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ABSTRACT

This report provides a preliminary assessment of ihe computational 10ols and existing methods used
10 obtzin radiation dose¢ rates from shiclded spent nuclear fuel and high-level radioacti - waste (HLW).
Particular emphasis is placed on analysis tools and techniques applicabl: to facilities/ex  ment
designed for the transport or storage of spent nuclear fuel or HLW. Applications to cask (ranspc
storage, and facility handling are considered. The report reviews tiae analytic techniques tor generating
appropriate radiation sources, evaluating the radiation ransport through the shield, a7 caiculating the
dose at a desired point or surface exterior to the shield. Discrete ordinates, Moat= Carlo, and point ker-
nel methods for evaluating radiatior transport are reviewed, along with cxisting codes and data that
utilize these methods.

A literature survey was employed to select a cadre of codes and data libraries to be reviewed. The
selection process was based on specific criteria presented in the report. Separate summaries were writ-
ten for several codes (or family of codes) that provided information on the method of solution, limita-
tions and advantages, availability, data access ease of use, and known accuracy. For each data hibrary,
the summary covers the source of the data, applicability of these data, and known verification efforts.

Finally, the report discusses the overall status of spent fuel shiciding analysis techniqees and
attempts to illt.trate areas where inaccuracy and/or uncertainty exist. The report notes the advantages
and limitations of several analysis procedures and illustrates the importance of using adequate cross-
section data sets. Additional work is recommended to enable final selection/validation of analysis tools
that will best meet the U.S. Department of Energy’s requirements for use in developing a viable HLW
management system.
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EXECUTIVE SUMMARY

Within the DOE Waste Management Prograr. there is a definitive need for calculating radiation
doses from shielded speat fuel and other high-level waste (1. W). This report documents a review of
existing calculational methods, together with a imir.ary assessnr.nt of shielding. analysis software
conducted by the Oak Ridge National Laboratory for the U.€ Derartment of Energy's Office of Civi-
lian Radioactive Waste Management. Criteria used in the assessment of the codes were (1) the physics
model(s), (2) solution capability and flexibility, {3} geometric model restrictions, (4) availability of
quality Jdata, (5) validation efforts, (6) efficiency, (7) documentation and case-of-use, (8) availability
and compatability, and (9) existing maintcnance program.

The interaction of codes and data for a complete radiation shielding anaiysis is shown in Fig. S.1.
Depletion and decay codes cither directly supply the needed radiation source specifications or the isoto-
pics can be used in auxiliazy codes to provide the required source strength and spectra. The isotope
generation codes (and auxiliary codes) shown in Table S.1 were reviewed to assess the current capabili-
ties regarding generation of radistion source streagth and spectra. The ORIGEN2 and ORIGEN-S
codes arc the most widely used codes for generating spent foel and HLW radiation sources. The iso-
tope generation code selected by the DOE Waste Management Program should include s complete and
versatile scheme for producing radiation source strength and spertra and for interfacing with selected
radiation transport codes.

The major calculational tools currently employed for radiation transport (shielding) analyses rely on
point kernel, discrete ordinates, and Moate Carlo methods. Point kernel techniques are approximate
methods that employ Green's functions to solve the problem of linc-of-sight radiation transport from
source point to detector poiat. Quadrature or stochastic methods of istegration are used for surface and
volumetric sources, and semi-cmpirical approximations are added to account for scattering and finite
boundary cffects. The method is computationsily fast, making the technique especially well suited for
scoping studies and estimations. The relative speed of the met..od enables greater geometric comolex-
ity. including three-dimensional representations using flexible combinatorial geometry (CG) descrip-
tions. Unfortunately, the point kernel method may not achieve acceptable accuracy in complex
geomatries, especially if non-line-of-sight scattering sources are important or if the shiclds contain mul-
tiple layers of materials with distiactly different radiation attenuation characteristics. The latter limita-
tion results from discontinuities in the material-dependent buildup factors which are used to correct for
non-exponential attenuation of the flux. Also, point kernel techaniques typically provide very poor
resulis for neutron transport and are limited to applications of gamma-ray transport. Table S.2 pro-
vides the prominent point kernel codes. The QAD-CGGP code is recommended for use in further
assessment and /or validation work.

Discrete ordinates codes solve ti.: _uiizmann transport equation for discrete values of ‘he space,
angle, and energy vanables. The method s more accurate for general applications than point kernel,
but requires more computational cffort. Also, a greater user involvement is required in order to prop-
erly manipulate the greater sophistication of the method. Presently, discrete ordinates codes require the
geometry to be described on a regular mesh, although one code allows for multiple sets of spatial mesh
within a single problem. The mesh restriction can become severe in geometnes where intricate detail or
diagonal boundarics are important. Another disadvantage is that “ray effects™ can result when comput-
ing the transport of radistion from localized sources through low-dzasity (air) regions. The use of auxi-
liary codes and the proper selection of spatial mesh and angular quadrature help to mitigate these
effects. A tremendous advantage of the discrete ordinates method is that the flux solution is computed
at cvery location within the problem boundaries. This capability is especially significant when detailed
Nlux mappings arc required in a large region.
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Code (RSIC CCC No.Y/
developer

DCHAIN2 (CCC-370)
Japan atomic Energy
Research Institute

EPRI.CINDER (CCC-309)
Los Alamos
Nalonal Laborstory

FISPIN (CCC-41})
United Kingdom Atom
Energy Authonty

KORIGEN (CCC-457)
Karisrube Nuclear

Research Center,

Federal Republic of Germany

ORIGEN (CCC-217)
Chemical Techaology Division,
Oak Riydge National Laboratory

ORIGEN-JR (CCC-399)
Japan Atomic Energy
Rescarch [nstitute

Language

FORTRAN 1Y

FORTRAN IV

FORTRAN IV

FORTRAN IV
assembler

FORTRAN 1V

FORTRAN 1V

Known
computer

implemeniation

FACOM 230-7$

CDC-6600

ICL 2982

iRM 3013

IBM 360/370
CDC 6600

FACOM 230-75

Table S.1. Computer programs utilized (or generation of radistion source terms

Description and comments

Point calculation of nuclide transmutation via Batemann equations. Nuclear data
lihrary for 1170 fission products. Gamma source spectrum computod by FPGAM
auxiliary code {(CCC-386). Good documentation.

Point depiction code for computing actinide and fission product stom densities.
Solution via Bateman equations. Auxiliary codes required for genorating radiation
source spoctra and streagths. Other code versions are CINDER2, CINDER3,
CiNDER?, and CINDER10. Data libraries and availability vary between ver-
sions.

Point depletion code for evaluating fission product, sctinide, snd struciveal
material inventories. Data libraries for each group of nuclides. Gamma energy
spectrum (fixed groupe) and total neutron source generated.

Point depletion code for actinides, fission products, and light elements. Solation by
matrix cxponential method. Substantiasl update of original ORIGEN .ode and
dats libraries. Good documentation. Photon spectra (fixed groups) ard neutron
source streagth proviued.

Point isotope generation and depletion code. Solution by matrix exponential
method. Actinide, fission product, and light element libraries available. Photon
source spocira (fixod groups) and neutron source sirength gencrated using outdated
dsts and/or analytic functions.

Update of ORIGEN code with burnup-dependent cross sections allowed. Substan-
lis] improvement to generate neutron and gamma source strengths and spectra
{fined groups) for ANISN, DOT-I1, and QAD P35 shielding codes.
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Code {RSIC CCC No )/
developer

ORIGEN2 (CCC-T1)
Chemical Technology
Division, ORNL

ORIGEN-S
LCCC-400)
CCC-478)

Nuclear Enginecriag
Applications
Department at ORNL

PEPIN (CCC-28%)
Centre d'Etudes
Nuclcaires de Saclay,
France

RASPA (CCC-382)
INTERATOM,
Federal Republic

of Germany

RIBD-11 (CCC-79)
Pacific Northwest
Laburatores

RICE-CCC
COC-3438)
Central Blectncity
Generating Board,
LU nited Kingdom

Language

FORTRAN IV

FORTRAN 1V
FORTRAN 77

FORTRAN 1V

FORTRAN IV

FORTRAN 1V

FORTRAN 1V

Table S.1. (continued)

Known
computer

impiementation

IBM 360/370
CDC, YVAX
PRIME,
UNIVAC,
1BM PC

IBM 360/370
CDC
CRAY-XMP

IBM 3607370

CDC CYBER 172

CDC 6600

I1BM 360/370
UNIVAC 1108

I1BM 170/68
UNIVAC

Description and comments

Significant update of (he ORIGEN code to remove deficiencies, improve input
(catures, provide new and better data librarics (actinide, fission product, and light
ciements). Photon source spectra (fixed groups) and ncutron source strength
improved ov~r OP.1GEN code. Well documented and widely used.

Significantly updated version of the ORIGEN code developed for the SCALE sys-
tem. Decay data and photon data same as for ORIGEN2. Radiation “ource (n
and y) strength and spectra provided in user-srecified or defauit muiltigroup
encrgy structure. Well documented.

Point code that solves appropriate differential equations to obtain fission product
concentrations, activities, photon spectra, and decay heat. Poorly documerted in
English.

Point code for calculation of buildup and decay of fission products and actinides,
Data tailored to SNR 300 reactor. Gamma source spectra gencrated for any mul-
tigroup format.

A subroutine within the ISOSHLD 11 and I!l point kernel codes. Performs a reac-
tor point depletion analysis to produce gamma source spectra for fission products,
Fission product data libraries available for generic thermal and fast reactors.

Point depletion code for evaluating fission product end actinide inventories. Data
libraries available. Photon cnergy spectrum gencrated. Neutron source strength
from spontaneous fission only.
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Code {RSIC CCC NoJy;

developer
G1V.GP (CCC-494)
S3(CCC-322)
Oniginal code

from Los Alamos
National Laboratory

ISOSHLD®* {CCC-19)

Pacific Northwest
Laboratories

MERCURE 4-V5
WCCC-14)

CEA Centre d'Etudes

Nucleaire de Saclay
France

PATH
GA Technologies.
Inc.

QAD* {CCC-48,
307, 346, 396,

401, 448, 493)
Onginal code

from Los Alamos
Nauonal Laboratory

SCAP (TCC-18)
Westinghouse
Advanced Reactors
Diviston

Table S.2. Computer programs based on point-kernel techaiques utilized (or radiation dose cvaluation

Language

FORTRAN 77
FORTRAN IV

FORTRAN 1V

FORTRAN 1V

FORTRAN

Version-dependent

FORTRAN iV

*Code summary provided in Appendix A.

Known
computes
implementation

1BM 360/370
IBM PC
Data General

1BM 360/370
UNIVAC
1BM PC

IBM 360

CDC, CRAY,
18BM, UNIVAC,
VAX

{BM 360/370
CDC 5600,

CDC CYBER,
IBM PC
UUNIVAC, PRIME
Data General

CDC-7600

Description and comments

(Gamma-ray scattering code using point kernel techniques. Based on a calculaied
single-scatter source, doses at detectors arc evaluated with and without buildup.
Direct beam responses (without the single-scatter) are also evaluated with and
without buildup. Non-trivial geometric input specifications. Up-to-date buildup
factor data in G33-GP. $3 is Westinghouse updated version of original G133,

Code uses direct point kernel techniques 1o generate gamma doses for common
geometric models. Source may be input directly or calculated via the RIBD rou-
tine (see Table S5.1). An extremely user-friendly, for-sale version called
MICROSHIELD is available for the PC.

