 1.00 1.00 1.00 1.00
Sb-124 2.18 5.95 9.94 1.17 x 10t 1.05 9.82 x 101 1.01 1.00

ot



TABLE 2 (Cont.)

Fitted DCF [(mrem/yr)/(pCi/g)] Fit/FGR-12 Ratio
Radionuclide? lcm 5cm 15cm Infinite lcm 5cm 15cm Infinite
Sb-125 4.99 x 101 1.43 2.24 2.45 9.99x 101  9.99x 101 1.02 1.00
Sc-46 2.32 6.74 1.12 x 10t 1.27 x 10t 9.99x 101  9.99x 101 1.03 1.00
Se-75 457 x 101 1.30 1.89 1.98 998x101 998x101 9.99x 101 1.00
Sm-147 0.00 0.00 0.00 0.00 - - - -
Sm-151 9.78x 107 9.87x107 987x107 9.87x107 1.00 1.00 1.00 1.00
Sn-113+D 312x101  885x 101 1.36 1.46 9.97x101 997x 101 1.00 9.97 x 101
Sr-85 6.00 x 101 1.73 2.72 2.97 1.00 1.00 1.01 1.00
Sr-89 237x10° 6.15x10° 870x10°  9.08x 103 1.00 1.00 1.01 1.00
Sr-90+D 6.06x10°  161x102 234x102 247x102 1.00 1.00 1.01 1.00
Ta-182 1.47 4.23 6.99 7.93 1.00 1.00 1.04 9.99 x 101
Tc-99 548x10° 1.08x10% 125x10% 1.26x10% 1.00 1.00 1.00 1.00
Te-125m 1.33x102 150x 102 152x102 1.52x107% 1.00 1.01 1.00 1.00
Th-228+D 1.71 5.00 8.62 1.02 x 10t 991x101 992x 101 1.04 9.94 x 101
Th-229+D 363x101  996x 101 1.48 1.58 1.00 1.00 1.02 9.99 x 101
Th-230 436x10% 9.76x10% 120x10° 1.21x103 9.98x 101  9.99x 101 1.00 9.99 x 101
Th-232 217x10% 441x10%* 519x10% 522x10% 9.99x 101 999x101 9.97x101 1.00
TI-204 151x10° 339x10° 4.04x10° 4.06x10° 1.00 9.99 x 101 1.00 9.99 x 101
U-232 351x10% 7.24x10% 893x10% 9.04x10% 9.98x 101  9.99x 101 1.00 1.00
U-233 403x10% 991x10% 136x10° 1.40x 103 9.98x 101  9.99x 101 1.00 1.00
U-234 1.89x10% 341x10% 4.00x10%  4.03x10* 1.00 1.00 1.00 1.00
U-235+D 191x101 525x101 733x101 759x101 9.99x 101 999x101 9.93x101 1.00
U-236 1.22x10% 1.89x10% 214x10% 215x10* 9.99 x 101 1.00 1.01 9.98 x 101
U-238+D 308x102 832x102 1.23x101 137x101 1.04 9.68 x 101 1.01 1.00
Zn-65 6.71 x 101 1.95 3.25 371 1.00 1.00 1.03 1.00
Zr-95+D 8.67 x 101 2.52 4.07 452 9.99x 101  9.99x 101 1.02 9.99 x 101

@ +D means that associated decay product radionuclides with half-lives less than 30 days are included.

T
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TABLE 3 Statistical Analysis of the Fit/FGR-12 Ratio

Fit/FGR-12 Ratio, by Source Thickness

Statistical Parameter lcm 5cm 15cm Infinite
Number of data points? 77 77 77 77
Average 1.00 0.998 1.01 0.999
Standard deviation 0.011 0.005 0.014 0.001
Maximum deviation 5% (Eu-155, Sh-124) 4% (U-238) 4% (Ce-144, K-40, 1%

Ta-182, Th-228)

a8 Statistical analysis was done only for radionuclides with nonzero DCFs (the DCFs for Ca-41, Fe-
55, Gd-152, H-3, Ni-59, Ni-63, and Sm-147 were zero).



TABLE 4 Comparison of Effective Dose Equivalent for Different Source Configurations Using the Fit

Par ameter swith FGR-12 Values?

Effective Dose Equivalent [(mrem/yr)/(pCi/g)]

Cd-109 Cs-137 Mn-54 Co-60 Al-26
Source Configurations Fit FGR-12 Fit FGR-12 Fit FGR-12 Fit FGR-12 Fit FGR-12
Cover =1 cm, source=4cm 0.0051 0.0051 1.26 1.26 1.83 1.85 537 5.47 5.83 5.83
Cover =1 cm, source= 14 cm 0.0069 0.0069 2.42 2.36 3.59 351 111 10.7 12.0 11.4
Cover =1 cm, source = infinite 0.0069 0.0069 2.75 2.75 4.16 4.18 13.4 13.4 14.4 14.4
Cover =5 cm, source=10cm 0.0018 0.0019 1.16 1.10 1.76 1.66 572 5.23 6.15 5.59
Cover =5 cm, source = infinite 0.0019 0.0019 1.48 1.48 2.34 2.34 8.00 7.90 8.56 8.56
Cover = 15 cm, source = infinite 0.000 0.000 0.33 0.39 0.57 0.67 2.29 2.67 2.40 2.97

8 See Section 3.3 for calculation of the FGR-12 effective dose equivalents.

€l
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4 AREA AND SHAPE FACTORS

4.1 AREA FACTOR

The energy-dependent area factor, F, (Ei), can be derived by considering the point kernel
doseintegra, D(R, t,, t., to), over the source thickness (t,), radius (R), distance from the receptor to
the plane of the source and air interface (t,), and thickness of the shielding materia (t.) for the
rotational (ROT) geometry depicted in Figure 1. The area factor is the ratio of the dose integrals for
the geometry being considered and the infinite dab geometry:

DR=r,T,=1m T =t, T, =t)

F.(Ei) = a : 3
AE) DR =, T, =1m, T_=1t, T_=1t) )
where the function D is the dose evaluated by using the point kernel method (Figure 2):
DR t, t, 1) = K [e B@ gy, | 4
o Aml?

S

where

7= l'lata * l'lctc * l'lst |
t +tc+t

a

12=r2+(t, +t, + 1) ;

Vg

2nrtdrdt

attenuation coefficient for air (cm™);

Ha
M. = attenuation coefficient for the cover material (cm™D;
Mg = attenuation coefficient of the source material (cm™D;

B(2 = buildup factor (G-P Method [Trubey 1991]) for length measured in
mean free paths, z, and

K = energy-dependent conversion factor.
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The volume integral can be written more explicitly as:

tS

R -z
f dt f e4nBI(ZZ) 2nr dr . (5)

0 0

Or, noticing that in the inner integral:

dz d _ rdr
> 2 (6)
then the volume integral can be written:
Etfsdt} ﬂdz , (7)
2 o z

where

Z = Maly * Mo+ Bt 5 and

Zfzo\'1+R—2
(t, «t, +1)?

To conserve computational time without sacrificing too much accuracy, the International
Commission on Radiological Protection (ICRP) Publication 38 (ICRP 1983) photon energies and
yields were condensed into a smaller number of energies and yields for each radionuclide. The
spectra-condensing algorithms, which conserve energy, repeatedly combine the photons that are
closest intheir energies (using their ratio). The yield of the resultant photon is the sum of the yields
of the two photons, and the energy is the yield-weighted energy of the two photons. This combining
of pairs of photons was repeated until individual photon energy was more than a factor of 3 apart
from any other photon energy. This process resulted in four or fewer collapsed photons for all
radionuclides processed. It was found that adding extraenergy groups beyond four groups would not
change area factor more than 5% for al radionuclides included in the RESRAD database. Even when
there are four energy groups, the externa dose routine in the RESRAD code is the most time-
consuming routine for most radionuclides. The resultant collapsed gamma energies with their
respective fractions for 84 radionuclides are shown in Table 5.
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TABLE 5 Number of Collapsed Gammas (NPT), Energies (EPTS) (in MeV), and Their Respective

Gamma Fractions (FPTs) for 84 Radionuclides

Radionuclide? NPT EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
H-3 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
c14 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na-22 2 8.49 x 104 7.84x 101 0.00 0.00 1.25x 10°3 2.80 0.00 0.00
Al-26 2 511x 10t 1.80 0.00 0.00 164 1.03 0.00 0.00
S35 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl-36 2 231x103 511x 10t 0.00 0.00 1.23x 103 297 x 104 0.00 0.00
K-40 2 298x 103 146 0.00 0.00 959 x 103 107 x 101 0.00 0.00
Ca4l 1 331x103 0.00 0.00 0.00 123x 101 0.00 0.00 0.00
Ca45 2 413x 103 1.25x 102 0.00 0.00 249 x 100 266 x 10° 0.00 0.00
Sc-46 1 101 0.00 0.00 0.00 2.00 0.00 0.00 0.00
Mn-54 1 835x 10t 0.00 0.00 0.00 1.00 0.00 0.00 0.00
Fe-55 1 597 x 103 0.00 0.00 0.00 2.83x 10t 0.00 0.00 0.00
Fe-59 2 1.80x 101 118 0.00 0.00 4.00 x 102 997 x 101 0.00 0.00
Co-57 3 7.58x 103 1.24x 101 6.92x 101 0.00 6.63x 101 9.62x 101 1.60 x 10°3 0.00
Co-60 1 125 0.00 0.00 0.00 2.00 0.00 0.00 0.00
Ni-59 1 7.01x 103 0.00 0.00 0.00 343x 101 0.00 0.00 0.00
Ni-63 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Zn-65 2 8.04x 103 1.08 0.00 0.00 341x 101 536 x 101 0.00 0.00
Ge-68+D 2 924 x 103 523x 101 0.00 0.00 3.86x 101 1.82 0.00 0.00
Se75 2 1.06 x 102 214x 101 0.00 0.00 528 x 10t 1.82 0.00 0.00
-85 2 1.35x 102 514 x 10t 0.00 0.00 552 x 10 9.80x 101 0.00 0.00
-89 1 9.09x 10t 0.00 0.00 0.00 9.30x 10°° 0.00 0.00 0.00
Sr-90+D 2 2.08x 103 1.61x 102 0.00 0.00 3.90x 10© 1.05x 104 0.00 0.00
Zr-95+D 3 1.69 x 102 2.35x 101 7.42%x 101 0.00 311x 103 1.81x 103 9.95x 101 0.00
Nb-94 1 7.87x 101 0.00 0.00 0.00 2.00 0.00 0.00 0.00
Nb-95 1 7.66x 10 0.00 0.00 0.00 1.00 0.00 0.00 0.00
Tc-99 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ru-106 1 593x 101 0.00 0.00 0.00 339x 101 0.00 0.00 0.00
Ag-108m 3 211 % 102 7.92 x 102 591 x 10t 0.00 530x 10t 6.78 x 102 2.72 0.00
Ag-110m+D 1 857 x 10 0.00 0.00 0.00 319 0.00 0.00 0.00
Cd-109 2 226 x 102 8.80 x 102 0.00 0.00 101 361 %102 0.00 0.00
SN-113+D 2 247 x 102 3.88x 101 0.00 0.00 9.62x 10 6.61x 101 0.00 0.00
124 1 9.83x 10t 0.00 0.00 0.00 1.83 0.00 0.00 0.00
S-125 2 2.87x 102 488x 101 0.00 0.00 513x 10t 8.49 x 101 0.00 0.00
Te-125m 2 2.85x 102 1.09x 101 0.00 0.00 1.22 274 %103 0.00 0.00
1-125 1 284 %102 0.00 0.00 0.00 1.46 0.00 0.00 0.00
1-129 2 429x 103 313x 102 0.00 0.00 6.60 x 102 7.75x 10t 0.00 0.00
Cs134 1 6.98x 101 0.00 0.00 0.00 223 0.00 0.00 0.00
Cs135 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cs137+D 2 321x102 6.62x 101 0.00 0.00 572 x 102 850 101 0.00 0.00
Ce-141 2 3.69 x 102 145x 101 0.00 0.00 1.70x 101 480x 101t 0.00 0.00
Ce-144+D 3 370x 102 1.24x 101 124 0.00 117x 101 1.33x 101 256 x 102 0.00
Pm-147 1 8.64 x 102 0.00 0.00 0.00 5.03x 10 0.00 0.00 0.00
Sm-147 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sm-151 2 6.49 x 103 2.15x 102 0.00 0.00 1.10x 10°3 293x 104 0.00 0.00
Eu-152 2 6.34x 102 847 x 101 0.00 0.00 1.03 127 0.00 0.00
Eu-154 3 433x 102 141 x 101 101 0.00 248 x 101 471x 101 114 0.00
Eu-155 2 6.42x 103 7.76 x 102 0.00 0.00 6.34x 102 7.75x 10t 0.00 0.00
Gd-152 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Gd-153 1 5.95 x 102 0.00 0.00 0.00 175 0.00 0.00 0.00
Ta182 2 1.01x 101 118 0.00 0.00 1.27 9.85x 10t 0.00 0.00
Ir-192 2 6.55 x 102 372x 101 0.00 0.00 9.43x 102 2.16 0.00 0.00
Au-195 1 7.16 x 102 0.00 0.00 0.00 1.10 0.00 0.00 0.00
TI-204 1 7.24 x 102 0.00 0.00 0.00 1.45x 102 0.00 0.00 0.00
Pb-210+D 2 1.24 x 102 4.65x 102 0.00 0.00 237x 101 4.05x 102 0.00 0.00
Bi-207 2 7.66 x 102 822x 101 0.00 0.00 7.44 % 10t 1.80 0.00 0.00
Po-210 1 8.02x 101 0.00 0.00 0.00 1.06 x 10°° 0.00 0.00 0.00
Ra-226+D 4 2.67x 102 9.30x 102 481x 101 153 1.38x 101 246 x 101 1.27 6.79x 101
Ra-228+D 3 1.49 x 102 3.01x 101 101 0.00 358x 101 492x 101 7.66x 10 0.00
Ac-227+D 3 1.40 x 102 9.42 x 102 330x 101 0.00 6.41x 101 9.06 x 101 8.60x 101 0.00
Th-228+D 4 1.36x 102 1.77x 101 6.54x 101 255 314x 101 9.47 x 101 6.03x 101 387x 101
Th-229+D 4 1.97 x 102 116x 101 451x 101 157 1.37 116 310x 10t 212 x 102
Th-230 2 1.45 x 102 827 x 102 0.00 0.00 8.10 x 102 450x 103 0.00 0.00
Th-232 2 1.45 x 102 7.21x 102 0.00 0.00 8.00 x 102 2.46x 103 0.00 0.00
Pa-231 3 1.62 x 102 9.09x 102 2.83x 101 0.00 7.87x 101 6.95x 103 1.30x 101 0.00
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TABLE 5 (Cont.)

