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FOREWORD
(This foreword is not a part of American National Standard Gamma-Ray Attenua​tion Coefficients and Buildup  Factor  for Engineering Materials, ANSI/ANS-6.4.3.)

   It came to the attention of Subcommittee ANS-6, Radiation Protection and Shielding, of the American Nuclear  Society Standards Committee, following the 1979 Three-Mile Island accident, that gamma-ray attenuation data for several needed materials, especially for the lower energies, was lacking. It was also known by the subcommittee that data available in the literature are not always in good agreement. Therefore, it was felt by the subcommittee that an evaluated standard reference data set would be useful to engineers involved in radiation accident response as well as for routine shield design.


During 1980, the Working Group ANS-6.4, charged with the oversight of standards on shielding materials, organized a meeting to consider developing the needed standard.  At this meeting the first scope was drafted and a decision made that a new working group, later designated ANS-6.4.3, be formed to develop  the proposed standard.  Following this meeting, a chairman was found and members with special expertise and experience were recruited.


Early in the work, the group decided that the best set of available buildup factors were those computed at the National Bureau  of  Standards, now the National Institute of Standards and Technology (NIST), only a fraction of which had been published. These covered a broad energy range and covered the range of materials needed from atomic number 4 (Be) to 92 (U). Before accepting the data, however, the group undertook a validation process by making Monte Carlo and other transport theory calculations and comparing with reported values in the literature.  During the validation process many changes were made, and data for additional materials were obtained from calculations performed in Japan and India. In 1989, the buildup factors for the heavy elements (Mo and above) were recalcu​lated in Japan to make use of the latest cross section data and to obtain detailed results above the absorption edges.


In view of the fact that there are several standard gamma-ray response functions and the whole subject is under review by ICRP, ANS-6.1.1, and others, the group decided to present exposure and energy absorp​tion buildup factors.


It was recognized by the working group that most use of buildup factors are for point kernel calculations which assume radiation leakage from a shield and energy absorption in a phantom.  This configuration is a significant departure from the infinite medium which is assumed when determining the buildup factors, especially in the case of a heavy-element shield such as lead. Therefore, a table of correction factors are presented to provide a means of taking this into account. Data for correcting the buildup factors for coherent scattering became available in 1989, and tables for this purpose have also been added to the standard.


The attenuation and energy absorption coefficients were relatively easy to obtain; they were obtained from published and unpublished data of the NIST Photon and Charged-Particle Data Center, a unit of the National Standard Reference Data System.


The membership of Working Group ANS-6.4.3 is as follows: 

D. K. Trubey, Chairman, Oak Ridge National Laboratory

C. M. Eisenhauer, National Institute of Standards and Technology

A. Foderaro, Pennsylvania State University (retired)

D. V. Gopinath, Bhabha Atomic Research Centre, India

Y. Harima, Tokyo Institute of Technology, Japan

J. H. Hubbell, National Institute of Standards and Technology

K. Shure, Bettis Atomic Power Laboratory

Shiaw-Der Su, General Atomics
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ADVANCE \Y 162.0Gamma-Ray Attenuation Coefficients and Buildup Factors for Engineering Materi​als

PRIVATE 
listnum "WP List 1" \l 1.Scopetc  \l 1 ".
Scope"


This standard presents evaluated gamma-ray elemental attenuation coefficients and single-material buildup factors for selected engineering materials for use in shielding calculations of structures in power plants and other nuclear facilities.  The data cover the energy range 0.015-15 MeV and up to 40 mean free paths. These data are intended to be standard reference data for use in radiation analyses employing point-kernel methods.

PRIVATE 
2.Definitionstc  \l 1 ".
Definitions"

Attenuation coefficient. Of a substance, for a parallel beam of specified radiation: the quantity μ in the expression μ,dx for the fraction removed by attenua​tion in passing through a thin layer of thickness dx of that substance. It is a function of the energy of the radiation. As dx is expressed in terms of length, mass per unit area, moles or atoms per unit area, μ is called the linear, mass, molar, or atomic attenuation coefficient respectively.