Gamma-ray kernel integration code for siraight linc attenuation in three-
dimensional geometries defined by planes and quadric surfaces. Stochastic integra-
tion of point sources as volume, simplified geometry input, and utilization of multi-
group ANISN-formatted photon data are new features over MERCURE-3.

Proprietary point kernel code available from GA. Buildup factor specification can
vary with source and dosc point. Claims to be “fully validated and suitable for
nuclear licensing applications.”

The QAD family of codes make up seven different code packages in the RSIC
code collection. All use direct point kernel techniques and differ principally in the
available geometry package, source integration method, buildup factor interpola-
tion scheme, and case-of-input. Latest buildup factor data and atiractive geometry
in new QAD-CGGP (CCC-493). Most widely used of point kernel codes.

Single-scatter or albedo scatter point kernel methods. Numerical integration of
point source results over source volume. Anisotropic or isotropic point source
representation aliowed.




Table S.3 shows the major radiation transport codes, based on discrete ordinates methods. The
one-dimensional discrete ordinates code ANISN is probably the most widely used radiation shielding
code. Often the shield coniiguration can be reasonably approximated in one dimepsion (plane, cylinder,
or sphere), and ANISN provides the accuracy of discrete ordinates with the speed of peint kernel tech-
niques. For two-dimensional discrete ordinates calculations, the DOT code has become the
international standard. The latest DOT release (version 4.3) represents a significant advancement in
computing efficiency and speed; however, most problems of reasonable size still require substantial com-
puter resources. Three-dimensional (3-D) discrete ordinates has become practical only since ths evolu-
tion of vector operation computers. However, recent development efforts have produced viable 3-D
codes that could be considered for production work if the need for this type analysis was identified.
The current recommendation is to pursue further assessment and validation efforts with ANISN and
DOT V.

Whereas the deterministic method used by discrete crdinates codes is viewed as providing “the exact
solution to an approximate geometry,” the stochastic approach used in Monte Carlo codes provides "an
approximate solution to the exact geometry™ because of the statistical nature of the solution scheme.
Indeed, Monte Carlo codes allow for fully generalized geometries, limited only by 1he creativity and
perseverance ¢f the user. The Monte Carlo method tracks individual particles through the shield confi-
guration using random numbers and probability distributions to determine particle reactions and their
consequences. This approach is most advantageous when a detailed geomeiry description is important,
and when the flux or response is required at only a few select points. The method can become cumber-
some (and expensive) if a large number of response locations are desired, or if the system is physically
large with highly absorbing regions. In the latter case, appropriate biasing of the particle histories is
require3 to achieve acceptable statistics at a reasonable cost.

Table S.4 lists the prominent Monte Carlo shielding codes. MORSE and MCNF are the premies
codes available in the United States. MORSE relies on handling the energy and angle dependence in a
discrete fashion. Although MORSE remains widely accepted and used, there is aa increased recogni-
tion of the advantages of the MCNP kinematics treatment which handles energy and angular depen-
dence in a continuous fashion. For this reason, MCNP is recommended as the code of choice for analy-
sis of problems with complex geometries and calculational benchmark analyses. However, if a hybrid
software system is desired where the point kernel, Monte Carlo, and discrete ordinates codes use comon
data and interface files, then consideration must be given to MORSE because of its common tics with
DOT (discrete energy and angle dependence) and QAD-CGGP (geometry model).

The three radiation transport methods discussed above are in some respects competitors since they
are different approaches to the same problem. Howcver, the methods also complement each other and,
in combination, provide a powerful analysis capability. This is especially true when considering the
complete design evolution of a facility since the accuracy criteria vary as the design evolves, which
implies the use of a range of computational methods for a cost-effective analysis.

Data libraries required by the three different code methods a'so differ. State-of-the-art gamma-ray
buildup factor data are available with QAD-CGGP while the MCNP developers have provided a point
cross-section tibrary based on the latest evaluated nuclear data file (ENDF/B-V). Standard flux-io-
dose conversion factors can t= found in ANSI/ANS 6.1.1-1977. However, there is a large assortment
of existing muiti-energy-group libraries. Unlike the point data libraries used by MCNP, multi-energy-
group libraries are sensitive to the processing performed to obtain final group-average values from the
ENDF/B files. Appropriate weighting functions (approximation of final flux spectrum), adequate
group structure, and proper resonance treatment are major application-specific considerations that are
crucial i0 preparing & multigroup [ibrary that gives accurate results for a set of applications. Existing
and/or enhanced multigroup libraries based on ENDF/B-V need to be further evaluated in comparing
multigroup shielding analysis with measured dose data and/or identical (geometrically) point Monte
Carlo calculations.
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Code (RSIC CCC No.),

developer

ANISN?®

(CCC-32.253-255314.519)

Oak Ridge Nationai
Laboratory

poOT*
{CCC-89,209.252.276,
319,320,429)

Oak Ridge National
Laboratory

FALSTF (CCC-351)
Oak Ridge National
Laboratory

ONEDANT®
WCCC-428)

Los Alamos National
Laboratory

SPACETRAN
(CCC-120)

Oak Ridge National
Laboratory

TWODANT'
(CCC-456)

Los Atamos Nationat
Laboratory

Table S.3. Computer programs based on discrete ordinates techniques utilized for radiation dose cvaluation

Language

FORTRAN 1V

FORTRAN 77

FORTRAN IV

FORTRAN IV
Assembler

FORTRAN 1V
FORTRAN LV /Assembler
FORTRAN 77

FORTRAN IV

FORTRAN IV
FORTRAN [V /Asserbler
FORTRAN 77

Known
computer
implementation

1BM/360/370
IBM PC
CDC 7600

1BM 360/370
CDC
UNIVAC
CRAY

IBM 360/370
cDC

CDC 7600, UNIVAC
{BM 170
VAX, CRAY

1BM 1360/370

CDC 7600
IBM 370
VAX, CRAY

Description and comments

General 1-D discrete ordinates coup'ed neutron-gamma radiation transpoit code.
Most popular version is ANISN-ORNL (CCC-254). Flux or activities at a detec-
tor site can be cvaluated. The Westinghouse version, ANISN-W (CCC-255), and
a recent version from EG&G (CCC-514) cre available for an {BM PC.

General 2-D discrete ordinstes coupled ncutron-gamma radiation transport code.
Latest and best version is DOT 4.3 (CCC-429) aithough DOT 3.5 {(CCC-276) still
heavily used. Earlicr versions are obsolete. DOMINO 11 (PSR-162) couples DOT
IV to the Monte Carlo MORSE-CG code (CCC-203). Fluxes and activities calcu-
lated. Excellent documentation of theory and techniques.

Calculates doses exterior to a shield based on DOT 3.5 calculated Muxes in cylindr-
ical geometry. Duoses evalvated as sum of last flight contributions from shield
regions. Eliminates potential ray effects in sir or void outside cylinder. Only
available for DOT 3.5.

General 1-D discrete ordinates coupled neutron-gamma radiation transport code.
Modular program developed to be very user-friendly. Fluxes and/or aciivities pro-
vided at detector points.

Evaluates dose for detectors at various aistances from the surface of a cylinder.
Integrates ANISN leakage or DOT 3.5 flux data. Eliminates potential ray effects
in air or void outside a cylinder. Not accuratc for detector points near the cylindr-
ical surface.

Genera) 2-D discrete ordinates coupled neutron-gamma rsdiation transport code.
TWODANT is basically the ONEDANMNT package with the one-dimensional
SOLVER module replaced with a two-dimensional SOLVER module.
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Code (RSIC CCC No.)/

Known
computer

implementation

IBM 370
CcDC
CRAY

I1BM 370
CcDC
CRAY

developer Language

XSDOSE" FORTRAN IV
(CCC-466) FORTRAN 77
Oak Ridge National

Laborcatory

XSDRNPM* FORTRAN 1V
(CCC-466) FORTRAN 77
Oak Ridge National

Labocatory

*Code summary peovided in Appendix A.

Table S.3. (continued)

Description and comments

Usod in conjunction with XSDRNPM (or ANISN) to ocompute the
necutron /photon flux and the resulting dose rate at various points outside a finite
cylinder, sphere, rectangular slab, or circular disc. Upnes direct linc-of-sight
integration of surface angular flux over the surface. Eliminates potential ray
effects 17om discrete ordinates outside shicld. Extremely easy to use.

1-D discrete ordinates ocoupled neutron/gamma-ray transport code based on
ANISN. Exteads ANISN capabilities to provide user-friondly features, automatic
quadraiure generation, and Mexibility in weighting cross sections. Easily coupled
to XSDOSE for doses extstior (o shield.

bCombined ONEDANT/TWODANT summary provided in Appendix A.
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Code (RSIC CCC No.)/

developer

Language

MCNP*
(CCC-200)
Los Alamos
National

Laboratory

MORSE*
(CCC-127,203,258
261.277,348,394,
466471.474)

Osk Ridge Natiooal
Laboratory

SAM-CE
(CCC-187)
Mathematical
Applications
Group, Inc.

TRIPOLI 2.2
(CCC-272)

CEA Centre
d'Etudes Nucleaires
de Saclay. France

FORTRAN 77

FORTRAN 1V

FORTRAN IV

FORTRAN IV
Assembler

Table S.4. Computer programs based on Monte Carlo techniques utilized for radiation doee evalustion

Known
computer

implementation

Description and comments

CDC 7600
CRAY, VAX
IBM 2033

FACOM M-200
1BM 360/370
CRAY, YAX
UNIVAC

cDC

CDC 6620
IBM 360/370

IBM

Gencrai-purpose Moate Carlo code for coupled neutron/photoa psrticle transport.
Capable of handling point encrgy snd discretized croes-section data. New features
for automatic generation of importance functions. Flexible geometry capabilities.
Source and response ostimstor specification flexibie snd casy to use. Wall-
supported program with coastant improvements anc' updated. Well documented.

Gceneral-purpose muliigroup Monte Carslo code for coupled neutron/photon particle
transport. Most widely used of Moate Carlo codes. Latest versions from ORNL
in CCC-466 and CCC-474 have a popular, easy-to-use goometry package capsble
of geaerating multiple artays within arrays.  Flexibility in specifying source,
response ostimator, and biasing mode casy via wide variety of user-supplied rou-
tines.

General-purpose code for coupled newtron/photon particle trassport. Excelleat
goometry peckage available as proprietary option. Excelleat treatment of physics
using Moate Carlo tochniques. Limited srailability of cross sections is required
format and limited user commuasity.

General-purpose code for newtron or photon particle traasport. Handles point
energy or discretized cross-section data. Coupled neutron/photon problems cannot
be treated. Secondary gamma sites gonerated and subsequent transport reated
with MERCURE (CCC-142). Excellent biasing techniques available for deep
penctration probloms.

*Code summary provided in Appendix A.



With the possible excepion of the multigroup libranes { which reed further evaluation), the scftware
identified above should be technically sufficient to meet the vas® majority of waste managemen: applica-
tions. However, the assessment did find the software lacking in the validation and quaiity assurance
areas. The problems and recommendations are listed below.

High-quality :ntegral experiments adequate for code and dara validation have oft=~ heen limited to
very simple systems or in support of specialized shiclding programs (i.c.. specific reactor designs).
Although dose measurements from casks lcaded with sp=nt fuei have bee: madc. no <oncerted effort
has been undertaken to use the available measured data for validting any particular codes and/or data
library. However. cach of the codes has probably been evaluated through the use of the limited integ.a.
experir.ent data at some time or another. These comparison efforts have typically been performed “y
various users and often were never formally documented.