Radionuclide? NPT EPT(1) EPT(2) EPT(3) EPT(4) FPT(1) FPT(2) FPT(3) FPT(4)
U-232 3 153 x 102 7.75x 102 298x 101 0.00 126 x 101 3.03x103 7.20x 105 0.00
U-233 2 1.59 x 102 158x 101 0.00 0.00 6.66 x 102 1.60x 10°3 0.00 0.00
U-234 2 153 x 102 7.13x 102 0.00 0.00 1.05x 101 1.66 x 10°3 0.00 0.00
U-235 2 1.68 x 102 159x 101 0.00 0.00 114 101 0.00 0.00
U-236 2 153 x 102 6.25 x 102 0.00 0.00 9.87 x 102 9.85x 104 0.00 0.00
U-238+D 3 1.55 x 102 8.27 x 102 9.15x 101 0.00 191x 101 1.02x 101 1.46 x 102 0.00
Np-237+D 3 1.76 x 102 9.70 x 102 317x 101 0.00 115 587 x 10t 5.06x 10 0.00
Pu-238 2 1.61x 102 5.26 x 102 0.00 0.00 111x 107 464x 104 0.00 0.00
Pu-239 4 7.30x 10 1,61 x 102 4.88x 102 1.87x 101 9.99x 101 417 x 102 267 %104 2.09% 10
Pu-240 2 1.61x 102 532 x 102 0.00 0.00 1.06 x 101 520x 104 0.00 0.00
Pu-241 2 1.62 x 102 112x 101 0.00 0.00 7.90 x 105 423x10° 0.00 0.00
Pu-242 2 1.61x 102 554 x 102 0.00 0.00 8.81x 102 439x 104 0.00 0.00
Pu-244 2 5.46 x 102 6.48 x 101 0.00 0.00 2.09 x 102 499 x 101 0.00 0.00
Am-241 2 1.68 x 102 5.95 x 102 0.00 0.00 6.65x 101 357x 101 0.00 0.00
Am-243+D 2 1.92 x 102 1.24x 101 0.00 0.00 8.18x 10t 171 0.00 0.00
Cm-243 2 1.67 x 102 1.60x 101 0.00 0.00 572x 10t 7.75x 10t 0.00 0.00
Cm-244 1 1.69 x 102 0.00 0.00 0.00 1.00x 101 0.00 0.00 0.00
Cm-248 1 440 x 102 0.00 0.00 0.00 2.02x 104 0.00 0.00 0.00
Cf-252 1 7.55 x 102 0.00 0.00 0.00 2.93x 104 0.00 0.00 0.00

2 +D meansthat gamma energies of the associated progeny radionuclides with half-lives less than 30 days are included.

The radionuclide-specific areafactor for acircular areax, Fy"(x), is obtained by combining
the energy-dependent area factors weighted by their photon fraction, FPT;, and dose contribution at
the reference point:

Z F,(EPT) FPT D, (EPT)

nuc _ i (8)
Fa ¥ Y FPT,D,,, (EPT) !

where

Dy (EPT;) = effective dose equivalent from the infinite slab geometry.

4.2 SHAPE FACTOR

A shapefactor, Fg is used to correct a noncircular-shaped contaminated area on the basis
of anidedly circular zone. The shape factor of a circular contaminated areais 1.0. For an irregularly
shaped contaminated area, the shape factor is obtained by enclosing the irregularly shaped
contaminated area in a circle, multiplying the area factor of each annulus by the fraction of the
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annulus area that is contaminated, summing the products, and dividing by the area factor of a circular
contaminated zone that is equivalent in area:

fFRSA) - FRNA )

F - i0

; : ’ (9)
FK“[_E; fi(Ai - Ail))

where

f, = fraction of annular areathat is contaminated and

nuc

F, (X) = radionuclide specific area factor for an area x.
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5 COMPARISON OF RESRAD MODELS (VERSION 5.44 AND
EARLIER VS.5.60 AND LATER)

The contribution to the effective dose equivalent (EDE) rate from the external ground
radiation of the source of any depth, shape, cover, and size for a single radionuclide can be given by
the equation:

EDE = Source Activity x DCF x Fop x FA\™¢ x Fg (10)

where DCF is the dose conversion factor for the radionuclide present at the unit concentration in a
uniformly contaminated zone of infinite depth and lateral extent. The DCF multiplied by the source
activity gives the EDE for the given activity. When this value is multiplied by F-p, the dose
equivaent is obtained for a geometry with a given source depth and cover thickness but still of an
infinite lateral extent. F,"™ accounts for the finite radius source, but the source is still assumed to
be circular. Fg accounts for irregular source shapes. If many radionuclides are present, the EDE can
be calculated separately for each radionuclide and summed to get the total EDE.

5.1 DOSE CONVERSION FACTORS

Table 6 compares the infinite thickness DCFs used in the FGR-12 report with those used
in the previous RESRAD model for the 67 (sx-month equilibration) and 84 (30-day equilibration)
radionuclides. The DCFsused in RESRAD 5.44 and earlier versions were based on U.S. Department
of Energy (DOE) report EH-0070 (DOE 1988) and the methods of Kocher and Sjoreen (1985) and
Chen (1991). The “Ratio” columns represent the ratio of previous RESRAD DCFs divided by the
FGR-12 DCFs. In the table, “BZ” indicates cases in which both values are zero, “INF” indicates
radionuclides for which the FGR values are zero and RESRAD has finite values, and “ZERO”
indicates radionuclides for which only RESRAD values are zero.

The following comparisons are made:

* For Ca41, Fe-55, and Ni-59, FGR-12 DCFs are zero, and the previous
RESRAD model had nonzero values.

* For C-14, S35, $-90, and Cs-135, FGR-12 assigns some finite DCF, whereas
the previous RESRAD model had zero values.

e For H-3, Ni-63, Sm-147, and Gd-152, DCFs are zero in both cases.

» For 38 out of 84 radionuclides, differences are equal to or less than 20%.
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TABLE 6 Comparison of Infinite Thickness DCFs[(mrem/year)/(pCi/g)] between the Previous

RESRAD Model and FGR-12

6-Month Equilibration

30-Day Equilibration

Radionuclide RESRAD FGR-12 Ratio® Radionuclide RESRAD FGR-12 Ratio®
H-3 0.00 0.00 Bzb H-3 0.00 0.00 BZ
C-14 0.00 1.34x 10°° ZEROS® C-14 0.00 1.34x 10°° ZERO
Na-22 1.54 x 101 1.37 x 101 112 Na-22 154x101  1.37x10! 112
Al-26 2.00 x 101 1.74 x 101 1.15 Al-26 200x 101  1.74x10! 115
Cl-36 1.02 x 1073 2.39x 1073 4.31x101 S35 0.00 1.49 x 10°° ZERO
K-40 117 1.04 113 Cl-36 1.02x10°% 239x103 4.31x101
Cadl 1.94 x 10 0.00 INFd K-40 1.17 1.04 1.13
Mn-54 5.88 5.16 1.14 Cadl 1.94 x 10 0.00 INFd
Fe-55 4.44 % 106 0.00 INF Ca45 2.53E-10 6.26 x 10°° 4.04 %100
Co-57 5.03x 101 5.01x 101 1.00 Sc-46 133x101  1.27x10! 1.05
Co-60 2.27 x 101 1.62 x 101 1.40 Mn-54 5.88 5.16 1.14
Ni-59 5.38 x 10 0.00 INF Fe55 4.44 x 108 0.00 INF
Ni-63 0.00 0.00 BZ Fe-59 7.99 7.64 1.05
Zn-65 371 3.70 1.00 Co-57 503x101 501x10? 1.00
Ge-68+D180° 6.39 5.62 1.14 Co-60 227x101  1.62x10! 1.40
Sr-90+D180 0.00 2.46 x 102 ZERO Ni-59 5.38 x 10 0.00 INF
Nb-94 1.42 x 101 9.68 1.46 Ni-63 0.00 0.00 BZ
Tc-99 1.68 x 10°® 1.26 x 10 1.33x 1072 Zn-65 371 3.70 1.00
Ru-106 1.35 1.29 1.05 Ge-68+D30f 6.39 5.62 114
Ag-108m 1.11 x 10t 9.65 1.15 Se75 2.17 1.98 1.10
Ag-110m 1.92 x 101 1.72 x 101 1.12 Sr-85 3.40 2.97 1.14
Cd-109 1.17 x 1072 1.47 x 1072 7.96 x 1071 Sr-89 577x10%  9.08x 1073 6.35 x 1072
Sb-125+D180 2.81 2.45 1.15 Sr-90+D30 0.00 2.46 x 102 ZERO
1-129 3.24x 102 1.29 x 102 2.51 Zr-95+D30 5.15 452 1.14
Cs134 1.08 x 101 9.47 1.14 Nb-94 1.42 x 101 9.68 1.47
Cs135 0.00 3.83x 10 ZERO Nb-95 5.36 4.69 1.14
Cs-137+D180 5.03 341 1.48 Tc-99 168x10% 1.26x10% 1.33x 1072
Ce-144+D180 3.12x 101 3.20x 101 9.75x 101 Ru-106+D30 135 1.29 1.05
Pm-147 1.47 x 10°° 5.01 x 10 2.93x 101 Ag-108m+D30 1.11x 101 9.65 1.15
Sm-147 0.00 0.00 BZ Ag-110m+D30 1.92x10'  1.72x 10! 112
Sm-151 5.45x 1077 9.84 x 10”7 554 x 101 Cd-109 117x102  1.47x102 7.96 x 1071
Eu-152 9.91 7.01 141 Sn-113+D30 1.73 1.46 1.18
Eu-154 1.10 x 101 7.68 1.43 Sb-124 132x101  1.17x10! 113
Eu-155 1.65x 1071 1.82x 101 9.07 x 1071 Sb-125 2.81 2.45 1.15
Gd-152 0.00 0.00 BZ Te-125m 8.80x 1023  1.51x 1072 5.83x 101
Gd-153 212x 101 2.45x 101 8.65x 101 1-125 9.07x10°%  1.66x 102 5.46 x 101
Au-195 167 x 101 2.07x 101 8.07 x 101 1-129 3.24x102  1.29x 1072 251
TI-204 2.20x 1073 4.05x 103 543 x 101 Cs134 1.08 x 101 9.47 114
Pb-210+D180 4.87 %103 6.12 x 1073 7.96 x 1071 Cs135 0.00 3.83x 10 ZERO
Bi-207 9.72 9.38 1.04 Cs-137+D30 5.03 3.41 1.48
Ra-226+D180 155 x 101 112 x 101 1.38 Ce-141 320x101  318x101 1.01
Ra-228+D180 8.18 5.98 1.37 Ce-144+D30 3.12x101  320x101 9.75x 101
Ac-227+D180 2.76 2.01 1.37 Pm-147 147x10° 501x10° 2.93x 101
Th-228+D180 1.33x 101 1.02 x 101 1.30 Sm-147 0.00 0.00 BZ
Th-229+D180 2.20 1.60 1.38 Sm-151 545x107  9.84x 1077 554 x 101
Th-230 2.11x 103 1.21x 103 1.74 Eu-152 9.91 7.01 1.41
Th-232 1.35x 1073 5.21x 10 2.59 Eu-154 1.10 x 101 7.68 1.43
Pa-231 2.21x 101 1.91x 101 1.16 Eu-155 165x101 1.82x101 9.07 x 1071




TABLE 6 (Cont.)