Energy absorption coefficient. Of a substance, for a parallel beam of specified radiation: the quantity 
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seq User_Box  \* Arabic  \h1 in the expression 
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seq User_Box  \* Arabic  \h2 for the fraction of energy absorbed in passing through a thin layer of thickness dx of that substance. It is a function of energy of the radiation. As 
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seq User_Box  \* Arabic  \h3 is expressed in terms of length, mass per unit area, moles per unit area, or atoms per unit area, 
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seq User_Box  \* Arabic  \h4 is called the linear, mass, molar, or atomic energy absorption coefficient.


Note: It is that part of the attenuation coefficient resulting from energy absorption only, and is equal to the product of the energy transfer coefficient and 1 - g where g is the fraction of the energy of secondary charged particles that is lost to bremsstrahlung in the material.

Buildup factor. In the passage of radiation through a medium, the ratio of the total value of a specified radiation quantity at any point to the contribution to that value from radiation reaching the point without having undergone a collision.

Buildup factor, exposure, BD. A photon buildup factor in which the quantity of interest is exposure.  The energy response function is that of absorption in air.

Buildup factor, energy absorption, BA. A photon buildup factor in which the quantity of interest is the absorbed or deposited energy in the shield medium. The energy response function is that of absorption in the material.

Correction factor, shield-tissue interface. A correction factor to be applied to the basic infinite-medium exposure buildup factor to correct for the scattering in a tissue phantom after emerging from a shield.

Fitting function, Taylor. A buildup factor function of distance from the source in the form:
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where x is the distance from the source in mean free paths and parameters A1, a1, and a2 are functions of the attenuating medium and the source energy, E. The fourth parame​ter, A2, is constrained to equal 1-A1.

Fitting function, G-P (Geometric Progression).  A buildup factor function of distance from the source in the form: 
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3
where x is the distance from the source in mean free paths and b is the value of the buildup factor at 1 mfp. The variation of parameter K with penetration represents the photon dose multiplication and change in the shape of the spectrum from that at 1 mfp which determined the value of b. Equation (3) represents the dependence of K on x; a, c, d, and Xk are fitting parame​ters which depend on the attenuating medium and source ener​gy, E.

Mean free path. The average distance that photons of a given energy travel before an interac​tion in a given medium occurs. It is equal to the reciprocal of the attenuation coefficient. Thus, the distance  in ordinary units can be converted into the dimensionless distance μ x, the number of ``mean-free-path lengths'' (mfp).

PRIVATE 
3.
Sources of Datatc  \l 1 ".
Sources of Data"

3.1 The mass attenuation coefficients and energy absorption coefficients were taken from evaluations of the Photon and Charged-Particle Data Center at the National Institute of Standards and Technology (NIST). The most recently published compilations are given in Ref. 1(3. Cross sections from the data library of Berger and Hubbell3 were combined with the Compton free-electron cross section to provide the  cross  sections  without  coherent scattering given in Table 1a. Data for Table 1c. was taken directly from Ref. 3. Data for Table 1c. was provided by Y. Sakamoto to provide attenuation coefficients near the K edges where the buildup factors are changing rapidly.

3.2 The primary source of buildup factor data was the series of moments method calculations carried out at the National Bureau of Standards (now NIST) described in Ref. 4 and 5. The data for concrete, iron, water, and air are taken from those references. Most of the remainder (Be, B, C, N, O, Na, Mg, Al, Si, P, S, Ar, K, Ca, Cu) were unpublished data deter​mined in a similar manner at NIST. Additional validation was accomplished by making calcula​tions using the MCNP Monte Carlo code6 and the ASFIT discrete ordinates-integral transport theory code.7‑8  The moments method results do not include the effect of bremsstrahlung generation and trans​port.

Reconstruction of the flux density from the moments sometimes results in spurious oscillation. The G-P fitting function parameters were carefully analyzed, and buildup factor values which did not permit reasonable interpolation were replaced. In addition, the low-energy (0.03(0.3 MeV) values for Be were taken from Ref. 9 which compared results from three codes, PALLAS, ANISN10 and EGS4.11
3.3  Buildup factor values for Mo, Sn, La, Gd, W, Pb, and U were determined with the discrete ordinates-integral transport theory PALLAS code12-15 and validated by compari​son with results of the ASFIT and EGS4 codes16 and with G-P fitting function analysis to assure smooth interpolation. The values were deter​mined in 1989 and were computed from cross sections from Ref. 3. Both PALLAS and ASFIT treat the Klein-Nishina scattering cross section accurately and include all secondary radiations, including bremsstrahlung.