Thus, a software validation program needs to be initiated. The :-itial objectives of the pre gram
should be to (1) determine the accuracy of the selected codes and de.a libraries in comparison to :he
existing measured data applicable to shiclded spent fuci and HLW and (2) tdentify and/cr design
integral or benchmark experinients that are needed to supplement *he existing experimertal dazta in
order to show compliance with licensing and/or quality assura‘ice rec iircments,

The services of the Radiation Shielding Information Ceuter (RSIC) as a central site for -ps existing
documentation and software have been iavaluable for publici>ing new shielding software an.i keeping
many useful codes and data libraries from being lost to the user community. Although the viible code
versions are normally available from RSIC, many of the code packages and data uibraries no longer
have a principal technical cnntact who has a mandated (fini2r) responsibility for s¢”:ware mairtenance
(including documentation changes) with a QA plan tha’ =i 1 ali,w complete cominliance with current
interpretations of ANSI/ASME NQA-1 or NUREG-082¢. Histoncally, software developers have ofter.
passed QA and maintenance responsibility onto ihe »zirs, pr ticularly as funding support for the code
development was reduced ur deleted by the spon..oring organizatios.

An overall quality assurance plan for a project is concerned w.th ensuring that the analytic results
are adequate. Unfortunately, accurate evaluation of neutron and gamma-ray doses from shielded spent
fue! or HLW is a difficult task that requires a large amount of user expertise to correctly identify
appropriate modeling assumptions, provide odequate input data (source specification, code input data,
and cross-section data), and interpret/verify the final results. A validated, high-qualiiy code in the
hands of an inexperienced user is often less reliable than an approximate, poor-quality code in the hands
of an experienced radiation shielding analyst.

To adaress the software QA concerns and the potential lack of shielding expertise within the various
waste management projects, it is recommended that a “shielding support center” be established to

1. serve as the technical contact for the DOE various waste management projects to answer ques-
tions or provide guidance regarding software capabilitics, appropriate use (input, modeling
assumptions, etc.) of the scftware, accuracy of results, and the numerical and/or theoretical
models employed in tne software;

2. maintain and document the validated codes and data libraries under quality assurance guidelines
that meet the requirem=1i5 of AMNSI/ASME NQA-1 and NUREG-0856; and

3. serve as ihc technical interface between the projects and developers for providing/obtaining

enhancements that may be required to meet specific project needs.

To provide consultation in a complete, efficient, and readily available fashion requires that the center bhe
established at an institute with recognized capabilitics in software development and analysis (or shicid-
ing applications.

VX



1. INTRODUCTION

The Nuclear Waste Policy Act of 1982 mandates rhe final disposal of spent nuclear fuel and high-
level radioactive waste (H!.W) in geologica! re~ositorizs. In support of this effort. the U S. Department
of Energy (DOE) Office of Civilian Radioactive Waste Managemen: (OCRWM) is interested in assess-
ing the analytic methods and available sofiwazre (codes and data) applicable to the design and licensing
of the required facilities and/or equipmen:. This report provides a review and preliminany zssessment
of current radiation shielding methods, codes, and data to serve as a basis for determining if existing
capabilities are adequate for DOE/OCRWM applications involving shipment and/or storage of spent
nuclear fuel and HLW.

Carrying out the directive of the Nuclear Waste Poiicy Act requires that DOE;OCRWM take
responsibility for design and licensing of (1) geological repositories for final disposal, (2) a cask tran-
sport fleet for movement of fuel or HLW, and (3) interim storage facilities 1o supplement utility storage
pricr to completion of the initial repository. In terms of the geometry spscification, shield materials,
anu licensing criteria, the above area> cover a wide spectrum of analysis applications. The criteria of
10CFR60 (repositories), I0CFR71 (transpo:t casks), and 10CFR72 (independent storage installations)
indicate the types of analyses required for license submittals.

Analyses for a repository or intenim s:orage facility {such as the propused Monitored Retrievable
Storage (MRS) facility] will be needed to demouastrate that radiation doses in and aroupa hot celis or
fuel handling areas will allow safe operatios within the criteria of 10CFR20. Analyses of this 1ype
often require the use of codes and methads appropriate for evaluating potential radiation streaming
caused by r.andated shield penetrations. Also, to shyw compliance with the regulations on dose ‘o the
public, accurate caiculations of doses se-eral thousard feet up to several miles from the facility are
often needed. Regulation, governing spe:: fusl shipping cask aliow a very low exterior surface dose
reiative to the largs radiation source. To analyze the very lar_e reduction in radiation particle density
(typic.'ly source/leakage particle ratios of 10° i0 107) often requires speciai codes and/or techniques.
In su..imary, the “best® code or technique to employ for accuracy often varies from probiem to problem.
In aduition, computing efficiemcy (cas: -{ wse, r-uning time) will be the main requirement for large
amounts of scoping and/or preliminary a=sign nalyses required by DOE/OCRWM. The varying
requirements for accuracy and efficiency imposce by different applications often mandate the use of
several codes or methods for a complete systems analysis.

Evaluation of existing radiation shielding methc = and software is necessary as a first step in ensur-
ing that adequate and consistent software is usc! by UCRWM and their contractors in the areas of
licensing calculations and safety/ALARA (as low as reasonably achievabie) concerns. Establishing uni-
form software could avoid multiple vaiidation efforts, reduce the cause for discrepancies in similar anal-
yses performed by various ORCRWM programs, and, hopefully, make the review process easier for
license evaluators (less codes and methods to review). There is also a4 cost/benefit consideration that
may call for choosing between less-accurate/less-expensive techniques or more-accurate/more-expensive
techniques. For example, the fust choice may decrease anaiytic costs. but may cause more expensive
designs (forced by conservatism) to accommaodate analytic inaccuracies. Without well-defined applica-
tions, the cost/benefit of such choices cannot be made in a quantitative fashion.

This report attempts to meet the following primary objectives.

(1)  review the hasic metnods and techniques employed in calculating radiation doses;

(2)  provide a hrief summary description of selected computer codes and data libranes apph-
cable to shielding analyses for spent fuel and HL. W sources;

(3)  present a limited comparative assessment of the techmigues and tools using apphicable
computational models for spent fuel casks, and

{4} allustrate potential advantages and /or iimitations of vanious codes wod 1zochniques

|



Spent fuel cask problems are used in th's report for most quantitative assessments because (1) the gen-
cral designs are currently better defined and (I) aesign optimization is highly dependent on having
accurate shizlding methods.

A generic flow chart indicating the procedure and sofiware requirements for calculating radiation
doses is shown in Fig. 1.1, The current methods and techniques used for shielding analyses are pro-
vided in Sects. 2-4. This review provides a basis for !sicr comnn.ants regarding the attributes of the
various computational tools. The three sections, respectively, cover the three areas that require rne
knowledge and attention of a shielding analyst--radiation source generation, radiation transport, and
physics data (e.g.. cross sections, buiidup factors). Section 2 provides an overview of the procedures
used 0 obtain radiation source strengths and specira. Both gamma and neutron sources are covered.

Section 3 reviews the three major calculational techniques for analyzing radiation transpsre of
source particles through a shield. Discrete ordinates techniques are most often used to solve the one-
dimensional or two-dimensional Boltzmann transport equation to obtair a flux/dose distribution. Based
on the zaiculated flux distribution, any number of responses can subsequently be obtained. The major-
ity of ;roblems require that an approximate mode! of the exact geometry be used by the discrete ordi-
nates code ased in the calcuiation. Monte Carlo techniques typically allow an exact representation of
the problem geometry, but uses the integral Boltzinann transport equation as the basis to generate and
track particies through a shield in order to obtain 3 s'atistical estimation of isolated responses (dose at a
point, flux zt a point, etc.) While the discrete ordinates and Monte Carlo methods are applicable to
neutron, priimary gamma, #nd secondary gamma r: diatien (gammas produced by neutron interaction
with shield niaterials). the point kernel method is typically restricted to primary gamma radiation. The
point kernel nethod is an appreximate technique that involves the use of empirical buildup factor data
integated inio the codes for a variety cf shielding materials, The buildup factor data is normaliy
obiained fronm cxperiment o- one-dimensional discrete ordinates calculations. Point kernel codes use
exa.i or appriximaie geometric mcdels to evaluate the uncollided component transported through the
shicld and then use buildup factors to obtain the total gamma component. The point kerne! codes are
the simplest g-oup of codes. but they are the most limited in their range of appiications.

Section 4 reviews the determination and selection of appropriate physics data for a shielding proo-
lem. Point kernel codes usually have the buildup factor and attenuation (cross section) data integrated
into the codes. Coupled neutron-gamma cross-section libraries are used for the discrete ordinates and
Monte Carlo codes. An extensive amount of work must be done in going from the raw data measured
in a laboratosy to an acceptable library of cross sections processed for input to radiation transport
codes. This section provides a brief description of the entire process, but deals more specifically with
the collapse of a4 general library with a large number of energy groups (fine group library) 1o one with
fewer groups (broad group library) using a flux weighting that is appropriate for the intended applhica-
tion. Typically, broad group libraries are prepared using an analytic flux spectrum (for neutrons the
fux is often Maxwellian for the thermal range in low energy, 1/E or ' /gE for the mid-range. and a fis-
sion spectrum for the high energy range). ldeally, however, the cross sections should be prepared using
the flux spectrum most applicable to the problem class to be solved.

Using a literature review and specified criteria, a cadre of codes and data libraries were selecied as
appropnate tools to be included in this assessment. Section 5 contains a discussion of these software
tools; Appendices A B provide separate summarics written for the premiere codes (or family of codes)
and data libraries that were reviewed. Each summary provides information on the method of solution,
fimitations and advantages, availahility, data access. ease of use, and known uccuracy. For each data
library, a summary 1s included that cavers the source of the data. its applicability, and known verifica-
tion efforts. The selected codes used for radiation transport and dose evaluation are summarized in
Appendix A Descripiens of cross-section libraries that are commonly used for waste management
applications are included in Appendix B Section S also describes an exisung wmodular code system
called SCALLE which provides Tautomnated” shiclding sequences using some of the codes and duta
libraries described in the Appendices. All of the codes and data hibrarics summarized in the Arpendices
and the SCALE system are available from the Radiation Shieiding laformation Center at Ouk Rudye
National aboratory
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Section 6 provides a discussion of the available methods for assessing codes A brief summary of
available experimental data appropriate for verifying or benchmarking spent fuel shielding analyses is
presented. The usefuiness of comparative calculations using different tools and/or data is discussed.
Section 7 presents a comparison of various calculational results that provides preliminary indications of
the advantages, disadvantages, and discrepancies found in several iechniques, codes, and data libraries
noted in Sects. 2-5. Calculational models of casks are used for the analytic comparisons performed
with several codes and data libraries. The importance of a qualified user in obtaining a refiable answer
1s also illustrated.

Finally, Sect. 8 uses the information from the previous sections as a basis for discussing the accep-
tability of using the current methods and software to address the needs of DOE/OCRWM. The recom-
mended software for further use in validation or detailed assessment activities are listed together with
recommended impruvements in the software or its implementation that will aid the mission of
DOE/OCRWM.