6-Month Equilibration

30-Day Equilibration

Radionuclide RESRAD FGR-12 Ratio® Radionuclide RESRAD FGR-12 Ratio®
U-232 2.19 x 1073 9.02 x 104 2.43 Gd-152 0.00 0.00 BZ
U-233 1.40 x 1073 1.40 x 1073 1.00 Gd-153 212x101  245x 101 8.65x 101
U-234 1.58 x 1073 4.02 x 104 3.92 Ta182 8.26 7.94 1.04
U-235+D180 8.94x 101 7.57x 101 1.18 Ir-192 5.22 461 113
U-236 1.35x 103 2.15x 10 6.28 Au-195 167x101  207x10? 8.07 x 101
U-238+D180 1.27x 101 1.37x 101 9.27 x 101 TI-204 220%10°  4.05x 103 5.43x 107
Np-237+D180 161 1.10 1.46 Pb-210+D30 481x10%  6.05% 103 7.95x 101
Pu-238 1.56 x 1073 151 x 104 1.03 x 101 Bi-207 9.72 9.38 1.04
Pu-239 8.14 x 10 2.95x 104 2.75 Po-210 598x10° 523x10° 114
Pu-240 1.48 x 1073 1.47 x 104 1.01 x 101 Ra-226+D30 155x101  1.12x10! 1.38
Pu-241+D180 1.88 x 10 1.89 x 10 9.95x 101 Ra-228+D30 8.18 5.98 1.37
Pu-242 1.24 x 1073 1.28 x 104 9.69 Ac-227+D30 2.76 2.01 1.37
Pu-244+D180 2.23 7.73 2.88x 101 Th-228+D30 133x101  1.02x10! 1.30
Am-241 4.79 x 102 4.37 x 102 1.10 Th-229+D30 2.20 1.60 1.38
Am-243+D180 1.08 8.95x 1071 121 Th-230 211x10% 1.21x103 1.74
Cm-243 7.26x 101 5.83x 107 1.25 Th-232 135x10% 521x10% 2.59
Cm-244 151 x 103 1.26 x 104 1.20 x 101 Pa-231 221x101  191x10? 1.16
Cm-248 6.10 x 106 8.78 x 10°® 6.95 x 1072 U-232 219x10°  9.02x10% 243
Cf-252 6.32 x 10 1.76 x 104 3.59x 107 U-233 140%10°  1.40x 103 1.00

U-234 158x%10°  4.02x10% 3.93
U-235+D30 8.94x101  757x101 1.18
U-236 135x10% 215x10% 6.28
U-238+D30 127x101  1.37x101 9.27 x 101
Np-237+D30 1.61 1.10 1.46
Pu-238 156x% 103  1.51x10% 1.03 x 101
Pu-239 8.14x10% 2.95x10% 2.76
Pu-240 148x10°  1.47x10% 1.01 x 101
Pu-241+D30 1.88x10° 1.89x10® 9.95 x 101
Pu-242 124x10° 1.28x10% 9.69
Pu-244+D30 2.23 7.73 2.88x 101
Am-241 479x 102  4.37x102 1.10
Am-243+D30 1.08 8.95x 10! 121
Cm-243 726x101 583x101 1.25
Cm-244 151x10° 1.26x10% 1.20 x 101
Cm-248 6.10x 108  8.78x10® 6.95 x 1072
Cf-252 6.32x10° 1.76x10% 3.59x 107

a8 Ratio: represents the ratio of previous RESRAD DCFs divided by the FGR-12 DCFs.

BZ: casesin which both values are zero.

¢ ZERO: casesin which only RESRAD DCFs are zero.

INF: casesin which only FGR-12 DCFs are zero.

€ +D180: associated radionuclides with half-lives less than 6 months are included.

+D30: associated radionuclides with haf-lives less than 30 days are included.
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e For Ca4b5, Sr-89, Tc-99, Pu-238, Pu-240, Pu-242, Cm-244, and Cm-248,
DCFs differ by an order of magnitude. Previous RESRAD values are higher
in most of these cases.

e For Co-60, Cs-137, Eu-152, Eu-154, Ra-226, Ra-228, Ac-227, Th-228,
Th-229, and Np-237, differences in DCFs are between 20 and 50%.

Table 7 shows the differences in the ratio of the DCFs between the previous RESRAD
modd and FGR-12 asthey increase. “BZ” indicates both values are zero, <20% means less than 20%
difference in the ratio, 20-100% means the differences are between 20 and 100%, >2 represents
differences greater than a factor of 2 but less than a factor of 10, and >10 means differences are
greater than an order of magnitude.

5.2 COVER AND DEPTH FACTORS

Cover and depth factors for the new RESRAD model were compared with the previous
modd. In these comparisons, the source area was assumed to be of infinite extent, with a density of
1.6 g/cmS, and only source depths and cover thicknesses were changed. The comparisons were made
for Co-60, U-234, U-235, U-238, Mn-54, Al-26, Co-57, and Cs-137. These radionuclides were
chosen because of the differencesin their average energies.

Table 8 compares the depth factors of the old (version 5.44 and earlier) and new (version
5.60 and later) RESRAD models, and Table 9 gives the depth factor ratio for the old and new
models. Figure 3a shows the depth factor as a function of source depth for Co-60, U-234, U-235,
U-238, and Mn-54. In this illustration, “n” aways represents the results with the new model.
Figure 3b illustrates the variation of ratio with source depth. Figure 3 shows that no significant
difference exists between the old and new RESRAD models for source depths greater than 30 cm;
however, thin sources show major differences. The new model gives a higher depth factor for thin
sources, which means that the dose calculated with the new model will be higher in these cases.

Table 10 shows the cover-and-depth factor comparisons between the old and new RESRAD
models at different source depths. Cover thickness varies from 0.001 to 50 cm. Comparisons are
made for Co-60, Mn-54, Al-26, U-234, U-235, U-238, and Co-57. Figure 4a shows the cover factor
variations with cover thickness for different source depths of Co-60. To get only the cover factor
variations, values were divided by the zero cover thickness for the respective source depths. Figure 4b
gives the ratio of cover factor for old to new models as a function of cover thickness. Figure 5a
shows the cover-and-depth factor variations with cover thickness for source depths of 1, 5, 15, and
50 cm. Figure 5b gives the ratio of cover-and-depth factor variations for a Co-60 source.
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TABLE 7 Comparison of the Ratio of the DCFs between the Previous RESRAD Model and
FGR-12 for 30-Day Equilibration Radionuclides

Ratio? Number Radionuclides
BZ 4 H-3, N-63, Sm-147, Gd-152
<20% 37 Na-22, Al-26, K-40, Sc-46, Mn-54, Fe-59, Co-57, Zn-65, Ge-68+D, Se-75,

Sr-85, Zr-95+D, Nb-95, Ru-106+D, Ag-108m+D, Ag-110m+D, Cd-108,
Sn-113+D, Sb-124, Sh-125, Cs-134, Ce-141, Ce-144+D, Eu-155, Gd-153, Ta-182,
Ir-192, Au-195, Pb-210+D, Bi-207, Po-210, Pa-231, U-233, U-235+D, U-238+D,
Pu-241+D, Am-241

20-100% 18 Co-60, Nb-94, Te-125m, |-125, Cs-137+D, Sm-151, Eu-152,Eu-154, TI-204,
Ra-226+D, Ra-228+D, Ac-227+D, Th-228+D, Th-229+D, Th-230, Np-237+D,
Am-243+D, Cm-243

>2 11 Cl-36, 1-129, Pm-147, Th-232, U-232, U-234, U-236, Pu-239, Pu-242, Pu-244+D,
Cf-252

>10 7 Ca-45, Sr-89, Tc-99, Pu-238, Pu-240, Cm-244, Cm-248

INF 3 Ca-41, Fe-55, Ni-59

ZERO 4 C-14, S35, Sr-90+D, Cs-135

& Notation: BZ: both zero; INF: cases in which only FGR-12 DCFs are zero; ZERO: casesin which only RESRAD
DCFs are zero; <20%: less than 20% differencein ratio; 20-100%: differences between 20 and 100%;
>2: differences greater than afactor of 2 but less than factor of 10; >10: differences greater than afactor of ten.

Table 10 shows that for all radionuclides considered, while the old RESRAD cover factor
was independent of source thickness, the new model yields a sharper decrease in cover factor with
an increase in cover thicknessat small cover. The cover factor comparison shows that the maximum
differences occur for alarge cover thickness and small source depths. Figure 4b shows that the ratio
of the old to new models varies from 1 to 3 with an increase in the cover thickness. The cover-and-
depth factor comparisons in Figure 5 show that large differences are observed for thin sources
without any cover and for sources with very thick covers. For al source depths with a cover between
0.5and 10 cm, theratio is between 0.8 and 1.2.

5.3 AREA FACTOR

In the old RESRAD model, a radionuclide-independent area factor was used (Napier et al.
1984). Measurements were made for surface sources of maximum area 1,222 m? (equivalent to
19.72-mradius). Vaues at different areas were divided by the maximum value to get the area factor.
It was assumed that there was no contribution from regions beyond 19.72-m radius. All the sources
used had average energies greater than 100 keV. In that study, it was observed that when plotted
againgt areg, the exposure rate was parallel for all isotopes, which suggests that the area factor does



TABLE 8 Comparison of Depth Factorsfor Old and New RESRAD Modelsfor Co-60, U-234, U-235, U-238, Mn-54,
Al-26, Co-57, and Cs-137

Co-60 U-234 U-235 U-238
Source
Depth (cm) old New old New old New old New
1 1.06x101 1.75x 101 218x 101  470x 101 204x101 251x101 121x101  235x101
3 286x101  365x 101 522x101  7.15x 101 496 %101 521x10? 320x 101 447x10?
5 430x101 506x101 7.08x 101 847x 101 6.81x 101 6.92x101 475%x101  588x101
10 6.75x 101 7.36x 101 9.15x 101  9.68x 101 898x 101 898x101 724x101  8.03x101
15 8.15x 101 859x 101 9.75x 101  9.93x 101 9.68x 101 9.66x 101 855x 101  9.05x 101
30 9.66x 101  9.79x 101 9.99 x 101 1.00 9.99x 101 9.99x 101 9.79x 101  9.90x 101
50 9.96x 101 9.98x 101 1.00 1.00 1.00 1.00 9.98x 101  9.99x 101
_____ 0 ________100________100 _________100 _______ 100 ________ 100 _______100__________100 ________100____.
Mn-54 Al-26 Co-57 Cs-137
Source
Depth (cm) old New old New old New old New
1 1.10x 101  193x 101 991x102 1.73x 101 201x101 276x10? 1.24x 101 1.95x 101
3 295x 101  4.00x 101 269x101  365x 101 490x101 569x101 328x101  4.12x10?
5 442 %101  547x101 407x101  507x101 6.75x 101 7.42x101 484x101  566x101
10 6.88x 101  7.76 x 101 6.48x 101  7.38x 101 894x101 9.28x101 734x101  7.97x101
15 826x 101 8.89x 101 791x101  861x 101 9.66x 101  9.80x 101 863x101  9.05x101
30 9.70x 101  9.87x 101 956x 101  9.79x 101 9.99 x 101 1.00 9.81x101  9.90x10?
50 9.97x101 9.99x 101 9.95x 101  9.98x 101 1.00 1.00 9.99 x 101 1.00
100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

74
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TABLE 9 Depth Factor Ratio of Old to New RESRAD Models for Different Source Depths

for Co-60, U-234, U-235, U-238, Mn-54, Al-26, Co-57, and Cs-137

Depth Factor Ratio of Old Model/New Model

Source
Depth (cm) Co-60 U-234 U-235 U-238 Mn-54 Al26 Co-57 Cs-137

6.08x 100 464x10!  813x107  s515x100  s71x100 571x100 727x1070 636107
3 783x10%  730x100  952x10?  7.17x100  739x 100 735x10"  860x107  7.98x 107!
5 850x 10"  836x10!  9.84x107! 8.07 x 107! 8.08x 107  800x107  9.08x107  857x10!
10 9.17x 10" 945x 10" 1.00 9.02x 107} 8.87 x 107! 876x 101 9.63x107  922x10!
15 9.49x 107  9.82x10"! 1.00 9.44 x 10! 929%x 107 9.18x100  985x10" 954 x 107!
30 987x 10! 9.99x 10" 1.00 9.89 x 107! 9.83 x 107! 976x 100 999x 107  9.91x 107!
50 9.98 x 107} 1.00 1.00 9.99 x 10°! 998x 10"  9.96x 10! 1.00 9.99 x 10°!