3.4  The G-P (Geometric Progression) fitting function coefficients were determined at Japan Atomic Energy Research Laboratory and Tokyo Institute of Technology. The G-P fitting function17 reproduces the basic buildup factor data over the whole range of energy, atomic number, and shield thickness within a few percent and is the fitting function of choice for point kernel calcula​tions.

The maximum error, its location, and the standard deviation are given with the coefficients in Table 5.1.

3.5 The Taylor fitting function coefficients were determined at Bettis Atomic Power Laborato​ry.18  The coefficients cannot be used to interpolate in atomic number; therefore, only materials which might be useful as shields were taken from Ref. 18 and included in Table 5.2.

The algorithm used to derive the coefficients did not determine the ``best'' fit in any sense, but rather determined a reasonable fit based on the following considerations. An attempt was made to keep the error within about 5%. When this could not be achieved, an attempt was made to determine a fit which would be conservative, i.e., any negative error would generally be less than 5%, even if the fitting function gave large positive errors over much of the range up to 40 mfp. The maximum positive and negative errors and their locations are given in Table 5.2. The column labeled ``St. Dev.'' is root mean square (RMS) deviation given by
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where p is the percentage deviation of the formula from the buildup factor values. This column is labeled ``root mean square error'' in Ref.18.

The present buildup factor data for the elements Mo to U became available after Ref. 18 was published. Consequent​ly, the coefficients for these elements were revised to fit the present data. In many cases, large non-conservative (negative error) values may occur, especially near the source.

3.6 In evaluating the energy deposition in tissue exposed to gamma radiation, it should be noted that the radiation field itself may be altered by the presence of the tissue. In particular, the spectrum at the shield-tissue interface can be quite different from that of an infinite shield medium due to the backscattering of the tissue. Furthermore, the maximum radiation dose to the tissue may not be located at its surface but somewhere inside, due to the buildup of degraded photons by multiple scattering within the tissue.  The buildup factors presented in the tables are for an infinite medium of shielding material, and must be corrected, if more realistic dose values are to be obtained for radiation protection purposes.


Calculations have been performed at the Indira Gandhi Centre for Atomic Research which allow such corrections to be made.19  These calculations determine the dose and buildup factor at a shield-tissue interface and within the tissue near the interface. The source is a plane parallel beam (1 photon cm-2 s-1 normally incident on the shield.  The calculation took into account the scattering in both the shield and tissue phantom in slab geometry and determined the peak energy deposition in the tissue. The factors, shown in Table 7, are independent of shield thickness and source angular distribution to a satisfactory degree.

PRIVATE 
4.  Applications of this Standard in Practicetc  \l 1 ".
Applications of this Standard in Practice"

4.1  Coherent scattering was neglected in computing the buildup factor for the data presented in this standard, and therefore the attenuation coefficient (without coherent) should be used to determine the number of mean free paths at the source energy.  It should be recognized that neglecting coherent scattering and assuming free-electron Compton scattering can result in an error in the buildup factor of more that 20% for energies below about 20 keV and shield thicknesses near 10 mfp.20  Corrections for the neglect of coherent scattering in the buildup factor tables may be made by multiplication by the correction factors given in Table 8.  These are based on ASFIT calcula​tions.21 

4.2  For radiation protection purposes, in point kernel calculations of massive shields, the shield-tissue interface correction factors of Table 7 should be applied to account for scattering in a tissue phantom following the shield. The last column in the table gives the correction factor that should be multiplied by the infinite medium exposure buildup factor to obtain the corrected dose. The energy absorp​tion coefficient (Table 2) should be used to determine the tissue dose from the uncollided flux density.  These corrections are necessary for  high-Z materials below about 0.5 MeV. For shield materials not given in the table, interpolations in Z are necessary.