2. METHODS FOR CALCULATING RADIATION SOURCES

Equations used in particle transport theory contain a source term to simulate the emission of the
particles (photons, neutrons, atoms, ctc.) being transported. Once the isotopic concentrations for
radioactive waste is calculated (or known), the basic techmiqmes for generating the radiation sources do
not usually depend on the waste type. Since the shielding comnutation typically covers a2 wide energy
range, the sources must be cast in units of emission rate per unit volume as a function of energy.
Methods of calculating these gamma and neutron source spectra are discussed in this section.

21 GAMMA SOURCE STRENGTHS AND SPECTRA

[sotopic concentrations generated by a depletion and decay code are sometinics used within the same
code to determine, as a function of energy. the intensity of the gamme (or photon) rays emitted from
the radioactive waste. Some depletion and decay codes rely on auxiliary codes to actually evaluate the
gamma source strength and spectra. In cither case, for completeness, five different types of photon pro-
duction procestes should be considered in generating gamma sources:

¢ gamma rays and x-rays from radioactive decay,

* gamma rays from {(alpha.n) reactions,

s prompt fission gamma rays from spontancouc fission,
* delayed gamma rays from spontaneous fission, and

¢ bremsstrahlung radiation from positron and electron deceleration.

The extent to which thzse photon production processes are considered in the creation of the gamma-ray
source terms is imporiant to a spent fuel shielding analyst. The following discussion of analytic tech-
niques for evaluating these processes is based on the procedures used in the ORIGEN2'? and
ORIGEN-S? codes. The primary variation likely to be seen between these procedures and that of other
codes that include these production processes lies with the data employed.

The predominant part of the photon source spectrum from spent fuel is from he gamma rays pro-
duced by the decay of fission and activation produrts. The energy-dependent photon intensities for both
the gamma rays and x-rays need to be inciuded in the photon data base (a good data source is the
Evaluated Nuclear Structure Data File or ENSDF*®). Photon intensities, [, in the data base and their
associated energy. E;. are typically converted 10 energy group intensities, G, by conserving energy. The
following equation is applied for this adjustment:

G = I(E\/Eg).

where Eg is the arithmetic average of the energy group boundaries. These procedures maintain the
conservation of energy rather than photon intensity and provide a more accurate computation of dose
rates in muitigroup shielding analyses.

Many of the isotopes in the spent fuel emit alpha particles that may interact with the O and '*0O
atoms in oxide fuel, producing neutrons and prompt gamma rays during the process. The measured
gamma-ray spectrum produced by the reaction of alpha particles from 2*Pu with '"*O atoms are typt-
cally used for developing® * approximate spectra for the various alpha emitters in the data library. The
spectral distribution of the prompt and delayed spontancous fission photons can be computed from
couations fit to tiie photon spectrum from ncutron-induced fission of 1% The intensities of the spor.-
taneous fission product gamma rays can he assumed to he 0.75 times that from prompt fission
photons ' The phet-ns from (alpha.n) reactions and spontancous fissions normally are a very insignif-
cant part of the source in spent fuel  however, essentially all of the low-intensity gammas above
4 McV in the spent fuel spectrum are duc to sportancous fission



A significant source of photons in spent fuel is the bremsstrahlung radiation. which is generated as a
continuous spectrum when electrons or positrons are decelerated in the Coulomb field of nuclei. The
theory indicates that only a rclatively smali bremsstrahlung intensity is derived from alpha particles.
and so this contribution is typically not included. First, in the determination of bremsstrahlung data.
the cont:nuous energy-dependent electron and positron spectra of the nuclide a.e computed from the
Log-f Tables derived'' from the theory of beta decay. This model, also, is used in producing average
beta snergies for ENSDF.** Then. a modei for computing the bremsstrahlung spectrum from the beta
emission spectrum is applied. (For example, see tef. 12)

The bremsstrahlung radiation is an important part of the total photon source spectrum from long-
cooled spent fuel. it has significant intensities for the energy range from O to 4 MeV. As the photon
energy increases. the intensity from bremsstrahlung usually decreases more rapidly than that from
delayed nuclei decay. Calculations that conupared the bremsstrahlung source with the total photon
source indicated about one-third of the photons and from 7 to 10% of the total energy are from
bremsstrahlung. By observing these spectra and the energy-group dose rates of a somewhat typical
shielding problem. it was indicated that 10 to 20% of the total photon dose rate was due to
bremsstrahlung radiation.

2.2 NEUTRON SOURCE STRENGTHS AND SPECTRA

As with the calculation of gamma sources, calculation of neutron production is highly dependent on
the availability and use of reliable data. The neutron source for spent fuel and other HLW is a result
of spontanecous fission of heavy nuclides and interaction of energetic aipha particles with a2 wide variety
of light elements. The other potential source of neutrcns is from photofissicn or photoneutron processes,
neither of which are typically considered in codes used for radioactive sources from spent fuel or other
HLW. During the first hour, or possibly several hours, after a reactor shutdown there is a significant
ncetron source from photoneatron reactions. At longer cooling times only insignificant fractions
(<0.1%) of the ncutron scurce are caused by the usual photoneutros. target materials, the uranium fuel
and the tritium in a water coolant.

Methods for computing a neutron source and spectrum emitted from the radioactive waste require
data of the following types:

» decay half-lives and energies,
* neutron yields per fission and half-lives for spontaneous fission,

¢ thick target ncutron yields per (a,n) reaction in the waste medium (e.g., UV, for spent fuel) as z
function of alpha cnergy,

* neutron spectra from spontancous fission, and

* ncutron specira from (a,n) reactions caused by alpha decay from heavy nuclides.

The following paragraphs provide reliable (but not necessarily unique) sources for the above data. The
reference sources are those employed by the ORIGEN-S code.’ although other sources for the required
data can be found (sce ref. 2).

Data required to compute the neutron production rate from sportancous fission include the spon-
tancous fiss.on half-life. the average neutron yield per spontaneous fission, v, and the concentration for
cach contributing nuclide.  Spontaneous fission half-lives are available from ENSDF* and from
Kocher's compilation of decay data. both of which contain evaluated measured data. For several less
important nuchdes, unricasured half-lives are availabie from ref. 13 These data were estimated with 4
correlation between measured data and so-called fissility parameters '*  Measured values {or w, are
wvailable tn ref. 13 for Ct nuchdes, including the most significant. An equation. derived'’ to compute
vy, produces vilues whicl. are within two experimental standard deviations for all except three nuchdes
This equation can he apphied for nuchdes that do not have measured data



As noted above (a.n) neutrons arc produced by light elements in the waste. The principal (a,n)
sources for most waste in the commercial nuclear fuel cycle are 'O and '*O. Thin target cross sections
for '"O(a.n) and '*O(a.n) reactions and alpha stopping power data may be applied to compute neutron
yields of spent fuel material. Measurements'® of thin target cross sections for the "O(a,n) and
180 a.n) reactions produced improvement over carlier data.'*!” Additionally, thick target energy-
dependent (a.n) yields for 2YUNATO, were computed,'® having estimated accuracies within 10%. Yield
data from ref. 15 can be applied to weighted energy averages of alpha energy-intensity data® of nearly
all nuclides. Data for nuclides such as 2'*Bi, 2*'Pu, and 2Bk, which have very small alpha branching
fractions, can be found in ref. 18. Decay constants and alpha decay branching fractions are also
required to compute the (a,n) scurce and can be obtained from refs. 4 and 5.

The isotopes 3*1Cm and **4Cm characteristically produce all except a few percent of the spontanenus
fission and (a,n) neutron source in spent PWR fuel over a 10-year decay time. The next largest contri-
bution is usually from the (a,n) reaction of alphas from *%Pu, which is approximately 1 to 2% of the
source. Neutron energy spectra of both the spontansous fission and (a.n) reactions have been deter-
mined for the curium isotopes'®?® and 2*Pu.’ The measured spontaneous fission neutron spectrum of
MCm was found to be quite simil.r to that from 2°U and 2*)Cf. Thus, the spectrum for *Cm was
computed'® from these measurements. The (a,n) neutron spectra were determined by extrapolating the
neutron spectrum from Po-a-O source measurcments’’ to the alpha cnergies of ¥*Cm, *Cm, and
3pu. The energy distribution of the spontancous fission neutron spectrum can be computed from the
spectra for 2Cm and Cm by using the calculated concentrations of those two isotopes and then
renormalizing to include the total neutron source from all isotopes capable of spontaneous fission. A
similar approach using the data for all three 1sotopes can be performed for the (a.n) neatron spectrum.
The spectra must be collapsed from the energy group structure of the data to the desired group struc-
ture. One procedure is to assume uniform distribution within each group and simply sum the quantities
based upon energy fractions common to both groups in the two group structures. The total neutron
source spectrum is then computed as the sum of the spontaneous fission and (a,n) spectra.

The relative importance of the spoatanents fission and {(a,n) sources for PWR and BWR fuel at dif-
ferent burnups is well illustrated by the neutron radiation sources shown ir. Figs. 2.1-2.4.2? It is impor-
tant to notice that ihe total neutron source at discharge increases almost exponentially with burnup.
However, the long half-life of the 24Cm causes the neutron source to decrease slowly with cooling time.
Since the gamma source changes linearly with burnup (following the fission product trend). it follows
that the overall importance of the neutron source relative to the gamma source increases with burnup
and cooling time.

Finally, it should be noted that for applications involving vitrified HLW. light elements present in
the glass can yield a significant (a,n) source that should be accounted for. and additional {a.n) yield
data and spectrum data besides that for oxygen must be obtained.*’

2.3 RANGE OF APPLICABILITY

As evidenced from Sects. 2.1-2.2, the reliability of the radiation sources produced by a code is pri-
marily dependent on the number and accuracy of the given isotopic concentrations and the compieteness
and accuracy of the data employed. This section briefly discusses facets of spent fuel source terms that

an analver <kauld be aware of prior to the use and /or selection of a source term generation
1
arncedyre

2.3.1 Source Strength

One of the major contributors to uncertainty in the radiation sources can be the uncertainty in the
calculated 1sotopic inventory.  The calculation of 1sotopie inventories for spent fuel 18 more sensitive to
cross ssctions for heavy, metais than it 1s for fission products. € ross-section processing in the depletion
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analyses are typically performed with a point depletion mode! instead of a more representative multidi-
mensional model. The high sensitivity of spent fuel actinides to the burnup-dependent cross-section set
used and the lack of spatial treatment in the point depietion calculation, cause the radiation sources
from actinides to have higher potestial inaccuracy than either the fissior or activaiion products. Thus,
as the importance of the actinide contribution to the total radiation source increases with burnup and
cooling time, the shielding analyst needs to be aware of this potential inaccuracy and seck to verify the
accuracy of the actinide inventory or investigate its importance (sensitivity study) on the final dose
results.

The photon source from high-level radioactivity is usuaily dominated by the contributions from fis-
sion products, and possibly one or two activation products. However, for shielding applications, it is
often the energy of the emitted gamma rays rather than the intensity that is important. Thus, such
activation products as ®Co in spent fuel assembly structures can produce a relatively small proportion
of the overall assembly source strength, but be a dominant factor in the dose rate outside a shield. The
reason for this is the relatively high (1.17 and 1.33 MeV gammas/disintegration) gamma rays emitted
by ®Co. The shielding analyst needs to be aware of the importance of this activation product and seek
accurate information on the **Co content in the unactivated assembly.