100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Depth factor

1 ’ 0 100
Source depth, cm
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—%— Co-57

SKA9831
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FIGURE 3 Depth Factor Comparison as a Function of Depth for a Set of Radionuclides



TABLE 10 Cover-and-Depth Factor Comparison of Old and New RESRAD Modelsfor Various Radionuclides at Source
Depthsof 1, 5, 15, and 50 cm

Cover-and-Depth Factor by Source Depth

lcm 5cm 15cm 50 cm
Cover
Thickness (cm) old New old New old New old New
Co-60
0.001 1.06x 101  1.75x 107 430x101  506x 107 815x101  859x 101 9.96x 101  9.98x 107
0.5 1.01x101  1.26x107 407x101  432x101 7.70x 101 7.63x 101 9.42x101  8.94x1071
1 950x 102  1.05x 107 384x101  3.90x 107 7.28x101  7.01x 107 890x101  8.24x107
2 8.49x 102  859x 102 344x101  3.36x 107 651x 101  6.11x 107 796x101  7.19x 107
5 6.06 x 102  582x 102 245x101  2.30x 101 464x101  419x 101 568x101  4.93x 107
10 345x102  3.11x102 1.40x 101 1.23x 107 265x101  224x101 323x101  264x107
15 1.96x 102  1.66x 102 7.95x 102  657x 102 151x101  1.20x 107 1.84x101  1.41x10?
20 1.12x 102  8.88x 103 453x102  351x107? 859x 102  6.39x 102 1.05x 101 7.53x 102
25 6.39x10°  4.75x 103 258x102  1.88x 102 489x102  3.42x107? 598x 102  4.02x 102
30 364x10°  254x103 147x 102  1.00x 102 2.78x102  1.83x 102 340x102%  215x 102
40 1.18x10°  7.25x10™ 478x10°  2.87x103 9.05x10° 522x103 1.10x 102  6.15x 103
- 384x10% _ 207x10% 155x10°  819x10% 294x10° _ 149x10° 360x10° _ 176x10°
Mn-54
0.001 1.10x 101 1.93x 107 442x101  547x101 826x101  8.89x 101 9.97x101  9.99x 107
0.5 1.04x101  1.40x101 417x101  463x 101 7.79x 101 7.82x 101 9.41x101  8.84x107
1 9.79x 102  1.15x 107 393x101  414x107 7.35x 101 7.11x 107 887x101  8.06x 107
2 871x102  9.22x102 350x 101 351x107 6.54x 101 6.09x 107 790x101  6.92x 107
5 6.14x 102  594x 102 247x101  229x 101 461x101  398x 101 557x101  452x107
10 342x102  2.94x102 1.38x 101  1.13x107 257x101  1.97x 101 311x101  224x107
15 191x 102  1.45x 102 7.68x 102  560x 102 1.44x 101 9.73x102 1.73x101  1.11x10?
20 1.06x 102  7.19x 103 429x102  2.77x107? 8.02x102  4.81x102 9.68x 102  547x102
25 597x10°%  356x 103 2.39x102  1.37x102 447x102  2.38x107? 540x 102  2.71x102
30 333x10°  1.76x 103 1.33x102  6.77x10° 250x 102  1.18x 102 301x102%  1.34x102
40 1.04x10°  4.30x10% 417x10°  1.68x 103 7.79x10°  2.88x 103 9.41x10°%  3.27x103

50 324x10%  1.05x10% 1.30x10°  4.05x10™ 243x10°  7.05x10™ 293x10°  8.01x10%

LC



TABLE 10 (Cont.)

Cover-and-Depth Factor by Source Depth

lcm 5cm 15cm 50 cm
Cover
Thickness (cm) old New old New old New old New
Al-26
0.001 9.91x102  1.73x 107 407x101  507x101 791x101  861x 101 9.95x101  9.98x 107
0.5 9.41x102  1.26x 107 386x101  4.34x101 751x101  7.66x 107 9.44x101  8.96x 107
1 893x102  1.05x 107 366x101  3.92x101 7.13x101  7.04x 101 896x 101  8.26x 107
2 8.04x102  8.66x 102 330x101  3.39x107 6.42x 101 6.14x 107 8.07x101  7.21x107
5 5.88x 102  586x 102 241x101  231x107 469x 101 419x 107 590x101  4.92x101
10 348x102  3.11x102 1.43x 101 1.23x 107 278x101  223x101 350x 101 2.61x107
15 207x102  1.66x 102 8.49x 102  653x102 165x 101  1.18x 107 208x101  1.39x107
20 1.22x102  8.80x 103 5.03x102  347x102 9.79x 102  6.30x 102 1.23x101  7.39x 102
25 7.29x10°  4.68x 103 298x102  1.84x 102 581x102  3.35x 102 7.30x 102  3.93x 102
30 432x10°%  249x 1073 1.77x 102  9.80x 103 344x102  1.78x 102 433x102  2.09x 102
40 152x10°  7.02x10% 6.24x10°  277x 103 1.21x102 502x103 152x 102  5.90x 103
0 535x10% _ 198x10%  220x10°  783x10% 427x10° _ 142x10° 537x10° _ 167x10°
U-234
0.001 218x101  467x 101 7.08x 101 844x 101 9.75x 101 9.90x 101 1.00 9.97 x 10’1
0.5 1.93x101  1.66x 107 6.26 x 101 4.89x 101 862x101  6.14x 107 8.84x101  6.20x 107
1 1.71x 107 141x101 553x 101 418x 107 7.63x101  525x 101 7.82x101  530x107
2 1.33x101  1.04x107 433x101  3.06x 107 596x 101 3.85x 107 6.12x101  3.89x 107
5 6.37x 102  4.09x 102 207x101  1.21x107 285x101  152x101 292x101  153x107
10 1.86x 102  8.66x 103 6.05x 102  256x 102 834x102  3.21x102 855x 102  3.24x 102
15 545x10°  1.83x 103 1.77x 102  542x103 244x102  6.81x10° 250x 102  6.87x 1073
20 159x10°  3.88x10™ 517x10°%  1.15x 103 7.13x10°  1.44x 103 7.31x10°%  1.46x103
25 466x10%  823x10° 151x10°  243x10% 2.08x10°  3.05x10% 214x10°  3.08x10%

30 1.36x10*  1.74x10° 442x10% 5.15x10° 6.09x 104  6.47x10° 6.25x 104  6.53x 10

8¢



TABLE 10 (Cont.)

Cover-and-Depth Factor by Source Depth

lcm 5cm 15cm 50 cm
Cover
Thickness (cm) old New old New old New old New
U-235
0.001 204x101  251x101 6.81x 101  6.92x 101 967x101  9.66x 107 1.00 1.00
0.5 1.82x101  1.81x107 6.07x101  573x 101 863x101  813x 101 8.92x101  849x107
1 162x101  151x107 542x101  502x 101 7.70x 101 7.22x 101 796 x101  7.49x 107
2 1.29x 101 1.19x107 431x101  4.00x 107 6.13x 101  576x 101 6.33x101  598x 107
5 6.52x 102  6.10x 102 217x101  2.06x 107 3.09x101  297x101 319x101  3.08x107
10 2.08x102  2.02x102 6.93x 102  6.83x 102 9.85x 102  9.84x 102 1.02x101  1.02x10?
15 6.64x10°  6.71x 103 221x102  226x 102 314x102  3.26x 102 325x102%  3.39x 102
20 212x10°%  222x103 7.06 x10°  7.50x 103 1.00x 102  1.08x 102 1.04x 102  1.12x 102
25 6.76 x 104  7.37x10™ 225x10%  249x 103 320x10°%  359x 103 331x10°%  3.72x103
30 216x10%  2.44x10% 7.19x10%  825x10™ 1.02x10°  1.19x103 1.06x10°  1.23x10%
40 220x10°  2.69x 10° 7.33x10°  9.07x10° 1.04x10%  1.31x10% 1.08x10%  1.36x10*
- 224x10° _ 295x10°  746x10° 997x10° 106x10° _ 144x10° 110x10°  149x10°_
U-238
0.001 1.21x101  234x101 480x101  588x 107 855x 101  9.05x 107 9.98x101  9.99x 107
0.5 1.13x 101 157x101 445x 101 474x 101 8.02x101  7.68x 101 9.36x101  856x 107
1 1.06x 101  1.21x107 417x101  410x 107 752x101  6.84x 101 878x101  7.65x 107
2 9.34x102  9.09x 102 367x101  3.37x107 6.61x 101  574x 101 7.72x101  6.44x 107
5 6.35x 102  563x 102 249x101  214x 101 449x101  367x101 525x101  4.12x107
10 333x102  2.70x 102 131x101  1.03x107 236x101 176 x 107 276x101  1.97x107
15 1.75% 102  1.29x 102 6.88x 102  4.93x 102 1.24x 101 842x102 1.45x 101 9.46 x 102
20 9.20x10°  6.21x 103 362x102  2.36x 102 6.51x 102  4.04x 102 761x102%  454x102
25 483x10°  298x 103 1.90x 102  1.13x 102 342x102  1.94x 102 400x102  217x102
30 254x10°  1.43x103 1.00x 102  543x103 1.80x 102  9.28x 103 210x102%  1.04x 102
40 7.01x10%  3.28x10™ 275x10°% 1.25x 103 496x10°  213x 1073 579x10°%  240x 103

50 1.94x10*  7.53x10° 7.60x10%  2.87x10% 1.37x10%  4.90x10™ 1.60x 102  551x10*
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TABLE 10 (Cont.)

Cover-and-Depth Factor by Source Depth

lcm 5cm 15cm 50 cm
Cover
Thickness (cm) old New old New old New old New
Co-57
0.001 201x101  276x 101 6.74x 101 7.42x 101 9.65x 101  9.80x 101 1.00 1.00
0.5 1.80x 101  202x101 6.03x 101  6.09x 107 863x101  819x 101 894x101  836x107
1 161x101  1.67x101 539x 101 524x 101 7.71x 101 7.00x 101 7.99x 101 7.24x107
2 1.28x101  1.26x 107 431x101  4.02x107 6.16 x 101 545x 101 6.38x 101  557x107
5 6.54x 102  583x 102 220x 101 1.87x 101 314x101  253x101 326x101  258x107
10 213x102  1.62x 102 7.14x102  519x 102 1.02x101  7.03x102 1.06x 101  7.18x 102
15 6.93x10°  451x103 232x102  1.44x102 333x102  1.95x 102 345x102%  2.00x 102
20 226x10°  1.25x 103 757x10°  4.01x103 1.08x 102  543x103 1.12x 102  555x 10
25 7.35x10%  3.49x10™ 247x10°  1.11x103 353x10°  151x103 366x10°  1.54x103
30 2.39x10%  9.69x 10° 8.03x10%  3.10x10™ 1.15x%10°  4.20x 10™ 1.19x10°  4.29x10*

oe
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not depend on energy. Therefore, a uniform correction was applied for al energies. The area factor
correction curve was approximated as the sum of four line segments:

y=0.016 A for 0<A<25m?,

y=0.35+0.002 A for 25<A <100 m?,

y=0.48 + 0.00065 A for 100 < A <500 m?,

y = 0.67 + 0.00027 A for 500 < A< 1,222 m?, and
y=1 for A>1222m?

The results from comparison of the old and new methods are discussed here. The area factor is
plotted against the source radius for different energies and is calculated for different source depths.
Table 11 gives the area factor, F5(Ei), for different source depths. Sources are assumed to be of
different energies (10, 30, 60, 100, 300, 600, 1,000, 3,000, 6,000, and 10,000 keV), and the source
radius varies from 0.56 to 1,000 m. Different columns give area factors for different energies.
Different rows give the area factors at different source radii. Figure 6 shows the area factor variations
for different source depths (0.1, 1.0, 10.0, and 100 cm). Each curve in the figures represents the
variation with source radius for a particular energy.

Asshown in Figure 6, the area factor increases with source radius and approaches unity for
radii greater than 50 m. The area factor is always larger in the new model for small source radii for
al energies. For the 100-cm+-thick source, the area factor is larger up to a source radius of 13 m; for
the 1-cm-thick source, it islarger up to a 2-m source radius. The areafactor decreases with increasing
energy, with sharp decreases when the energy changes from 10 to 60 keV, and varies dightly with
higher energy. The area factor aso increases with increasing source depth. Comparisons show that
the area factor of sources with depths greater than 10 cm are always greater in the new model. For
very thin sources (0.1 cm depth), the old RESRAD model values are higher except for energies under
30 keV, for which the new model gives higher values. Values compare reasonably well in the two
models at a source depth of 1 cm for energies above 30 keV.

Tables 12 through 14 show the variation of area factor with cover thickness. Computations
are made for three energy levels (10, 100, and 1,000 keV) and four source depths (0.1, 1, 10, and
100 cm). Source radius varies from 0.56 to 1,000 m, and cover thickness varies from 0 to 50 cm for
each set.