4.3  For high-Z materials, the buildup factors near shell edges can become very large due to the non-continuous nature of the cross sections. This can be observed in the values for molybde​num and elements of higher Z. Discussions of this phenomenon are contained in Ref. 22.  It should be kept in mind that fluctuations in energy of the attenuation factor 
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seq User_Box  \* Arabic  \h5, given as a function of penetra​tion depth in centimetres, are not nearly as great as that of the buildup factor.23  Thus, for energies just above the K edge, interpola​tion in the attenuation factor is easier than in the buildup factor.

4.4  For elements not listed in this standard, buildup factors can be determined by interpola​tion of the G-P parameters in atomic number.24  For mixtures and compounds, an equivalent atomic number can be estimated from the ratio of the scattering cross section to the attenuation coefficient.24 

4.5  The buildup factor, attenuation coefficient, and absorption coefficient compilation are available in computer-readable form from the Radiation Shielding Information Center at Oak Ridge National Laboratory as DLC-129/ANS643.25  The package includes a Fortran program (Daniel) to reproduce a table of buildup factors.  The program includes routines to imple​ment the G-P technology for interpolating in energy and extrapolating in thickness.

5. PRIVATE 
REFERENCEStc  \l 1 "REFERENCES"
1.           J. H. Hubbell, ``Photon Mass Attenuation and Energy-Absorption Coeffi​cients from 1 keV to 20 MeV,'' Int. J. Appl. Radiat. Isot. 33, 1269(90 (1982).

2.          J. H. Hubbell, H. A. Gimm, and I. eq \O(O,  verb eq \O(o, , ``Pair, Triplet, and Total Atomic Cross Sections (and Mass Attenuation Coefficients) for 1 MeV(100 GeV Photons in Elements Z = 1 to 100,''  J. Phys. Chem. Ref. Data 9(4), 1023(1147 (1980).

3.          Radiation Shielding Information Center Data Package DLC-136/PHOTX,  Photon Interaction Cross Section Library, contributed by National Institute of Standards and Technology.

4.          C. M. Eisenhauer and G. L. Simmons, ``Point Isotropic Gamma-Ray Buildup Factors in Concrete,''  Nucl. Sci. Eng. 56, 263(70 (1975).

5.          A. B. Chilton, C. M. Eisenhauer, and G. L. Simmons, ``Photon Point Source Buildup Factors for Air, Water, and Iron,''  Nucl. Sci. Eng. 73, 97(107 (1980).

6.         Radiation Shielding Information Center Code Package CCC-200/MCNP,  MCNP(A General Monte Carlo Code for Neutron and Photon Transport, contributed by Los Alamos National Laboratory. The calcula​tions were performed by W. L. Thompson.

7.          Radiation Shielding Information Center Code Package CCC-336/ASFIT-VARI,  Gamma-Ray Transport Code for One-Dimensional Finite Systems, contributed by Indira Gandhi Centre for Atomic Research, India. The calculations were per​formed by D. V. Gopinath and K. V. Subbaiah.

8.          K. V. Subbaiah, A. Natarajan, D. V. Gopinath, and D. K. Trubey, ``Effect of Fluorescence, Bremsstrahlung, and Annihilation Radiation on the Spectra and Energy Deposition of Gamma Rays in Bulk Media,'' Nucl. Sci. Eng. 81, 172(95 (1982).

9.          Y. Harima, H. Hirayama, T. Ishikawa, Y. Sakamoto, and S. Tanaka, ``A Comparison of Gamma-Ray Buildup Factors for Low-Z Material and for Low Energies Using Discrete Ordinates and Point Monte Carlo Methods,''  Nucl. Sci. Eng. 96(3), 241(252 (1987).

10.        K. Koyama et al.,  ANISN-JR: A One-Dimensional Discrete Ordinates Code for Neutron and Gamma-Ray Transport Calculation, JAERI-M 6954, Japan Atomic Energy Research Institute (1977).

11.       W. R. Nelson, H. Hirayama, D. W. O. Rogers,  EGS4 Code System, SLAC-265, Stanford Linear Accelera​tor Center, Stanford, California (1985).