Note that shortly after discharge and thereafter, the photon emission rates in the higher-encigy
range arc dominated by actinides. Typically, this is true at energics above 4 MeV at all cooling times
and at energies above 3.5 MeV after 10 years. The major part of this higher range of the spectrum is
contributed by 2Cm after 90 days and at least 9%0% appears to be from 24Cm during the range of 10
to 50 years cooling time.?” The low intensity from high energy photons from the heavy metal isotopes
can contribute a dose rate fraction comparable to that of activation and fission products for long cooling
times and extremely thick shields.

Given accurate concentrations of heavy element nuclides in spent fuel, the major uncertainty in the
computed neutron source strength is in the neutrons produced by spontar.eous fission of 2*Cm and
M4Cm. At discharge, the neutron source is almost equally produced by #2Cm and 2/Cm. The half-
lives of 2**Cm and **Cm are about 163 d and 18 years, respectively. The neutron emission is mainly
from #2Cm at shorter cooling times and from **Cm at longer times. The source computed from a
given quantity of 2Cm is more accurate due to less uncertainty in its spontaneous fission half-life. For
the data referenced in Sect. 2.2, it has been estimated that over a 10-year cooling time, the combined
uncertainty in the computed neutron source from the spontaneous fission is in the range 4 to 8%, with a
decrease as a function of time resulting from the 163.2-d half-life of 2>*Cm. The total source strength
uncertainty, for given isotopic concentrations, is assessed as being <10%.%°

As noted in Figs. 2.1-2.4, the neutrons from spontaneous fission most often dominate the neutron
source strength. However, for lower burnups and intermediate cooling times the (a,n) contribution to
the ncutron source can be extremely important and should not be ignored simply because (a.n)
processes are not considered in generating the source.

The above discussion, together with that of Sect. 2.1, points out that computer programs that omit
one or more of the isotopic categories (activation products, fission products, and actinides) or produc-
tion processes may cause an incomplete source to be obtained. The importance of the missing isotopes
and/or production processes should be determined by the user for the application at hand.

2.3.2 Source Spectra

As will be discussed in Sccts. 3 4, many radiation transport codes require the radiation source to be
input 1n 3 multienergy-group formit that corresponds to the multigroup cross-section set heing utilized
for the radiation transport analysis. Figure 2.5 is a plot comparing three broad groups of a PWR spent
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fuel spectrum with that for the same source in 0.01-McV group intervals. It illustrates the pronounced
variations of the intensities in the detailed spectrum. As described in Sect. 2.1, the best technique for
calculating the intensity associated with each energy group is to conserve the total energy of the gam-
mas produced. Thus, for the graphical representation of Fig. 2.5, the area under each of the applied
broad groups times the group average energy should equal the sum of the products of the area and
2verage energy of each fine group within the broad group. Attempts to conserve only the intensity
when allotting particles to a group can cause cither an overprediction or underprediction of the results
depending on the procedure used. For example, 1.1-MeV gamma rays of intensity [ binned directly into
an cnergy group with limits 1.0-1.5 MeV would have an cffective cnergy of 1.25 MeV (group average)
which would result in a higher dose than if the energy was conscrved, ie., use of a modified intensity
load = I(1.1)/1.25. A sample comparison of dose results for an intensity or particle-conserved source
vs an encrgy-conserved source is shown in Sect. 7.1.1.

The dose rates computed for two monoenergetic photon sources shiclded with a typical shield thick-
ness arc highly dependent on the two photon energies. Adjoint flux calculations have indicated that the
ratio of the importance of photons in two adjacent energy groups may be as great as a factor of 2 or 3,
for significant groups in a typical 18-group structure. Thus, the benefit of finer group intervals should
be properly balanced against computer cost in selecting an appropriate energy group structure. Also,
due to the importance of using a correct energy-intensity combination, the conversion of one photon
spectrum having a broad group structure to a spectrum of another group structure may significantly
reduce its quality.

For the references of Sect. 2.2, there are no reported uncertainties in the data applied for conver-
sion to the neutron source spectrum. However, the use of measured spectral data should be an improve-
ment over the use of standard fission spectrum formulae (c.g., Watt fission spectrum) that are often
employed by shiclding analysts when a spectrum is not provided with the neutron str.ngth (sce
Sect. 7.1.1).
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3. METHODS OF RADIATION TRANSPORT AND DOSE EVALUATION

The behavior of radiation particles in a material is modeled by the Boltzmann equation for radiation
transport. In order to calculate radiation doses outside a shield (e.g., a cask), a solution to the
Boltzmann transport equation must be obtained. There are a number of methods for solving the
Boitzmann transport equation for shielding applications. However, in the past two decades two methods
have received the most development ia the United States and have been used extensively for radiation
transport problems. They are the discrete ordinates method and the Monte Carlo method. In this sec-
tion, along with the derivaiion of the Boltzmann equation, these two methods will be described with
respect to their applications to spent fuel storage/transport problems. In addition. the point kernel
technique, which is an approximate approach for calculating radiation doses, will be presented because
it is relatively easy and inexpensive to use and produces reasonable results for certain limited problems.
References 1-3 are good resources for a more extensive review of shielding methods.

3.1. BOLTZMANN EQUATION FOR RADIATION TRANSPORT

The derivation of the Boltzmann transport equation can be found in many textbooks on transport
theory or radiation shielding.! ~* Nevertheless, the time-independent Boltzmann transport equation is
presented here in order to facilitate the discussion in this section.

The Boltzmann transport equation is a particie balance equation that describes the distribution of
particles in terms of a flux density ¢(r,L,Q) that is differential in space, energy, and direction variables.
This quantity, when combined with appropriate macroscopic cross sections, can be used to define R(r),
the interaction rate per unit volume and time as

R(r) = fEdELdQ}Jg(r.EM(t.E,Q) , (3.1)

where Zg is a macroscopic reaction cross section.

The flux density, also known as angular flux, is defined such that ¢(r,E.Q)dEJQ is the number of
particles at point r in solid angle dQ about @, with energy in interval dE about E, per unit area perpen-
dicular to Q, per unit time. The population balance (assuming no net change as a function of time)
states that for an elemental spatial volume at r, the net loss of particles of energy E going in direction @
is equal to the net gain. The net loss is due to (1) outflow plus (2) interactions that remove particles
completely or change their energy and/or direction. The net gain is due to (3) interactions in the ele-
mental volume of particles at different energies/directions whose interactions -esult in particles of
energy E and direction @, and (4) sources in the spatial volume at r (external sources). The resulting
~quation is as follows:

QVHrEQ) + ZArE) #(r.EQ) =
H (2)

fEdE'fon'E,(r.E' ~EQ *Q)o(rE.Q) + s(rEQ) . (3.2)
(3) (4)

This is the Boltzmann transport equation in integrodifferential form.
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In general, the differential operation @-¥ is a complicated function of the spatial coordinate system
in which the radiation transport problem is expressed. The quantity Z, is the differential scattering
cross section and is defined such that Z(r.E—E.Q—Q)é(r,E Q }EAQ is the orobable number of parti-
cles produced per unit volume and time in dE and dQ due to interactions of particies of energy E and
direction @. The integration over E' and Q' is required to account ior all possible contributions. The
term s(r,E.Q) is the external source per unit energy, ang e, and volume; that is, particles that are not
produced by interactions of the radiation field itself.

Exact solutions of the Boltzmann equation, Eq. (3.2), exist only for simplified cases of little practi-
cal use for spent fuel shielding applications. Hov.ever, the use of digital computers has allowed satisfac-
tory numerical solutions using deterministic (discrete ordinates) as well as stochastic (Monte Carlo)
techniques.

An integral form of the Boltzmann transport equation can be derived by considering the contribu-
tion, from all other points in the system, to the particle flux at a given point in a system. This can be
expressed as

#rEQ) = [drPEr—rx(rEQ) . (33)

where x(r,E.Q)EdQ represents the emission of particles from point r per unit volume and time with
energies in interval dE about E and directions in solid angle interval dQ about Q, and P(E,r —r) is the
probability that a particle emitted in unit volume at r' with energy E in dE will not have a collision
between r and r. Thus, P(E,r—r) is the transmission probability from point r' to r at energy E. The
emission density x(r.E,Q) consists of particles from scattering and external sources, and it can be
expressed as

X(rEQ) = [dE [ d0I(FE~EQ~DSrEQ) + (rEQ) (3.4)

where Z, and s have been previously defined. Substitution of Eq. 3.4 into Eq. 3.3 yields the equation
for the flux ¢ as follows:

#HrEQ) = f drP(Er—r)

[ [9E[ @I E~EQ—2)KrEQ) + s(rEQ) . (3:3)

The transmission probability P is given by

, ~j' L(Es =7 e (3.6)
PEr-=»r}) = ¢ " .

where the integral is the number of mean free paths that the particle with energy F is required to travel
from pointr' tor.

Both the integral and integrodifferential forms of the Boltzmann transport equation involve the same
fundamental quantities #, s, Z,, and P and are equivalent. 1n fact, the integral form can he derived
directly from the integrodifferential form by integrating Fq. (3.2). with an exponential intzgrating fac-
tor, over space.'* Shielding analyses typically involve solving the Boltzmann trausport equation,



O

Eqgs. (3.2) or (3.5), and evaluating doses at various exterior locations using Eq. (3.1). Most numerical
deterministic methods used for shielding applications start from the integrodifferential form, but a few
are based on the integral form. The Moate Carlo approach, which is stochastic in nature, proceeds in a
manper which follows the logical development of the integral equation.

The widespread use of discrete ordinates and Monte Carlo spplications has led to solutions of the
*adjoint® Boltzmann equation,’~* which are more appropriate to some systems than the “forward" equa-
tion in Eq. (3.2). The adjoint or “backward® equation is a purely mathematical entity, similar to
Eq. (3.2) with Iy in Eq. (3.1) and s(r,E.Q) in Eq. (3.2) being interchanged, and constituting an
“effect-and-cause® concept rather than a physical “cause-and-effect” relationship. For an adjoint prob-
lem, the response of interest (c.g., detector dose rate) defines the source for the problem and adjoint
particles flow from this source back towards the radiation source region of the forward problem. The
adjoint form of Eq. (3.2) is used for two main purposes:

1. The adjoint flux is an importance function that provides information on the relative importance of
the forward flux particies as a function of space and energy. Knowledge of this importance allows
reliable biasing parameters to be obtained for complex Monte Carlo calculations.

2. Using an adjoint source corresponding to one detector location, an analyst can use one adjoint solu-
tion to obtain the detector dose from several different radiation sources.

32, DISCRETE ORDINATES METHOD

The discrete ordinates, or S,, method provides solutions to the Boltzmann transport equation by
using deterministic numerical techniques to obtain satisfactory results. The S, method is based on
expressing the continuous form of the Boltzmann cquation, Eq. 3.2, in terms of discrete variables (i.c.,
the spatial variables arc expressed as finite intervals, the energy variable as energy groups, and the
direction variables as discrete directions). Whereas the continuous transport equation reprcsents a par-
ticle balance over differential intervals (dV,dE,dQ), the discrete ordinates equation represents a particle
balance over finite intervals. The direction variables are specified in terms of a finite number of dis-
crete directions and corresponding weights (representing solid angles) to replace integration over direc-
tion variables by a srummation (quadrature) over discrete directions. The energy domain is divided into
a finite number of ranges called groups. This ‘multigroup” approach is also used in many other deter-
ministic methods and even in some Monte Carlo methods.