Table 12 shows the variation of the area factor with cover material at 10 keV. The area
factor increases with the source radius for al source depths when there is no cover. With some cover
(greater than 0.5 cm), the area factor becomes unity and is independent of source dimension.
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TABLE 11 AreaFactorsfor Source Depthsof 0.1, 1, 10, and 100 cm at Different Energies

Area Factor, Fp, by Energy Level

Radius old
(m) 10 kev 30 keV 60 keV 100 keV 300 keV 600 keV 1MeV 3 MeV 6 MeV 10 MeV Model

Sour ce Depth = 0.1 ¢cm

0.56 0.246 0.0527 0.0234 0.0218 0.0265 0.0275 0.0278 0.0266 0.0259 0.0257 0.0160
1 0.528 0.134 0.0599 0.0556 0.0672 0.0697 0.0705 0.0676 0.0657 0.0652 0.0500
15 0.742 0.229 0.103 0.0951 0.115 0.119 0.120 0.115 0.112 0.111 0.113
2 0.859 0.312 0.142 0.131 0.156 0.162 0.164 0.157 0.153 0.151 0.200
2.8 0.944 0.421 0.196 0.178 0.212 0.219 0.222 0.212 0.207 0.205 0.400
35 0.974 0.497 0.235 0.213 0.251 0.260 0.263 0.252 0.245 0.243 0.427
45 0.991 0.582 0.283 0.254 0.297 0.307 0.311 0.297 0.289 0.287 0.477
5.6 0.997 0.654 0.328 0.292 0.339 0.349 0.353 0.338 0.329 0.326 0.550
7 0.999 0.723 0.377 0.333 0.381 0.392 0.397 0.380 0.369 0.366 0.580
9 1.00 0.792 0.436 0.381 0.431 0.442 0.447 0.428 0.416 0.412 0.645
11 1.00 0.841 0.485 0.421 0.470 0.482 0.486 0.466 0.453 0.449 0.727
13 1.00 0.876 0.528 0.457 0.504 0.515 0.519 0.497 0.483 0.479 0.800
15 1.00 0.902 0.566 0.488 0.532 0.543 0.547 0.524 0.510 0.505 0.860
17.5 1.00 0.925 0.608 0.523 0.564 0.574 0.578 0.553 0.538 0.533 0.929
20 1.00 0.942 0.645 0.554 0.591 0.600 0.604 0.578 0.562 0.557 1.00
50 1.00 0.994 0.881 0.789 0.781 0.777 0.776 0.742 0.722 0.715 1.00
100 1.00 1.00 0.979 0.939 0.909 0.894 0.889 0.852 0.830 0.822 1.00
200 1.00 1.00 1.00 0.998 0.986 0.972 0.966 0.936 0.917 0.909 1.00
500 1.00 1.00 1.00 1.00 1.00 1.00 0.999 0.992 0.984 0.978 1.00
1000 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.998 1.00

Source Depth =1 cm

0.56 0.246 0.117 0.0417 0.0319 0.0361 0.0376 0.0378 0.0358 0.0347 0.0345 0.0160
1 0.528 0.281 0.109 0.0826 0.0921 0.0956 0.0961 0.0908 0.0881 0.0876 0.0500
15 0.741 0.442 0.190 0.144 0.157 0.163 0.164 0.155 0.150 0.149 0.113
2 0.858 0.561 0.265 0.200 0.216 0.222 0.223 0.211 0.204 0.203 0.200
2.8 0.943 0.686 0.369 0.279 0.293 0.301 0.302 0.285 0.276 0.274 0.400
35 0.973 0.755 0.444 0.338 0.349 0.357 0.357 0.337 0.327 0.325 0.427
45 0.990 0.819 0.531 0.410 0.415 0.422 0.421 0.397 0.385 0.382 0.477
5.6 0.997 0.862 0.606 0.476 0.473 0.479 0.477 0.450 0.436 0.433 0.550
7 0.999 0.898 0.680 0.546 0.534 0.537 0.534 0.504 0.489 0.485 0.580
9 1.00 0.935 0.754 0.625 0.603 0.603 0.598 0.564 0.547 0.543 0.645
11 1.00 0.956 0.806 0.687 0.657 0.654 0.648 0.611 0.593 0.588 0.727
13 1.00 0.960 0.843 0.736 0.701 0.695 0.6878 0.649 0.630 0.625 0.800
15 1.00 0.968 0.869 0.775 0.737 0.729 0.721 0.681 0.661 0.655 0.860
17.5 1.00 0.978 0.894 0.813 0.774 0.763 0.755 0.714 0.693 0.687 0.929
20 1.00 0.984 0.913 0.843 0.804 0.792 0.783 0.741 0.721 0.714 1.00
50 1.00 0.997 0.982 0.962 0.945 0.934 0.928 0.894 0.876 0.869 1.00
100 1.00 1.00 0.997 0.992 0.985 0.980 0.977 0.961 0.948 0.941 1.00
200 1.00 1.00 1.00 0.999 0.998 0.996 0.995 0.988 0.982 0.980 1.00
500 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.998 0.997 1.00
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TABLE 11 (Cont.)

Area Factor, Fp, by Energy Level

Radius old
(m) 10 kev 30 keV 60 keV 100 keV 300 keV 600 keV 1MeV 3 MeV 6 MeV 10 MeV Model

Sour ce Depth = 10 cm

0.56 0.246 0.133 0.117 0.0917 0.0781 0.0749 0.072 0.0641 0.0604 0.0595 0.0160
1 0.528 0.305 0.280 0.231 0.198 0.190 0.182 0.163 0.153 0.151 0.0500
15 0.741 0.464 0.438 0.380 0.333 0.319 0.306 0.275 0.260 0.256 0.113
2 0.858 0.575 0.553 0.498 0.445 0.427 0.411 0.371 0.351 0.346 0.200
2.8 0.943 0.687 0.671 0.628 0.577 0.555 0.537 0.489 0.465 0.458 0.400
35 0.973 0.747 0.737 0.702 0.656 0.634 0.615 0.567 0.540 0.533 0.427
45 0.990 0.806 0.796 0.769 0.733 0.713 0.695 0.648 0.620 0.612 0.477
5.6 0.997 0.847 0.838 0.816 0.787 0.770 0.754 0.712 0.684 0.676 0.550
7 0.999 0.868 0.873 0.860 0.835 0.819 0.806 0.768 0.743 0.735 0.580
9 1.00 0.894 0.902 0.894 0.875 0.860 0.849 0.820 0.800 0.792 0.645
11 1.00 0.910 0.920 0.916 0.900 0.887 0.879 0.854 0.835 0.831 0.727
13 1.00 0.922 0.934 0.930 0.918 0.905 0.899 0.881 0.864 0.859 0.800
15 1.00 0.931 0.944 0.941 0.931 0.918 0.913 0.899 0.884 0.877 0.860
17.5 1.00 0.941 0.946 0.951 0.940 0.932 0.925 0.915 0.901 0.896 0.929
20 1.00 0.949 0.949 0.958 0.948 0.941 0.935 0.927 0.914 0.909 1.00

50 1.00 0.990 0.973 0.979 0.981 0.979 0.976 0.974 0.970 0.968 1.00

100 1.00 0.999 0.991 0.990 0.989 0.988 0.988 0.987 0.986 0.985 1.00

200 1.00 1.00 1.00 0.998 0.996 0.995 0.995 0.994 0.993 0.992 1.00

500 1.00 1.00 1.00 1.00 1.00 1.00 0.999 0.999 0.998 0.998 1.00

1000 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Sour ce Depth =100 cm

0.56 0.246 0.133 0.121 0.114 0.106 0.100 0.0960 0.0860 0.0820 0.0800 0.0160
1 0.528 0.305 0.286 0.274 0.258 0.246 0.236 0.215 0.208 0.203 0.0500
15 0.741 0.464 0.443 0.432 0.411 0.393 0.380 0.353 0.345 0.34 0.113
2 0.858 0.575 0.555 0.546 0.524 0.503 0.487 0.459 0.454 0.448 0.200
2.8 0.943 0.687 0.670 0.664 0.641 0.617 0.600 0.573 0.571 0.567 0.400
35 0.973 0.747 0.734 0.729 0.705 0.68 0.662 0.636 0.638 0.635 0.427
45 0.99 0.806 0.791 0.788 0.765 0.737 0.719 0.694 0.698 0.697 0.477
5.6 0.997 0.847 0.831 0.831 0.804 0.777 0.758 0.734 0.740 0.739 0.550
7 0.999 0.868 0.863 0.862 0.837 0.810 0.789 0.765 0.774 0.774 0.580
9 1.00 0.894 0.887 0.890 0.864 0.836 0.816 0.793 0.805 0.805 0.645
11 1.00 0.910 0.901 0.904 0.881 0.852 0.832 0.811 0.822 0.824 0.727
13 1.00 0.922 0.908 0.911 0.89 0.863 0.844 0.824 0.835 0.837 0.800
15 1.00 0.931 0.913 0.915 0.895 0.869 0.851 0.833 0.845 0.847 0.860
17.5 1.00 0.941 0.918 0.919 0.901 0.876 0.86 0.842 0.854 0.856 0.929
20 1.00 0.949 0.923 0.923 0.906 0.883 0.867 0.850 0.861 0.863 1.00
50 1.00 0.990 0.960 0.953 0.940 0.925 0.915 0.900 0.905 0.906 1.00
100 1.00 0.999 0.986 0.978 0.967 0.955 0.948 0.936 0.937 0.936 1.00
200 1.00 1.00 0.999 0.996 0.989 0.981 0.977 0.967 0.964 0.963 1.00
500 1.00 1.00 1.00 1.00 1.00 0.999 0.998 0.993 0.990 0.988 1.00

1000 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.999 0.998 1.00
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FIGURE 6 Area Factor Versus Source Radius for a Set of Gamma Energies with No Cover




TABLE 12 AreaFactor Variationswith Cover Thicknessfor Different Source Radii at an Energy of 10 keV and Source
Depthsof 0.1, 1, 10, and 100 cm

Area Factor, F, , by Source Radius

Cover
Thickness

(cm) 0.56 m 1.0m 28m 56m 13m 20m 50 m 200m 500 m 1,000 m
Source Depth =0.1cm
0 246x101  528x101 944x101 997x10? 1.00 1.00 1.00 1.00 1.00 1.00
0.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
10 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
15 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Source Depth =1cm

0 246x 101  528x101  943x101 997x 101 1.00 1.00 1.00 1.00 1.00 1.00
0.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
10 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
15 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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TABLE 12 (Cont.)

Area Factor, F, , by Source Radius

Cover
Thickness

(cm) 0.56 m 1.0m 28m 56m 13m 20m 50 m 200m 500 m 1,000 m
Sour ce Depth = 10 cm
0 246x 101  528x101 943x101 9.97x10? 1.00 1.00 1.00 1.00 1.00 1.00
0.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
10 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
15 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Sour ce Depth = 100 cm

0 246x 101 528x101  943x101 997x 101 1.00 1.00 1.00 1.00 1.00 1.00
0.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
10 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
15 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

50 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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TABLE 13 AreaFactor Variationswith Cover Thicknessfor Different Source Radii at an Energy of 100 keV and Sour ce Depths
of 0.1, 1, 10, and 100 cm

AreaFactor, F, , by Source Radius

Cover
Thickness

(cm) 0.56 m 1.0m 28m 56m 13m 20m 50 m 200m 500m 1,000m
Source Depth =0.1cm
0 218x102 556x102 1.78x101 292x101 457x101 554x10! 7.89x101 9.98x101 1.00 1.00
0.5 343x102 888x102 303x101 524x101 822x101 939x101 1.00 1.00 1.00 1.00
2 6.69x102 175x101 586x101 885x 101 1.00 1.00 1.00 1.00 1.00 1.00
4 111x101  284x101 815x10? 1.00 1.00 1.00 1.00 1.00 1.00 1.00
6 154x 101 381x101 921x10? 1.00 1.00 1.00 1.00 1.00 1.00 1.00
8 1.93x 101 464x101 972x101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
10 230x101  534x101 996x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
15 309x101  6.65x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 373x101  751x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
50 564x 101  9.24x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Source Depth =1cm

0 319x102 826x102 279x101 476x101 736x101 843x10! 962x101 9.99x 101 1.00 1.00
0.5 433x102% 113x101 391x10! 658x101 9.29x101 9.87x101 1.00 1.00 1.00 1.00
2 764x102 199x101 646x101 926x 101 1.00 1.00 1.00 1.00 1.00 1.00
4 1.20x 101  3.06x101 843x101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
6 162x101  400x101 935x101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
8 202x101  480x101 979x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
10 237x101  547x101  998x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
15 315x 101 6.74x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 378x101  757x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

8¢



TABLE 13 (Cont.)