12.        K. Takeuchi and S. Tanaka,  PALLAS-PL, SP-Br: A Code for Direct Integration of Transport Equation in One-Dimensional Plane and Spherical Geometries, JAERI-M 9695, Japan Atomic Energy Research Institute (1981),  PALLAS-1D(VII), A Code for Direct Integration of Transport Equation in One-Dimensional Plane and Spherical Geometries, JAERI-M 84-214 (1984).

13.        K. Takeuchi and S. Tanaka, ``Point Isotropic Buildup Factors of Gamma Rays, Including Bremsstrahlung and Annihilation Radiation for Water, Concrete, Iron, and Lead,''  Nucl. Sci. Eng. 90, 158(64 (1985).

14.       Y. Sakamoto and S. Tanaka,  QAD-CGGP2 and G33-GP2: Revised Ver​sions of QAD-CGGP and G33-GP Codes with Conversion Factors from Exposure to Ambient and Maximum Dose Equivalents, JAERI-M 90-110, Japan Atomic Energy Research Institute (June 1990).

15.       S. Tanaka and K. Takeuchi, ``Detailed Investigation of the Buildup Factors and Spectra for Point Isotropic Gamma-Ray Sources in the Vicinity of the K Edge in Lead,''  Nucl. Sci. Eng. 93, 376(385 (1986).

16.        Y. Hirayama, S. Tanaka, Y. Sakamoto, K. V. Subbaiah, and Y. Harima, ``A Comparison of Gamma-Ray Point Isotropic Buildup Factors Including Fluorescence and Bremsstrahlung in Lead Using Discrete Ordinates and Point Monte Carlo Methods,''  J. Nucl. Sci. Technol. 27, 524(534 (1990).

17.        Y. Harima, Y. Sakamoto, S. Tanaka, and M. Kawai, ``Validity of the Geometrical Progres​sion Formula in Approximating Gamma-Ray Buildup Factors,''  Nucl. Sci. Eng. 94, 24(35 (1986).

18.        K. Shure and O. J. Wallace, ``Taylor Parameters for Gamma-Ray Buildup Factors in the Proposed American National Standard,'' WAPD(TM(1628, Bettis Atomic Power Labora​tory, West Mifflin, Pennsylvania (Oct. 1988).

19.        D. V. Gopinath, K. V. Subbaiah, and D. K. Trubey, ``Gamma Ray Trans​port in a Shield-Tissue Composite System and Buildup Factor Implica​tions,''  Nucl. Sci. Eng. 97, 362(373 (1987).

20.        H. Hirayama and D. K. Trubey, ``Effects of Incoherent and Coherent Scattering on the Exposure Buildup Factors of Low-Energy Gamma Rays'',  Nucl. Sci. Eng. 99, 145(156 (1988).

21.        K. V. Subbaiah, A. Natarajan, and D. V. Gopinath, ``Impact of Coherent Scattering on the Spectra and Energy Deposition of Gamma Rays in Bulk Media,''  Nucl. Sci. Eng. 101, 352(370 (1989).

22.      K. V. Subbaiah and A. Natarajan, ``Effect of Fluorescence in Deep Pene​tration of Gamma Rays,''  Nucl. Sci. Eng. 96, 330(342 (1987).

23.       Y. Harima, D. K. Trubey, Y. Sakamoto, and S. Tanaka, ``Gamma-Ray Attenuation in the Vicinity of the K Edge in Molybdenum, Tin, Lantha​num, Gadolinium, Tungsten, Lead, and Uranium, ''  Nucl. Sci. Eng. 107, 385(393 (1991).

24.        Y. Sakamoto, S. Tanaka, and Y. Harima, ``Interpolation of Gamma-Ray Buildup Factors for Point Isotropic Source with Respect to Atomic Num​ber,''  Nucl. Sci. Eng. 100, 33(42 (1988).

25.        Radiation Shielding Information Center Data Library Package DLC-129/ANS643, Geometric Progression Buildup Factors and Attenuation Coefficients, contribut​ed by American Nuclear Society Standards Working Group ANS-6.4.3. The package was assembled by D. K. Trubey from computer-readable files transmitted from Japan by Y. Sakamoto. 

_1147067591

_1147067593

_1147067594

_1147067592

_1147067589

_1147067590

_1147067587

_1147067588

_1147067586