For the spatial variables, a coordinate system most appropriate to the physical system is chosen and
the operator @V is expressed in terms of the appropriate spatial and angular partial derivatives. The
physical system is then divided into a number of spatial cells or intervals, and flux densities are
evaluated at boundaries and midpoints of these intervals. For systems which can be represented in one
spatizl dimension, there are models for slab, spherical, and cylindrical geometries. For two-dimensional
systems there are X-Y, R-Z, R-§, ar.d hexagonal geometries. Both one- and two-dimensional geometry
applications are routinely handled in today’s computing environment. For spent fuel cssk problems,
one-dimensional slab and cylindrical geometries and iwo-dimensional R-Z geometry are commonly used
to calculate radiation levels inside and outside of the casks.

The above discussion addresses the way that the spatial, angular, and energy variables are treated
by the discrete ordinates method in computing t1c fundamental quantity of interest, namely the flux
density &(r,E,2). Implied in the approach are corresponding treatments of the energy and angular
dependence of cross sections, scattering kernels, and source distributions. Consider a multigroup form
of the transport equation, Eq. (3.2).

3 . . , (3.7)
QT (r0) + IHDS(rQ) = 3 fodﬂ TED D)o (r0) + s (r)
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where ¢, and s, represent the angular flux and external source, respectively, in group g. that is, the
integrals of those quantities over the energy group interval. This implies a definition for the multigroup
cross sections and scattering kernels that requires a prior knowledge of ¢. For example, the above
equation implies

IHe) = ! dELdﬂ Z(r.E){r.EQ) (3.8)
fou JELdQeED) |

and, of course, ¢ is the quantity which is to be calculated. In practice, multigroup cross sections are
computed prior to their application as

L, dE Z(r.E) W(E) (3.9)

IKr) =
fmdl-: W(E)

where W(E) is 2 weighting fuaction chosen in such a way as to closely represent the energy dependence
of the flux for the problem at hand. For the scattering cross section, the angular dependence is
represcnted as truncated Legendre polynomials of the scattering angle u, That is,

IE~EQ-Q) = 3 2ot

’-( roE’_.E) P-(I‘o) »

where n is the order of expansion and o, are the expansion coefficients. The multigroup scattering
cross section is obtained as follows:

f.. WE) [ IE—~EQ—~@MEdE
L, WEXE '
a5

I8 (r2—Q) =

Theoretically, the proper weighting function should have an angular dependence W(E,Q); however, in
practice, the angular dependence is hai-1ly ever considered.

The task of selecting a multigroup cross-section library with the appropriate W(E) for a particular
system is quite important and must not be overlooked (sec Sect. 7.2.4). For example, the appropriate
flux spectrum for a spent fuel cask can change dramatically from application to application duc to the
presence of water in the cavity or differing shielding materials in the cask body. Nevertheless, the mul-
tigroup approach is the method most often used, and with considerable success, for shiciding
calculations.

To illustrate the basic ideas of the discrete ordinates method, the simplest case of one-dimensicnal
slab geometry is presented below. The same principles are applicable to other geometries even with
morz than onc spatial dimension. The multigroup Boltzmann transport equation, Eq. (3.7), in x-
dimension is



A (x.4) G . , ,
“——!a—x—— + Zf(x)o'(x.p) -3 th_ldp E,“(x.y—’#)ﬂ(l.#) + sg(xp) . (3.10)
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where p is the cosine of a direction with respect to the x axis. Integrating the above equation over a
spatial interval i bounded by (x;, x;4,) and representing the scattering source as a summation over the
angular quadrature set {u,, wol, m=1_.M lead to the following set of finite difference equations:

‘!(xi-ﬂ) - ‘p(&) - -
+ . . -
».' — ZHx; o gu( ;)

G l\l 58 . R . (3.11)
T e T owa 2 (9, (%) + sm(x)  (i=l..Lm=1..M),

where u_ is a discrete direction and w, is the corresponding quadrature weight. The size of a quadra-
ture set is designated by S,. For a S, quadrature set, there are n--1 directions for a siab geometry and
n(n+4)/4 directions for a onc-dimensional cylindrical geometry. For spatially dependent quantities, the
general notation f(x;) refers to a function f evaluated at point x; whereas the notation f(x;) refers to the
function { evaluated at some point internal to the interval. The latter quantities arise because the mean
value theorem is invoked in evaluating the integrals over spatial intervals. The quantity 2:-'.._
represents the probability of scattering from group g and direction m’ into group g and direction m. In
order to obtain solutions to the above set of equations, additional equationt are needed. These expres-
sions arc obtained by relating the internal fluxes for a spatial interval with its boundary values using
various flux extrapolation techniques and can be expressed as:

Seal(X) = Adgm(Xisy) + (1—=A)gp(x)  for (u>o) , (3.12)
and
Spu(x) = (1=Adbga(xis)) + Adp(x)  for (u<o) , (3.13)

where A is a constant between 1/2 and 1. These additional equations allow the solution of the bound-
ary and internal flux density values. One of the most common choices for A is 1/2, which results in the
so-called ordinary diamond difference equations. However, sclection of A = 1/2 can lead to negative
fluxes for too coarse a spatial mesh, A variety of methods have been developed to ensure positivity of
the fluxes, and a good discussion is provided in refs. 6-7.

For fission systems such as water-flooded spent fuel casks, an extra term to include fission neutrons
must be added 10 the right-hand side of Eq. (3.11) so that Eq. (3.11) becomes

Y "F’"‘;:'? ~ :ﬂ'"‘*) + ZHx)bgm(x) = Qgu(x) (=1, m=1..M), 14
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where

. Mx) G . . M
Quu(x) = —2"‘— 3 AT T W e (%)

mgm
g~1 me}
S M 3.15
+Ix 3w, u.<&>¢..<&> + tmlx) e
g=1i |-

where {¥ is the fraction of the fission ncutrons that are produced in group g, A is the number of fis-
sioned neutrons resulting from a fission in group g, and Zf is the macroscopic fission cross section in
group g.

Substituting Eq. (3.12) with A = 1/2 into Eq. (3.14) gives

(2un — Ax;Z,) 24x;
' _ (3.16)
em(Xis1) (2um + A1Z, )‘u(li) ——-_(2u.+Ax,E )Q-(‘u) for (ug>0)

where &x; = x4 — X;

Similarly, substituting Eq. 3.13 into Eq. 3.14 gives

(Zug + Ax;Z,) 24x; - (3.17)

demi(x) = (20— AR3,) Sgml(Xit1) — (—m Qga(x;) for (uy<o) .

Equations (3.12)~3.17) form the basis for the iterative procedure used in discrete ordinates codes.
With an assumed initial value for Qgu(x;), the iterative solution starts from the first energy group g=1|
and sweeps over all spatial intervals for cach direction u,. Flux densities ¢u(x;) at all spatial boun-
darics and directions are solved using Eqs. (3.16) and (3.17). Then the interval flux densitics ¢,.(x,)
are computed by Eqs. (3.12) and (3.13) and used in Eq. (3.15) to update the values of n‘_(x,) For
cach energy group, one sweep over all directions and spatial intervals is known in discrete ordinates cal-
culations as an immer iteratiom. The inner iteration is continued until the withia group scatter source
converges to an acceptable accuracy. Similarly, the procedure is repeated for all energy groups. This
completes the so-called omter iteration. Afier cach ouler iteration, the cattering and fission sources in
Eq. (3.15) are updated, and a new outer iteration is begun. The outer iteration is continued until the
scalar flux densities converge. Note that problems requiring only gamma-ray transport need only one
outer iteration for an accurate solution.

For spent fuel problems, several outer iterations may be required in order to correctly take into
account the fission neutrons produced in the fuel and, possibly, a depleted-uranium shield. The outer
iterations increase the cost of discrete ordinates calculations, but they are often necessary (for neutron
transport) in order to correctly treat the physics of the problems. It is sometimes a practice by analysts
to exclude fission neutrons from the transport process and, instead, add them initially to the fixed
source using various techniques. This approach is an approximatior, and although it may perhaps save
some computing cost, the practice is dis~ouraged since the correct treatment of fission is straightforward
and is a standard option in most radiation transport codes. A secondary reason for nuter iterations is tn
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consider upscatter between thermal neutron groups. Thermal neutron groups may be important in cal-
culating secondary gamma sources as well as obtaining accurate fission sources for wet systems which
have much higher neutron multiplication than dry systems. Most shielding cross-section libraries signi-
ficantly limit (often to one) the number of thermal neutron groups in order to limit or avoid iterations
due to upscatter.

The computational cost of the discrete ordinates method is directly related to the rate of conver-
gence of the iterative process. Various techniques have been used to accelerate the convergence so as to
reduce the number of iterations. The rate of cunivergence is particularly important for large problems
involving many energy groups, spatial meshes, and discrete directions as would be encountered in large
multidimensional systems. Fortunatety, with today’s computing environment one- and two-dimensional
analyses can be performed routinely at an affordable cost. The decision on which applications require a
multidimensional treatment as opposed to a one-dimensional treatment can oe difficult, but very impor-
tant, from both a cost and accuracy standpoint. For example, it has been found that one-dimensional
cylindrical calculations generally provide reasonable results for radiation doses radially outward from
casks. However, for axial dose calculations, onc-dimensional geometry results are much too high
because the radiation leakage through the side is not accurately accounited for, and a two- or threr-
dimensional analysis is required for computing axial doses. Various techniques exist and are available
to approximate radial leakage in a one-d.mensional axial calculation, but their approximate nature

requires cach application be verified against measurement or multidimensional "benchmark” calcula-
tions.

Compared to other methods, the discrete ordinates method appears to have the following advantages
for shielding applications:

1. The method is deterministic in nature such that errors in calculated results are systcmatic rather
than statistical (as in stochastic or Monte Carlo approaches).

2. A series of problems having similar characteristics benefit from knowledge of flux densities calcu-
lated for a similar case. That is, the starting flux guess for the iterative process can be obtained
from a previous calculation of similar problems leading to faster convergence of the present calcu-
lation.

3. Neutrons and photons (including neutron-capture photons) can be treated simultaneously or
separately without any real restrictions.

4. One-dimensional calculations are much faster than similar Monte Carlo calculations. However, in
two dimensions, the S, method has no clear advantage over Monte Carlo in computational speed.

5. Results are obtained throughout the entire system in contrast to Monte Carlo methods where reli-
able results are restricted to only selected portions of the geometry.

The foliowing are some disadvantages of the discrete ordinates method:

1. The problem geometry must be one of the three basic geometries (rectangular, cylindrical, or
spherical) with boundaries plac.d along coordinate planes. The importance of the geometry
approximations that are required vary with the application and must be either evaluated (via other
methods) or rationalized by the user.

2. In muitidimensional geometries, the discrete ordinates method often produccs nonphysical oscilla-
tions in the spatial flux distribution (the so-called ray effect) for radiation transport through void
or low scattering media. The ray effect is primarily a result of localized sources and particle pro-
pagation in discrete directions, and it is most serious for -adiation transpcrt through a void. Spe-
cial techniques must be employed in order to correctly compute doses at external detector points.



One technique is the last flight approach which computes the flux density at each point detector
duc to particle scattering from all spitial cells in the system to each detector. Another technique is
to calculate the scalar flux at each detector from the angular flux on the outside surface of the
shield.