AreaFactor, F, , by Source Radius

Cover
Thickness

(cm) 0.56 m 1.0m 28m 56m 13m 20m 50 m 200m 500m 1,000m
Sour ce Depth = 10 cm
0 0.17x102 231x101 628x101 816x101 930x101 958x101 979x101 9.98x101 1.00 1.00
0.5 1.05x101  262x101  7.02x101 893x101 984x101 996x10? 1.00 1.00 1.00 1.00
2 1.38x101 339x101 838x101 9.83x101 1.00 1.00 1.00 1.00 1.00 1.00
4 1.78x 101  428x101 932x101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
6 216x 101  503x101 975x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
8 250x 101 566x101  994x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
10 282x101  6.20x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
15 351x101  7.21x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 406x101  7.88x101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
50 572x101  9.29x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Sour ce Depth = 100 cm

0 114x 101  274x101  664x101 831x101 911x101 923x101 953x101 9.96x101 1.00 1.00
0.5 1.28x101  3.08x101 737x101 905x101 977x101 991x10? 1.00 1.00 1.00 1.00
2 160x101 380x101 857x101 984x101 1.00 1.00 1.00 1.00 1.00 1.00
4 1.98x 101 461x101 941x10? 1.00 1.00 1.00 1.00 1.00 1.00 1.00
6 234x101  531x101 978x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
8 266x101  589x101 994x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
10 297x101  6.39x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
15 362x101  7.34x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 414x101  7.97x101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

50 574x101  930x101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

6€



TABLE 14 AreaFactor Variationswith Cover Thicknessfor Different Source Radii at an Energy of 1 MeV and Source Depths
of 0.1, 1, 10, and 100 cm

Area Factor, F, , by Source Radius

Cover
Thickness

(cm) 0.56 m 1.0m 28m 56m 13m 20m 50 m 200m 500 m 1,000 m
Source Depth =0.1cm
0 278x102 7.05x102 222x101 353x101 519x101 6.04x101 776x101 966x101 9.99x 101 1.00
0.5 405x102% 1.03x101 323x101 s511x101 736x101 836x101 9.71x101 1.00 1.00 1.00
2 598x 102 152x101 471x101 7.18x101 926x101 9.85x10? 1.00 1.00 1.00 1.00
4 8.11x102 206x101 617x101 877x101 999x 101 1.00 1.00 1.00 1.00 1.00
6 9.84x102 249x101 714x101 961x10? 1.00 1.00 1.00 1.00 1.00 1.00
8 114x 101 287x101 7.88x101 9.76x101 1.00 1.00 1.00 1.00 1.00 1.00
10 129x 101 322x101 838x101 9.92x101 1.00 1.00 1.00 1.00 1.00 1.00
15 161x101 394x101 918x101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 1.87x101 452x101 957x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
50 277x101  6.24x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Source Depth =1cm

0 378x102 9.61x102 3.02x101 477x101 6.88x101 7.83x101 928x101 995x101 9.98x101 1.00
05 473x102% 120x101 376x101 589x101 823x101 911x10! 9.94x101 1.00 1.00 1.00
2 6.56x 102 1.67x101 514x101 7.72x101 9.68x 101 1.00 1.00 1.00 1.00 1.00
4 845x102 215x101 637x101 891x10? 1.00 1.00 1.00 1.00 1.00 1.00
6 1.02x101 258x101 7.32x101 958x101 1.00 1.00 1.00 1.00 1.00 1.00
8 117x101 295x101 7.99x101 9.81x101 1.00 1.00 1.00 1.00 1.00 1.00
10 1.32x101 329x101 847x101 9.94x101 1.00 1.00 1.00 1.00 1.00 1.00
15 1.63x101 400x101 923x101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 1.89x 101 456x101 960x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00

50 278x101  6.25x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

or



TABLE 14 (Cont.)

Area Factor, F, , by Source Radius

Cover
Thickness

(cm) 0.56 m 1.0m 28m 56m 13m 20m 50 m 200m 500 m 1,000 m
Sour ce Depth = 10 cm
0 720x102 1.82x101 537x101 754x101 899x101 935x101 976x101 995x101 9.99x 101 1.00
05 802x102 203x101 592x101 821x101 954x101 981x101 999x 101 1.00 1.00 1.00
2 951x102 240x101 679x101 900x101 993x101 9.99x10? 1.00 1.00 1.00 1.00
4 113x101 282x101 765x101 959x 101 1.00 1.00 1.00 1.00 1.00 1.00
6 1.28x101 319x101 826x101 9.84x101 1.00 1.00 1.00 1.00 1.00 1.00
8 142x 101 351x101 869x101 9.95x 101 1.00 1.00 1.00 1.00 1.00 1.00
10 154x101 380x101 9.01x101 9.99x101 1.00 1.00 1.00 1.00 1.00 1.00
15 1.82x 101 441x101 949x101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 205x 101  4.89x101 974x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
50 284x101  6.34x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Sour ce Depth = 100 cm

0 955x 102 236x101 6.00x101 758x101 844x101 867x101 915x101 977x101 9.98x101 1.00
0.5 110x 101 271x101 684x101 856x101 941x101 963x101 994x 101 1.00 1.00 1.00
2 126x101 311x101 766x101 929x101 986x101 9.97x101 1.00 1.00 1.00 1.00
4 143x 101 350x101 834x101 9.72x101 1.00 1.00 1.00 1.00 1.00 1.00
6 157x101 382x101 877x101 9.92x101 1.00 1.00 1.00 1.00 1.00 1.00
8 1.69x101 409x101 909x101 9.97x101 1.00 1.00 1.00 1.00 1.00 1.00
10 1.89x 101 434x101 931x101 9.99x 101 1.00 1.00 1.00 1.00 1.00 1.00
15 204x 101  484x101 965x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 224x101 525x101 983x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00

50 290x 101  6.45x 101 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

14%
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Figure 7a showsthe areafactor variation with cover thickness for a 10-keV source at depths of 0.1,
1.0, 10.0, and 100.0 cm. As shown, for a 10-keV source, the area factor is independent of source
depth.

Table 13 gives the area factor variation at 100 keV. The cover thickness varies from 0 to
50 cm, and the areafactor is caculated at different source radii (0.56, 1.0, 2.8, 5.6, 13.0, 20.0, 50.0,
200.0, 500.0, and 1000 m). Results are shown in Figures 7b through 7e. Table 13 shows that for
source radii greater than 200 m, the areafactor isaways 1. As the cover thickness increases, the area
factor approaches unity at smaller source radii. Table 14 shows the area factor variation at 1 MeV.

Tables 12 to 14 and Figure 7 show that for very low energy (10 keV), the areafactor isa
function of source radii; however, with avery small cover, the areafactor becomes independent of
source radii and becomes unity. For energies in the range of 100 to 1,000 keV, the area factor
increases with source radius and cover thickness. As the cover thickness increases, the area factor
saturates at a smaller source radius.

5.4 DOSE CALCULATIONS

Doses were calculated for four source depths (1, 5, 15, and 50 cm) with the old and new
RESRAD moddsfor selected radionuclides without any cover. Table 15 compares results of the new
dose model with those of the old model for Cs-137, Co-60, Mn-54, Co-57, U-234, U-235, U-238,
and Al-26. In these calculations, the source radius varies from 0.56 to 1,000 m. Doses
[(mrem/yr)/(pCi/g)] are compared only for the external pathway at time zero. The following
RESRAD parameters were used in the calculations:

. Density of contaminated zone = 1.6 g/cm®,

. Cover density = 1.6 g/cmd,

. Initial concentration of radionuclides = 1 pCi/g,
. Exposure duration = 30 years,

. External shielding factor =1,

. Time fraction for outdoors = 1, and

. Time fraction for indoors = O.
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(d) Source Depth of 10.0 cm and Energy of
100 keV

FIGURE 7 Area Factor as a Funetion of Cover Thickness for a Set of Source Radii
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Contaminated zone parameters, such as erosion rate, total porosity, effective porosity, hydraulic
conductivity, b parameter, evapotranspiration coefficient, precipitation, irrigation mode, and runoff
coefficients, will not affect these calculations.

Figures 8a through 8h compare doses between the old and new RESRAD models for
Cs-137, Co-60, Co-57, Mn-54, U-234, U-235, U-238, and Al-26. These figures show the combined
effects of depth factor, area factor, and DCF differences in the two models on dose calculations. For
a small radius and 50-cm-thick source, differences are due to the area factor and DCF’; however, at
a large radius, the difference arises only because of the DCF.

Figure 8a compares Cs-137 doses in the two models. With the new model, the DCF is
3.42 mrem/yr; with the old model, it is 5.03. This change of about 47% is reflected in the dose value
for a source depth of 50 cm and a 1,000-m radius. Based solely on the DCF difference, all the values
at a source depth of 50 cm in the old RESRAD model should have been larger; however, it is not so
because of differences in area factor. The new model always gives a large area factor at a small
radius compared with the old model; this fact is reflected in dose values at a small radius. In Figures
8a through 8h, dose values at 0.56-m radius are always higher for the new model. The ratio in the
new model at 0.56-m radius increases as the source thickness increases. The old model dose values
do not change beyond a 20-m radius; for the new model, saturation occurs beyond a 20-m radius and
depends on source energy. For Co-57, dose values change as much as 5 to 24%, depending on the
source thickness, when the radius is increased beyond 20 m. For Al-26, this change is 10 to 32%.



TABLE 15 Dose (mrem/yr) Comparisonsfor Radionuclides at Source Depths (T) of 1, 5, 15, and 50 cm
for New and Old RESRAD Models

New Model Old Model
Radius
(m) Ts=1cm Ts=5cm Ts=15cm Ts=50cm Ts=1cm Ts= 5cm Ts= 15cm Ts=50cm

Cs-137

0.56 254x102 116x101 269x101 3.48x10? 1.01 % 102 392x102  7.00x102 8.10x 1072

2.8 196x101 878x101 1.82 2.09 251x 101 9.81x 101 175 2.03

5.6 3.15x 101 1.33 2.45 2.67 3.49x 101 1.36 243 281

13 455x 101 1.69 2.82 2.97 5.16 x 101 2.01 3.59 4.16

20 511x 101 1.78 291 3.04 6.37 x 101 2.49 4.44 5.14
56419  6.66x10" 193 - 309 __ ___: 341 637x10t 249 - 444 514

Co-60

0.56 1.08x101 476x101 1.16 1.60 3.89 x 102 157x101  298x101 365x101

2.8 8.33x 101 3.64 8.02 9.88 9.74x 101 3.94 7.46 9.12

5.6 1.33 5.55 1.10 x 10t 1.27 x 10t 1.35 5.46 1.04 x 10t 1.27 x 10t

13 191 7.10 1.27 x 10t 1.42 x 10t 2.00 8.08 153 x 10! 1.87 x 10t

20 2.15 7.49 1.31x 10! 1.45 x 10t 2.47 9.99 1.89 x 10t 2.31x 10!
56419 283 820 . _139x10' 162x10b 247 999 ____189x10'  231x10'

Co-57

0.56 444x10° 245x102 524x102 575x102 164x10% 551x10° 7.89x10°  818x 1073

2.8 378x102 194x101 319x101 328x101 411x 102  1.38x101 197x101  204x101

5.6 6.43x102 283x101 408x101 4.16x101 570x102  1.91x101 274x 101 284x101

13 9.77x102 338x101 457x101 457x101 843x102  283x101 405x 101 420x10?

20 111x101 351x101  467x101  462x10? 1.04x101 350x 101 501x101 519x10?
56419 138x10" 372x10" 491x100 501x10% 104x10"  350x107" ! 501x10"  519x10"

Mn-54

0.56 379x102 167x101 390x101 521x101 1.05x102  4.22x107? 7.89x102 952 x107%

2.8 294x 101 127 2.68 3.16 263x101  1.06 1.97 2.38

5.6 472x101 193 3.65 4.05 365x101  1.46 2.74 331

13 6.78x 101 246 4.19 452 539x 101 217 4.05 4.89

20 763x101 259 4.32 4.62 6.67x101 268 5.00 6.04

564.19 9.96x 101 283 459 5.16 6.67x101 268 5.00 6.04

1%



TABLE 15 (Cont.)

New Model Old Moddl
Radius
(m) Ts=1cm Ts=5cm Ts=15cm Ts=50cm Ts=1cm Ts= 5cm Ts= 15cm Ts=50cm

U-234

0.56 144x10° 364x10° 513x10° 517x10° 470%x10%  1.53x107° 210x10°  2.16x107°

2.8 891x10° 221x10% 271x10% 273x10% 1.18x 10%  3.82x10% 526x10%  539x10%

5.6 1.28x10% 2.86x10% 338x10%  3.40x10% 1.63x10%  5.30x10% 7.30x10%  7.49x10*

13 162x10% 321x10% 368x10%  3.69x10% 241x10%  7.83x10% 1.08x10°  1.11x10°

20 1.72x10% 328x10% 373x10% 3.75x10% 298x10%  9.68x 10 1.33x10°%  1.37x10°
56419 189x10* 340x10* 399x10% 402x10*  : 298x10%  968x10% - 133x10°  137x10°

U-235

0.56 6.28x10° 320x102  7.25x102  8.41x 1072 293x10°  9.78x 103 1.39x 102  1.44x 1072

2.8 516x 102 255x101  463x101  4.91x10? 7.33x102  245x 1071 347x101  359x101

5.6 862x102 385x101 6.02x101 6.23x101 1.02x101  3.39x101 482x101  4.98x101

13 1.30x 101 470x101  679x101 6.86x 101 151x101  502x101 7.13x101  7.37x101

20 148x 101  491x101  696x101 6.95x 101 1.86x 101  6.20x 101 8.82x101 911x10?
56419 190x10" 524x10" 731x10%  757x10" ¢ 186x10"  620x10" ¢ 882x10" 911x10"

U-238

0.56 119x10°% 512x10° 113x102  1.43x10? 247x10%  9.69 x 104 1.75x10°  2.04x 103

2.8 950x 102 3.87x102  743x102 851x107% 6.17x10°  2.42x 1072 437x102 5.10x 1072

5.6 155%x 102 574x10% 995x102  1.09x 107 856x10°  3.36x 1072 6.06 x 102  7.08 x 1072

13 225x102 7.12x10% 114x101 1.21x10? 127x 102  4.97x 102 8.96x 102  1.05x101

20 253x102 7.46x102 117x101 1.23x101 157x102  6.15% 1072 111x 101 1.29x 101
56419 321x10% 806x10% 124x10% 137x10" - 157x10%  615x10% 111 x10"  129x 10"

Al-26

0.56 112x 101  512x 101 1.23 171 322x102  1.32x101 257x101 3.23x101

2.8 8.75x 101 3.88 8.55 1.06 x 101 8.04 x 101 3.30 6.42 8.07

5.6 1.40 5.92 1.18x 100  1.37x10! 112 4.58 8.01 1.12 x 10t

13 2.02 7.60 1.37x100  1.53x10! 1.65 6.77 1.32 x 10! 1.66 x 101

20 2.27 8.03 141x 100  1.56x 10! 2.04 8.37 1.63 x 10! 2.05 x 101

564.19 3.01 8.81 1.50 x 10t 1.73x 10! 2.04 8.37 1.63x 10! 2.05x 10t

Ly
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FIGURE 8 Dose Comparison as a Function of Source Radius for a Set of Source Depths with No
Cover (Depths: 1 to 50 cm) (Note: (n) in legends denotes results for new RESRAD model.)
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Figure 8c compares Co-57 doses; in both models the values are the same, and differences
only occur because of depth and area factors. For Co-57, at a small radius (under 13 m), the new
modd aways gives higher dose values. For thick sources with aradius over 13 m, values are close
in the two models.

Table 16 and Figure 9 give the dose comparison at four radii (0.56, 2.8, 13.0, and 564.19 m)
for Co-60 source as afunction of source depth. Table 17 gives the dose comparison at four radii for
Co-60 source as a function of cover thickness for a source depth of 50 cm; Figure 9 shows the
results.

TABLE 16 Dose (mrem/yr) Comparison for Co-60 as a Function of Source Depth at Different
Radii (0.56, 2.8, 13.0, and 564.19 m) for New and Old RESRAD Models

Source New Mode Old Model

Depth

(cm) r=0.56m r=28m r=13.0m r=564.19 m r=0.56m r=28m r=13.0m r=564.19m
1.0 1.08x101  833x101 191 2.83 3.89x102  9.74x 101 2.00 247
2.0 2.01x 101 155 341 453 7.37 x 1072 1.84 3.78 4.68
3.0 2.89x 101 2.23 468 5.92 1.05x 101 2.62 5.38 6.65
5.0 476 x 101 3.64 7.10 8.20 157 x 101 3.94 8.08 9.99
10.0 8.41x 101 6.09 1.06 x 101 119 x 101 247 x 101 6.18 127x101  157x 10!
15.0 1.16 8.02 1.27 x 101 1.39 x 101 2.98x 101 7.46 153x101  1.89x 10!
25.0 1.36 9.12 1.40 x 101 155 x 101 3.44 %101 8.60 177x101  218x 10!
35.0 1.48 9.55 1.43 x 101 1.60 x 101 3.59x 101 8.97 1.84x101  228x 10!
50.0 1.60 9.88 1.42 x 101 1.62 x 101 3.65x 101 9.12 1.87x101  231x10!

TABLE 17 Dose (mrem/yr) Comparison for Co-60 (50-cm depth) asa Function of Cover
Thickness at Different Radii (0.56, 2.8, 13.0, and 564.19 m)
for New and Old RESRAD Models

Cover

Thick- New Modd Old Model
ness

(cm) r=0.56m r=28m r=13.0m r=564.19m r=0.56m r=28m r=130m r=564.19m
0.0 1.60 9.88 1.42 x 101 1.62 x 101 3.65x 101 9.12 1.87x101  231x10!
0.5 1.62 9.85 1.38 x 101 1.45 x 101 3.45x 101 8.62 177x101  219x10!
1.0 157 9.45 1.30 x 101 1.34x 101 3.26 x 101 8.15 167x101  2.07x10!
2.0 1.48 8.76 1.15x 101 1.17 x 101 2.91x 101 7.28 149x 101 1.85x 10!
3.0 1.38 8.01 1.02 x 101 1.03 x 101 2.60 x 1071 6.51 134x101  1.65x 10!
5.0 1.20 6.70 7.99 7.99 2.08x 101 5.20 1.07x101  1.32x10!
10.0 7.60 x 1071 3.83 4.27 4.27 1.18x 101 2.96 6.08 751
15.0 4.70x 101 218 2.28 2.28 6.75 x 1072 1.69 3.46 4.28
20.0 2.66 x 1071 117 1.22 1.22 3.84x102 961x101 1.97 2.44

25.0 151x101  630x101  652x101 6.52 x 1071 297x102 548x 101 112 1.39
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FIGURE 9 Dose Comparison of Old and New RESRAD Models as a Function of Various Dependent
Parameters for a Set of Co-60-Contaminated Source Radii (Note: (n) in legends denotes results for new
RESRAD model.)
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6 CONCLUSIONS

A new external exposure modd, based on dose conversion factors from FGR-12 (Eckerman
and Ryman 1993) and the point kernel method, has been developed for use in the RESRAD code.
This model improves the external ground pathway dose estimation from the earlier version of the
RESRAD code by extending FGR-12 data applicability to a wider range of source geometries.
FGR-12 provides the dose coefficients for external exposure to photons and electrons emitted by
radionuclides distributed in soil; tabulated values are given for surface and uniformly distributed
volume sources at four specific thicknesses (1, 5, and 15 cm and effectively infinite) of soil with a
density of 1.6 g/cmd.

Differencesin the cal culated doses between the old and new RESRAD models arise because
of differencesin the dose conversion coefficients between FGR-12 and the old RESRAD, differences
in the cover-and-depth factor in the two methods, and differences in the area factor. The area factor
in the new model depends on energy, source area, source depth, and cover thickness. The old
RESRAD model assumed that area factor is afunction of areaonly. In addition to the differences
in DCFs, the mgor differences between the old and new models will occur for small energies, small
source radii, small source depths, and small cover thicknesses.

Comparison of the derived depth factor function with FGR-12 values shows that the factors
arewithin 2% for all depths for most radionuclides. The cover-and-depth factor comparison shows
that for small cover thicknesses, most values are within 2%, and for large covers (5 cm, 15 cm), most
values are within 10%. Comparison of the old and new RESRAD model depth factors shows no
sgnificant difference at depths greater than 30 cm, but major differences occur for thin sources. The
new model gives higher depth factors for thin sources, which means that the new model will predict
higher doses for thin sources. The cover-and-depth factor comparisons show large differences for thin
sources without any cover and for any sources with very thick covers. For al source depths with
covers between 0.5 and 10 cm, the ratio of the cover-and-depth factor of the old to new RESRAD
modelsiswithin 0.8 and 1.2.

The areafactor increases with the source radius and approaches unity for aradius greater
than 50 m. The area factor decreases with increasing energy, with sharp decreases when the energy
changes from 10 to 60 keV and dlight variations when the energy is higher. The area factor also
increases with increasing source depth. The area factors of sources with depths greater than 10 cm
were always greater in the new model. For very thin sources (0.1-cm depth) the old RESRAD model
values are higher except for energies below 30 keV, for which the new mode gives higher values.
Values compare reasonably well in the two models at a source depth of 10 cm for energies above
30 keV.
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APPENDI X:

EXTERNAL EFFECTIVE DOSE EQUIVALENT CALCULATIONS
FOR CONTAMINATED SOIL WITH THE MONTE CARLO
N-PARTICLE TRANSPORT CODE

The Monte Carlo N-Particle (MCNP) Transport Code (Briesmeister 1993) is used to
caculate the external effective dose equivalent at a distance of 1 m from contaminated soil of varying
thicknesses. The calculated results are then compared with values from the Federal Guidance Report
No. 12 (FGR-12) (Eckerman and Ryman 1993) for different isotopes.

A.1 MCNP CALCULATIONS

MCNP is a generd-purpose, continuous energy, generadized geometry, time-dependent code
that can be used for neutron, photon, electron, or coupled neutron/photon/electron transport. The
photon and electron energy regimes are from 1 keV to 1,000 MeV. Photon interaction tables exist
for dl elements from atomic numbers 1 through 94. The data in the photon interaction tables allow
MCNP to account for coherent and incoherent scattering, photoel ectric absorption and the possibility
of fluorescent emission, and pair production. Scattering angular distributions are modified by atomic
form factors and incoherent scattering functions. To run a problem, an input file is prepared that
contains such information as the geometry specification, the description of the materials and selection
of cross-section evaluations, the location and characteristics of the source, the type of answers or
tallies desired, and variance reduction techniques used to improve efficiency.

For MCNP cdculations, gamma energies and their respective abundances were taken from
the International Commission on Radiological Protection (ICRP) Publication 38 (ICRP 1983)
(Table A.1). Hux iscaculated at a height of 100 cm from the contaminated source by using a point
detector next-event estimator. A point detector is known as a*“next event estimator” because it isa
tally of the flux at apoint if the next event isatrgectory directly to the point detector without further
collison. A point detector is a deterministic estimate (from the current event point) of the flux at a
point in space. The contributions to the point detector are made at source and collision events
throughout the random walk. Flux at the detector is given by:

P(rELY) - % and
(A.1)
R

A= { Z(9ds |,
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TABLE A.1 Gamma Energies

and Yied

Energy (keV) Yield
| sotope (%)

Co-60 1.173 x 103 1.00 x 102
1.332 x 10° 1.00 x 102

Mn-54 8.348 x 102 1.00 x 102

Ra-226 2.623 x 102 5.40 x 103
1.860 x 102 3.28
9.771 x 101 3.36 x 102
9.487 x 101 6.79 x 102
9.424 x 101 3.55 x 102
8.378 x 101 298 x 101
8.107 x 10! 1.79x 101
1.688 x 101 9.04 x 102
1.428 x 101 4.05x 101
1171 x 10t 253x 101

U-238 4.955 x 101 6.79 x 102
1.909 x 10t 1.02
1.610 x 101 4.47
1.451 x 101 9.20 x 102
1.295 x 101 2.96
1.112 x 10t 141 x 101

Al-26 5.110 x 102 1.64 x 102
1.130 x 103 2.50
1.809 x 10° 9.98 x 10!
2.938 x 103 2.40 x 101

Source: ICRP (1983).
where
W = particle weight,

A = totd number of mean free paths integrated over the trgectory from the
source or collision point to the detector,

s = measured distance aong the direction from the collision or source point
to the detector,

24(9) macroscopic total cross section at s,



59

R

distance from source or collision event to detector, and

value of probability density function at I, the cosine of the angle
between the particle trgjectory and the direction to the detector.

P(K)

The € term accounts for attenuation between the present event and the detector point. The
1/27R? term accounts for the solid angle effect. The p() term accounts for the probability of
scattering toward the detector instead of in the direction selected in the random walk. Each
contribution to the detector can be thought of as the transport of a pseudoparticle to the detector.

This flux is used to caculate the effective dose equivalent by using the conversion
coefficients between effective dose equivalent and fluence values (Table A.2). Table A.2 lists
conversion coefficients for anteroposterior (AP), posteroanterior (PA), lateral (LAT), rotational
(ROT), and isotropic (1SO) geometries. For the calculations, ROT symmetry is assumed. These
values are taken from ICRP Publication 51 (ICRP 1987).

For MCNP computations, cylindrical sources with a 10,000-cm radius and of different
thicknesses were used for flux estimation. Soil and air composition was taken from FGR-12
(Eckerman and Ryman 1993). These values are shown in Tables A.3 and A .4, respectively. A soil
density of 1.6 g/cm® was used.

Results obtained with MCNP are in units of Sv/gamma. These values were multiplied by
gamma abundance and source volume to get the effective dose equivalent in units of (Sv/s)/(Ba/m?)
for volume sources and were multiplied by gamma abundance and surface area to get the effective
dose equivaent in units of (S\//S)/(Bq/mz) for surface sources.

A.2 COMPARISON OF FGR-12 AND MCNP RESULTS

Effective dose equivalents for source depths of 1, 5, 15, 50, and 100 cm calculated with
MCNP are compared with FGR values for Co-60, Mn-54, Ra-226, U-238, and Al-26 in Table A.5.
Source sizes used in the MCNP calculations are also shown. Table A.6 gives the surface dose
comparison.