3. There are no basic ground rules to define the best angular quadrature set, space mesh, multigroup
structure, and polynomial expansion order for a particular problem. Unfortunately, these user
input quantities can be very important to the final dose result. As for angular quadrature sets, at
least Sy or above is recommended for cask calculations. Finally, for the Legendre expansion order
of scattering distributions, P; is normaily -ufficient for neutron shielding problems. For photon
transport, a higher expansion order is preferable but is not always used (or available) in practice.

3.3. MONTE CARLO METHOD

The Monte Carlo method has been very important to shielding analysis and has received a grrat
deal of attention along with the discrete ordinates method in the last two decades. Fer a more formal
and detailed development of Monte Carlo techniques, the reader is referred to one of the texts devoted
to the subject.®~!° In this section the Monte Carlo method of solving radiation transpert phenomenon is
developed, and variance-reduction techniques applied to Monte Carlo shielding analysis of spent fuel
casks are discussed. The variance of a Monte Carlo calculation is a measure of the statistical
uncertainty associated with the results due to the random (stochastic) nature of the method of solution.

In Sect. 3.1 it was ;uggested that the integral Boltzmann transport equation provides a logical basis
for applying Monte Carlo techniques to radiation transport analysis. This logic becomes even more
apparent when the integral form is represented in terms of the collision density, ¥, or the emission den-
sity, x. The collision density is defined such that {r,E,Q)dEdQ is the number of particles entering
(having) collisions at point r per unit volume and time with energies in interval dE about E and direc-
tions in dQ2 about Q. The integral equation for y{r,E,2) is obtained by multiplying the total cross sec-
tion in Eq. (3.3), that is,

VrER) = Z(rE)ArEQ) = [ drI(rE)P(Er—r)x(r,EQ) .

Substitution of x from Eq. (3.4) into the aboe equation gives

]

WIEQ) = [drI(LE)P(Er-~r) [ [ dE [ d0I(rE—~EQ—D)(rEQ) + s(r'.E.n)l

Z(r E—~E0—0)
I(r.E)

= f dr T(E.r'—r) [fE dE’ fn dQ Z(r E)e(r E.Q) + s(r'.E.Q)}

]

f jf jﬂ drdEdQ T(E.r-+r)C(r,E-~E.Q -QWAr E Q) + s(r.EQ) . (1.18)

where we have introduced: (1) the transport kernel

T(Es ~t)dr = Z(rE)P(Er »rdr |
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which is the probability that a particle emitted in unit volume at # with energy E in dE will enter a col-
lision at r in dr, (2) the collision kernel

- , I(r.E~EQ—~Q)
C(r E—~E.Q—Q)}EdG = Py dEdQ ,
z[(r 'E )

which is the probability that a particle entering a collision in unit volume at r' with energy E' and direc-
tion @' will emerge with energy E in dE and direction @ in d@, and (3) the first collision source density

s(r.EQ) = f'_ drT(Er—1)s(r,E\Q) . (3.19)

The integral equation for x is obtained by substituting Eq. (3.3) into Eq (3.4), that is,
x(r.EQ) = fE L j; dEdQ'dr C(r,E—~EQ—Q)T(Er—r)x(r.E.Q) + srEQ) . (3.20)

The quantitics  and x can also be represented as a sum over the number of collisions as

WLED) = 3 Y (rED) . (3.21)

and

x(hEQ) = 3 x(LEQ) . (3.22)

where ¥, is the number of particles per unit volume at r with energy E per dE and direction @ per d@
that have undergone (n-1) collisions and are entering the n'® collision at r, and x, is the number of par-
ticles per unit volume emerging from the n'®* collision with energy E per dE and direction @ per dQ,
with n = 0 referring to the external sources. Then

x(rEQ) = «rEQ) , (3.23)
x(rEQ) = [ dE' [ 40 4 (rEQICHE~EQ—Q) (n =12..). (3.24)

and
Va(RER) = [ di' T(Er—r)x._(F.ED) (n =12,.) . (3.25)

The Monte Carlo method simulates an "analog” random walk process governcd by the above equa-
tions. This process is created in a computer code by random variable techniques in which r, E, and Q
are randomly chosen (sampled) from the source, transport, and collision kernels in a manner that
mathematically simulates the physical properties of the particles. The initial position, energy, and
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direction of a source particle are selected from the source density x,(r,E,Q). Then the source particle is
transported to its first collision site by the transport kernel T. At the collision site the collision kernel C
is sampled to identify the interaction type and, if a scattering event occurs, a new direction and energy
are selected. Then the distance to the next collision is determined from the transport kernel. This
"analog" process is repeated until the particle is absorbed or leaves the system. Quantities such as the
number of collisions ocevrring in particular regions of interest are tabulated during the process, and
estimates of responses of interest are computed. The sequence is continued until enough particles have
been sampled to reduce the statistical uncertainty in the results to an acceptable level, usually on the
order of 10% of the sample mean. The square of the uncertainty is inversely proportional to the
number of sampled particles.

For shiclded spent fuel problems, analog Monte Carlo is inadequate and inefficient in calculating
radiation responses with acceptable accuracy bucause the events of interest are usually very rare. For
example, a shield such as the body of a spent fuel cask will attenuate radiation by several orders of
magnitude. From the shiclding point of view, the particles that escape the cask are of primary interest
for radiation dose evaluation. However, the probability of recording such an event in a Monte Carlo
calculation is extremely low (<107%), and an unacceptably large number of histories is required to get
good results. For this reason, variance-reduction techniques must be employed for the thick shields typ-
ically required to protect the public and workers from spent fuel radiation.

Variance-reduction techniques are procedures for altering the analog Monte Carlo process in order
to reduce the variance of the calculated results. They are also loosely called "importance sampling® or
"biasing” techniques. The naiural distributions in the random walk are modified by some importance
function and the particle statistical weights are adjusted from the analog value of unity to remove the
bias. The purpose of variance-reduction techniques in Monte Carlo transport analyses is to improve the
efficiency of a calculation by reducing the variance of the results without increasing the computing
time. The objective is to maintain a reasonable particle population in the regions of primary interest
and control the fluctuation of statistic weight of the particles. Variance-reduction techniques are
numerous, and their implementations differ depending on the treatments of the random walk and
geometry modeling. However, a list of the more commonly used variance-reduction methods is given
here, along with a brief description of each technique.

* Saurvival biasing, also known as nonabsorption weighting, prohibits the absorption of particles at col-
lision sites. Instead, the statistical weight of a particle is reduced to account for absorption. Sur-
vival biasing is a standard procedure or option in most Monte Carlo codes.

¢ Splitting and Russian roulette arc typically used in combination and help to regulate the particle
population and/or the associated statistical weight so that a sufficient number of particles reach the
important regions of the system without a large dispersion in weights.

* Path-length stretching biases the transport kernel so that the path lengths to new collision sites are
stretched in a specified preferential direction (towards the response locations) and shrunk in the
opposite direction.

¢ Collision-biasing alters the collision kernel so that the energy and/or direction from a collision are
selected so as to increase the particle population at preferred energies or directions. This variaace-
reduction technique has not been used widely because of the difficulty in implementation and choice
of biased distributions,

* Source biasing is one of the most effective and easily applied variance-reducing techniques available.
Energy, angle, and position of source particles can be biased, in combination or separately, to
improve the ultimate results.
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In applying variance-reduction techniques, the analyst is required to specify the importance (biasing)
functions that will hopefully direct particles toward those regions of phase space (position, energy, and
direction) which contribute most to the desired results. Theoretically, the adjoint flux is a good. if not
optimum, choice of importance function for Monte Carlo bissing.>!' From a practical standpoint, how-
ever, calculation of the adjoint flux and subsequent selection from the biased distributions usually
require more computational expense than an unbiased solution to the original problem. Therefore, in
order to achieve a reduction in the cost of the calculation, this optimal biasing function must be approx-
imated.

When a spent fuel cask is analyzed by Monte Carlo, the goal of biasing is to increase the propaga-
tion of radiation particles toward the outside of the cask so that better estimates of exterior doses can
be obtained. Spent fuel casks generally have long cylindrical shapes, and the characteristics of particle
transport radially and axially may be drastically differeat due to the geometry, the shielding materiale,
and possibly the radiation streaming in the fuel. Because of these complications, it is difficult to effec-
tively bias particles simultaneously toward all three surfaces of a cask. Hence, separate Monte Carlo
calculations with different biasing objectives are recommended for radial and axial external detectors.
For radial detectors, the particle random walk should be biased radially toward the side of a cask. For
axial detectors, the particle random walk should be biased axially from the midplane and toward the
top or bottom surfaces. For spent fuel cask problems, a systematic approach has been developed to bias
a Monte Carlo shielding calculation using adjoint functions derived from an adjoint S, calculation with
a one-dimensional model of the cask.'? In this approach, the particle random walk is biased cither radi-
ally or axially, depending on the detector locutions, and separate Monte Carlo calculations are per-
formed for radial and axial detectors.

The process of extracting response information from particles and their statistical weights is known
as estimation. Generally, there are two types of estimations (or estimators): analog ard statistical. In
analog estimation, particies must reach the detector and/or have collisions inside the detector. There-
fore, the computed response is based on particle interactions with the detector by crossing detector
bour.daries or having collisions inside the detector. In statistical estimation, particles do not reach the
detector. Rather the probability of each particle arriving at the detector is calculated and the responses
are then computed. In a sense, particles are statistically transported to the detector in order to compute
the desired responses. To obtain results for a point detector, one must use statistical estimation since
the chance of any particle intersecting the point detector is infinitesimally small. When using (statisti-
cal) point detector estimation, one must be sure that no detectors are inside or close to (less than about
2 cm) any scattering material. This is because of the 1/r? factor in the response where r is the dis-
tance between the detector and the scattering point.  Although there are remedies to this
shortcoming,'* '8 it is advisable to avoid the 1/r? singularity when possible.

The primary advantage of Monte Carlo over deterministic methods has been its ability to accurately
model complex, three-dimensional geometries without having to employ approximate techniques. The
primary disadvantages of the Monte Carlo method are that (1) it is a stochastic method which intro-
duces statistical uncertainty in the results and (2) only selected integral responses arc typically
evaluated as opposed to distributions. And just as discrete ordinates codes require a certain amount of
expertise to define an appropriate spatial and angular mesh, Monte Carlo codes requirc expertise in
specifying biasing parameters, specifying response estimators, and interpreting the results.

In theory, Monte Carlo methods provide a convenient means for treating space, energy, and angular
dependence in a continuous fashion. In practice, however, the energy and angular dependence is often
treated in a discrete fashion. Historically, this arises from the fact that the cross-section data sets were
being prepared in a multigroup format for use in discrete ordinaies codes. But, unlike the set of dis-
crete directions fixed in space in the discrete ordinates method, only the scattering angle u, is discrete
in multigroup Monte Carlo codes, and it is different for each group-to-group transfer. Thus, after
several collisions the angular distribution of particle directions is continuous. Some problems may not
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be treated well by this approach, including situations with little multiple scattering or highly direction-
ally dependent external sources. For this and other reasens, Monte Carlo codes that use “point” cross-
section data and continuous scattering kinematics are again gaining in populiarity.

3.4, POINT KERNEL METHOD

Unlike the last two methods, the point kernel methed is an approximate but very inexpensive
approach for evaluating photon responses in shielding analyses. The relative value of the point kernel
methcd in modern shielding calculations is a matter of individual opinion. Those accustomed to using
the more sophisticated methods point to its limitations and lack of rigor. However, the method is still
successfully applied by many analysts for both design and safety analysis work. Experience has shown
that this method is useful and provides fairly good results for gamma radiation when correctly applied,
but it cannot be used to solve all shielding problems.