Figure A.1 compares FGR-12 dose values with MCNP calculations for Co-60, Mn-54,
Ra-226, U-238, and Al-26 at different source thicknesses. Figure A.2 compares the values for surface
sources. A comparison of the volume sources shows that the ratio in al casesis between 0.93 and
1.10, and in most casesit is between 0.95 and 1.05. However, for the surface sources, FGR-12 results
are aways higher. One reason for this difference could be beta activity, which is not taken into
account in MCNP calculations. Statistical uncertainty in MCNP calculationsislessthan 5% at 1 o.
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TABLE A.2 Effective Dose Equivalent per Unit
Fluencefor PhotonsIncident in Various Geometries
on an Anthropomor phic Phantom

Photon Conversion Coefficient? (1012 Sy cm?)

Energy

(MeV) AP PA LAT ROT 1SO
0.010 0.062 0.0 0.02 0.029 0.022
0.015 0.157 0.0310 0.0330 0.0710 0.0570
0.020 0.238 0.0868 0.0491 0.110 0.0912
0.030 0.329 0.161 0.0863 0.166 0.138
0.040 0.365 0.222 0.123 0.199 0.163
0.050 0.384 0.260 0.152 0.222 0.180
0.060 0.400 0.286 0.170 0.240 0.196
0.080 0.451 0.344 0.212 0.293 0.237
0.100 0.533 0.418 0.258 0.357 0.284
0.150 0.777 0.624 0.396 0.534 0.436
0.200 1.03 0.844 0.557 0.731 0.602
0.300 1.56 1.30 0.891 1.14 0.949
0.400 2.06 1.76 1.24 1.55 1.30
0.500 2.54 2.20 1.58 1.96 1.64
0.600 2.99 2.62 1.92 2.34 1.98
0.800 3.83 3.43 2.60 3.07 2.64
1.000 4.60 4,18 3.24 3.75 3.27
1.500 6.24 5.80 4.70 5.24 4.68
2.000 7.66 7.21 6.02 6.56 5.93
3.000 10.2 9.71 8.40 8.90 8.19
4.000 12.5 12.0 10.6 11.0 10.2
5.000 14.7 14.1 12.6 13.0 12.1
6.000 16.7 16.2 14.6 14.9 14.0
8.000 20.8 20.2 18.5 18.9 17.8
10.00 24.7 24.2 22.3 22.9 21.6

4 The geometries are asfollows: AP = anteroposterior,
PA = posteroanterior, LAT = lateral, ROT = rotational,
SO = isotropic.

Source: ICRP (1987).
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A.3 COMPARISON OF COVER-AND-DEPTH
FACTORWITH MCNP

Doses were compared between MCNP and
the new RESRAD model for different source depths
and cover thicknesses for Co-60 and Mn-54. These
two radionuclides were chosen because of their
relatively simple decay. Table A.7 gives the source
depth factor comparison. Source depths were varied
from 0.5 to 100.0 cm.

Figure A.3 shows the depth factor compari-
son of the new model with MCNP calculations. The
ratio of new model to MCNP varies between 1.12
and 0.93; in most cases, differences are less than 7%.

Table A.8 gives the cover factor comparison
for source depths of 1, 5, 15, and 50 cm. The cover
thickness varies from 0.0 to 25.0 cm. These results
areshownin Figure A 4.

Table A.9 and Figure A.5 show theratio of
the new model cover-and-depth factor results
compared with MCNP calculations for Co-60 and
Mn-54. Comparisons were made for source depths of
1,5, 15, and 50 cm.

TablesA.8and A.9 and FiguresA.4 and A.5
show that the ratios of new model to MCNP values
are close to unity for small cover thicknesses (less

TABLE A.3 Soil Composition

Element Mass Fraction
H 0.021
C 0.016
(@) 0.577
Al 0.050
Si 0.271
K 0.013
Ca 0.041
Fe 0.011
Total 1.000

Source: Eckerman and Ryman (1993).

TABLE A.4 Air Composition

Element Mass Fraction
H 0.00064
C 0.00014
N 0.75086
(@) 0.23555
Ar 0.01281
Total 1.00000

Source: Eckerman and Ryman (1993).

than 25 cm). Large differences are observed for cover thicknesses greater than 10 cm and at source
depths greater than 15 cm. For cover thicknesses greater than 10 cm at source depths greater than
15 cm, the resultant dose, which is calculated as the difference between the doses for sources greater
than 25 cm deep and sources greater than 15 cm deep, is small. As one example, for a Co-60 source
a adepth of 15 cm without any cover, the dose is 13.9 mrem/yr (Table A.8), but the dose decreases
to 0.55 mrem/yr with 25 cm of cover (adecrease by afactor of more than 20). Although the absolute
difference between the two results (the MCNP and the new RESRAD model) is small (0.91 vs. 0.55
mrem/yr, Table A.8). the relative difference can appear large; that is, the uncertainty factor is
amplified. However, because the doses are so small for these conditions, the differences between the

model results are not of significant concern.
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TABLE A.5 Comparison of MCNP and FGR-12 Dose Conversion Factors
for Various Radionuclides

Dose Conversion Factor
[(Sv/9)/(Bg/m3) x 10718

Thickness Radius Volume Ratio
|sotope (cm) (cm) (m3) MCNP FGR-12 FGR/MCNP
Co-60 1.0 1.0x10* 314 x 102 1.42 x 101 1.52 x 10t 1.07

5.0 1.0x10* 157x10° 4.43 x 101 4.45 x 101 1.00
1.5x 10! 1.0x10*  4.71x10° 7.25x 101 7.25x 101 1.00
5.0 x 101 1.0x10* 157x10* 8.95 x 10! 8.68 x 10! 9.70 x 101
- 10x102  10x10* 314x10°  873x10'  868x10' 9.94x107
Mn-54 1.0 1.0x10* 314 x 102 4.96 5.21 1.05
5.0 1.0x10* 157x10° 1.51 x 10t 1.51 x 10t 1.00
1.5x 10! 1.0x10*  4.71x10° 2.38 x 10! 2.40 x 101 1.01
5.0 x 101 1.0x10* 157x10* 2.97 x 10! 2.76 x 101 9.29 x 101
. 10x107  10x10*  314x10'  277x10' 276x10' 996x107
Ra-226 1.0 1.0x10* 314 x 102 4.13 x 102 4.15 x 102 1.00
5.0 1.0x10* 157x10° 1.20x 101 116 x 101 9.67 x 101
1.5x 10! 1.0x10*  4.71x10° 1.71x 101 1.65x 101 9.65 x 101
. 50x10'  10x10® 157x10*  186x10" 170x10% 9.14x 10"
U-238 1.0 1.0x10* 314 x 102 4.03 x 10 4.42 x 10 1.10
5.0 1.0x10* 157x10° 5.71 x 104 5.45 x 107 9.54 x 101
e 15x10t  10x10" 471x10°  576x10%  5852x10% 9.58x 10"
Al-26 1.0 1.0x10* 314 x 102 1.54 x 10t 1.62 x 10t 1.05
5.0 1.0x10* 157x10° 4.77 x 10* 4.74 x 101 9.94 x 101

1.5x 10! 1.0x10*  4.71x10° 7.96 x 101 7.73x 101 9.71x 101

5.0 x 101 1.0x10* 157x10% 1.00 x 102 9.32 x 10! 9.32x 101

1.0 x 102 1.0x10* 3.14x10* 9.04 x 10! 9.32 x 10! 1.03

TABLE A.6 Surface Dose Comparison of MCNP and FGR-12 Values

Surface Dose [(Sv/s)/(Bg/m?) x 10718

Co-60 Mn-54 Ra-226 U-238 Al-26
FGR-12 2.35x10°  8.10 x10? 6.44 515x 101 2.49x 103
MCNP 2.05x10%  7.25x 102 6.16 431x101  221x103

Ratio (FGR/MCNP) 1.15 112 1.05 1.19 1.13
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TABLE A.7 Comparison of Dose Estimation between MCNP and the
New RESRAD Model for Co-60 and Mn-54 Cylindrical Sources

of Effectively Infinite Radius at Different Source Depths

Dose Estimation
[(Sv/s)/(Bg/m®) x 10718]

Source Ratio New
| sotope Depth (cm) MCNP New Mode Model/MCNP

Co-60 0.5 8.17 9.09 111
1.0 142x 100 152x 10! 1.07
3.0 318x100  3.17x 10! 1.00

5.0 443x 101 4.39x 10t 9.91x 101
10x100 627x100 6.39x 10! 1.02
15x101  7.25x10'  7.46x 10! 1.03
25x101  835x10! 8.33x10! 1.00

35x101  879x10! 858x 10! 9.76 x 101

50x101  895x10!  8.66x 10! 9.68 x 101

e 10x10° 873x10" 868x10" ~ 9.94x10"

Mn-54 0.5 2.84 3.17 1.12
1.0 4.96 5.33 1.07
3.0 1.09x 100 1.10x 10! 1.01
5.0 151x 100  151x10! 1.00
10x100 211x100 214x10! 1.01
15x101  238x10! 245x 10! 1.03

25x101  278x101 2.68x 10! 9.64 x 101

35x101  291x100 274x10! 9.42 x 101

50x101  297x10' 276x 10! 9.96 x 101

1.0x102 277x10t 276x 10! 9.94x 101




TABLE A.8 Comparison of Dose (mrem/yr) Calculationsfor MCNP and the New RESRAD Model Using
the Cover-and-Depth Factor for Co-60 and Mn-54

Source=1cm Source=5cm Source=15cm Source =50 cm
Cover
Thickness New New New New
(cm) MCNP Model MCNP Model MCNP Model MCNP Model
Co-60
0.0 2.65 2.84 8.28 8.20 1.35x 10! 1.39 x 10! 1.67 x 10! 1.62 x 10!
0.5 2.00 2.04 7.15 7.00 1.23 x 10t 1.24 x 10t 1.48 x 10t 1.45 x 10t
2.0 1.41 1.39 5.4 5.44 10.1 9.90 1.30 x 10! 1.16 x 10t
5.0 8.9x 101 9.43x 101 3.7 373 7.02 6.79 9.4 7.99
1.0x 10! 5.0x 107 5.04 x 101 2.05 1.99 4.26 3.63 5.7 4.28
2.5x 10! 1.1x 107 7.70 x 102 46x 107 3.05x 107 9.1x 101 5.54 x 101 13 6.51 x 101
Mn-54
0.0 9.27x101  9.96x 107 2.82 2.82 4.45 4.59 5.64 5.16
0.5 727x101  7.22x 107 2.43 2.39 4.05 4.04 4.87 4.56
2.0 482x101  476%x 101 1.81 1.81 3.26 3.14 3.87 357
5.0 303x101  3.07x107 1.18 1.18 2.23 2.05 2.62 2.33
1.0x10'  161x101  152x1071 6.33x101  583x 107 1.20 1.02 1.46 1.16

25x 10! 2.8x 102 1.84 x 102 112x101  7.07x102 1.98x 101  123x101 243x 101 1.40x101

99
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(b) Mn-54

(a) Co-60

FIGURE A.4 Dose Comparison between MCNP and New RESRAD Model for Co-60 and Mn-54 as
a Function of Cover Thickness for Different Source Depths

TABLE A.9 Ratio of New RESRAD Model/MCNP Dose Calculations
as a Function of Cover Thickness for Different Source Depths for Co-60

and Mn-54
Cover Ratio (New Model/MCNP) by Source Depth
Thickness
(cm) 1cm 5cm 15 cm 50 cm
Co-60
0.0 1.07 9.90 x 107! 1.03 9.70 x 107!
0.5 1.02 9.79 x 1071 1.01 9.80 x 107!
2.0 9.86 x 107! 1.01 980x 10! 8.92x101
5.0 1.06 1.01 9.67x 101  8.50x 10!
1.0 x 10! 1.01 971x10!  852x107  7.51x10!
2.5 x 10! 700x107  6.63x107  6.09x10!  501x10!
Mn-54
0.0 1.07 1.00 1.03 9.15x 107!
0.5 993x 101  984x101 998x101  9.36x 10!
2.0 9.88 x 10" 1.00 9.63x 101 9.22x10!
5.0 1.01 1.00 9.19x 10!  8.89x10!
1.0 x 101 9.44x101  921x10!  850x107  7.95x 107!
2.5 % 10! 657x107  631x10!  621x100  576x107!
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(a) Co-60 (b) Mn-54

FIGURE A.5 Ratio of Cover-and-Depth Factor for Co-60 and Mn-54 at Different Source Depths

The above results could also arise from the use of different exposure models (rotational
exposure [MCNP] and the actual field [FGR-12]) in effective dose equivalent calculations. An
indication of support for this interpretation comes from FGR-12 (Figure II.16 in Eckerman and
Ryman 1993), where the rotational exposures were 10-35% higher than actual fields, with the larger
difference at greater source thicknesses.
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