The basic concept of the method is quite elementary and is based on the kernel, which is a Green's
function, between the source and detector points. For distributed sources, the total response is calcu-
lated by summing the kernel from each clementary portion of the source. The kernel is constructed by
considering the uncollided flux from a point isotropic source with energy E and strength s(E) in a
homogeneous medium. The uncollided flux is

"IN (3.26)

Jr.E) = s(E
¢.(r.E) s()“w2

where r is the distance from the source. This formula accounts only for the particles of a specific
source energy which arrive at the detector point having experienced no interaction with the medium.
There will also be particles arriving at the point having reduced energies caused by cither single or mul-
tiple scattering. A buildup factor is introduced to include this scattered portion of the flux density.
Hence, the total flux density can be written as

-Z(En

#rE) = B(ZrE)(LE) = BZrEBE)S—r | (3.27)
4xr

where B is the buildup factor, which is a function of material, energy, and distance in mean free paths.
{n shielding analysis, quantities such as dose rate, kerma factors, and energy absorption are usualiy the
desired responses. Therefore, buildup factors have been determined for these quantities for the common
shielding materials. For example, the total dese rate from a point source of energy E is given by

- Z(Ex (3.78)

D(rE) = BAZrEN(E) - |
4xr

where By is the dose buildup factor.

In practice, the radiation source often comprises a volume or surface. Point-kernel codes generate a
mesh of source "points” within th: source region and integrate over the source region to obtain the total
dose. Integration is formed via numerical quadrature or stochastic proceuses.

Point-kernel codes are of two classes: (1) those that provide the dose on direct line-of-sight att~nua-
tion from source to detector. and (2) those that allow consiCeration of a single-scatier source. Most
single-scatter codes also provide the direct line-of-sight dose contribution. The single-scatter techniques
are useful for skyshine problems or for consideration of potential scatter “around” a finite shield.
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Values of the buildup factor are determined from experiments and transport theory calculations that
arc based on assuming an infinite homogeneous shicld. They are given directly or as coefficients and
parameters for fitting functions that facilitate their use. Onc of the most used forms of the buildup fac-
tor is the Taylor form. Others are the Berger form and the geometric progression form. The reader is
referred to the text by Chilton et al.2 for details on application of the point kernel method and buildup
factors.

The poirt kernel method is restricted to photon transport problems. It is very seldom used for neu-
trons because the neutron cross section generally is a rapidly changing function of energy and nuclide,
and no simple tabulation of buildup factors is possible. Also, point kernel results are valid only for
integrated responses. Energy-dependent results are usually inappropriate.

The method has been implemented in a large number of computer codes, most of them treating a
general three-dimensional geometry and using buildup factor data in some form. The buildup factor
data and/or coefficients for a fitting function arc usually fixed in the codes. For other materials for
which data are unavailable, an approximation must be made.

The integral number of mean free paths must be evaluated even though many materials may be
traversed between the source and detector. If this is the case, the computed dose can be in great error
because the available buildup factor data are for individual homogeneous materials. Several formulas
for combining two or more layers of mater.al are availeble, but none is employed in the commonly used
computer codes. A rule of thumb is to use the buildup factor for the material of the final layer if that
layer is several mean-free paths thick. The composite buildup factor is known to asymptotically
approach that of the final layer. Otherwise, several calculations should be made with the By for dif-
ferent materials, and the largest dose value chosen to be conservative.

The point-kernel method must be used cautiously. If the shicld is made of one solid material and
the spent fuel can be approximated as one homogeneous material, the method may give reasonable pho-
ton responses. But for shields with several layers of materials and geometric complexities that might
yield radiation streaming paths, at least one discrete ordinates or Monte Carlo calculation should be
performed to establish confidence in the point kernel method or provide correction factors for future
calculations on the same or similar designs. The method will not account for radiation scattering from
walls, ceilings, floors, or other structures external to the shield. This scattering effect will increase the
calculated dose in varying degrees depending on the proximity of these structures to the shield and dose
calculation points in question.!” The buildup factor calculated for an infinite medium, and its use in a
finite medium, may overpredict the actual result for a system in which there is no backscatter to the
detector. This effect increases for lower source energies. Again, at least one or more discrete ordinates
or Monte Carlo calculations should be made to study these effects. However, the point kernel method
is usually a reliable and inexpensive means for obtaining photon doses in simple systems consisting of a
source, solid homogeneous shield material, and point detector locations.

3.5 APPLICATION OF THE METHODS

A basic review of the principal methods used for radiation transport calculations has been provided
in Sects. 3.2-3.4 along with some comments on the advantages and disadvantages of each method.
This section attempts to briefly provide an overview of the important aspects of radiation transport cal-
culations for spent fuel shiclding problems that should be understood by the analyst. Improper atten-
tion to these areas could lead to erroneous results or mislcading conclusions. Some of the issues dis-
cussed here have already been noted in Sects. 3.2-3.4. Most of the issues will be illustrated by the
sample applications of Sect. 7.
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3.5.1. Computatiomal Model

When a shiclding design has been formulated, one of the first tasks is io determine the proper
geometric model to be employed in the analyses. For example, spent fuel casks require a number of
decisions involving the modeling detail for the cask internals and cask body areas where radiation
streaming could occur. Discrete ordinates codes typically require a homogenization of the cask inter-
nals into one or more regions. Homogenization of the radiation source region(s) over the full cask cav-
ity area is the conservative approach that yields the highest radial dose (see Sect. 7.1.2). Modeling the
source zone as a homogeneous region with the same cross-sectional area as the fuel clements can pro-
duce nonconservative radial results since the actual cask could have assemblies much closer to the cask
wall than the outer surface of the equivalent-area model. Input of an appropriate axial or radial profile
for the fuel source should also be considered. Because of the uncertainty associated with the profile and
the potential for charge between assemblies, safety analysts often use a flat profile and assume a peak-
ing factor to ensure maximum dose rates.

When concerned about axial dose rates from spent fuel, the different source zone homogenization
techniques noterd above will again vary the results depending on the relative spent fuel locations and the
type calculation (one- or two-dimensional). Of particular importance to an axial or corner dose evalua-
tion is the ®Co gamma source from the assembly end-fittings and plenum regions. Although the total
cource in these hardware regions is low in comparison to the fuel region, they can be of major signifi-
cance to the doses from spent fuel casks because (1) the homogenized hardware regions consist of low-
density light element materials that provide virtually no self-shielding (as opposed to the fuel region

where self-shielding is significant), and (2) the hardware regions are very near the end walls of the
cask.

As noted above, the code selected for the analysis can limit the level of modeling detail allowed.
The geometry packages available in Monte Carlo codes allow far more geometric detail to be included
in the computational model than discrete ordinates codes. There are situstions where the geometric
detail of the shield, source region, or surrounding environs can be important to the evaluated dose.

Another aspect of the computational model development for discrete ordinstes codes lies with the
specification of the discrete angles and spatial mesh. For example, for onc-dimersional anlaysis an
angular quadrature less than Sg or a spatial mesh larger than that recommended in Sect. 3.2 can result
in the calculation of nonconservative dose rates.'® For all important energy groups, it is desirable for
the flux to not change more than about 30% from one mesh interval to the next. For all multigroup
codes, the selection of an appropriate cross-section energy group structure is also required. Improper
energy group detail in important energy ranges can lead to erroneous results. Employing too few or
inappropriat= energy groups can sharply deteriorate the reliability of the calculations.'®

As noted in Sect. 3.2, “ray ecffects® are often scen in discrete ordinates calculations involving the
transport of radiation from localized sources through low-density (¢.g., air) regions. The use of auxili-
ary codes and the proper selection of the spatial mesh and angular quadrature help to mitigate these
effects. Calculation of fluxes more than a meter or so from a cask or transport of radiation from spent
fuel within a large hot cell could be unreliable unless ray effects are removed.

3.5.2. Conmsideration of the Physics

Erroneous results can be produced if the radiation transport code and cross sections employed are
not suitable for the physics of the applied problem or if the user does not adequately understand the
physics of the problem. A prime example as illustrated in Sect. 7.2.3 is the sensitivity of the dose
results to the selected cross-section set and/or group structure (also see Sect. 4). A good code vusing
poor cross sections will yield poor results. For deep-penetration problems where the flux attenuation is
between 10** and 10*7, it can be easily illustrated that the uncertainty in the surface flux or dose is at
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least an order of magmitwde greater than the cross-section uncertainty.®2' Other areas that need to be
considered prior to their dismissal from an analysis is (1) the effect of neutron und secondary gamma
doses, (2) scattered radiation from the surroundings (e.g., the ground, nearby structural walls or build-
ings), and (3) the importance of subcritical multiplication to radiation doses for both wet and dry confi-
gurations.

For 10-year-old-cooled fuel it is often thought that the ncutron and secondary gamma contribution
is relatively small. However, cask designs exist where the secondary gamma dose accounts for 85% of
the total gamma dosc even though the neutron source is a factor of 10*7 smaller than the gamma
source. This is caused by having an e¢ffective primary gamma shicld followed by a neutron shield that
produces the secondary gammas via neutron capture. Different source characteristics and/or different
cask designs can cause primary gamma rays to dominate. In either case, the role of both neutrons and
secondary gammas to the total dose becomes increasingly important for high burnup speat fuel. The
gamma dose contribution from secondary gamma rays is not provided by point kernel codes.

Consideration of increased dose rates due to scatter from the ground, air, or adjacent noanshielding
structures could be of prime importance from an operational and/or ALARA analysis viewpoint. This
scattered radiation can significantly incresse the dose over that coming directly from the shield. How-
ever, consideration of this possible contribution can also greatly increase the complexity of the
geometric model and the calculational time of the analysis. Also, point kernel codes may be unreliable
in situations where scattered radiation beyond the shield or returned from the shield (e.g., within a hot
cell) is important.

Another contributor to the total dose that is sometimes overlooked is the neutrons generated from
subcritical multiplication. Even for dry systems, the dose due to subcritical multiplication can be >25%
of the total neutron dose. The radiation dosc importance increases with the value of k-effective and, as
the importance of the fission source grows, so does the importance of being sure an accurate k-effective
value is obtained and usd for the analysis (sce Sect. 7.1.3). If k-cffective is calculated within the
shiclding analaysis itself, an appropriate geometry model and cross-section set musi be used.

Finally, an inexperienced analyst needs to exercise a good deal of caution in performing decp pene-
tration shiclding analyses with Monte Carlo codes. Attempting nonbiased (analog) Monte Carlo for
deep penetration analyses will result in expensive calculations with very high statistical uncertsinty.
However, performing the amalysis with imeflective biasing parameters cas likewise lead to imsccurate
resuits even if the statistical uncertaimty is low. Thus, one must have an effective scheme for obtaining
biasing parameters and then also be able to determine the adequacy of the dose results from s review of
the output provided by the code.
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4. SHIELDING ANALYSIS DATA

The primary purpose of this section is to inform the user about the basics of shielding analysis data.
particularly cross sections, to summarize the current state of affairs, and to suggest to users that pru-
dence is advised in the selection of an approach to obtaining data for spent fuel transport/storage
applications.

4.1. TYPES OF CROSS-SECTION DATA LIBRARIES
4.1.1. Evalmated Cross-Section Data

In the United States there has been a continuing effort for about 20 years 1o prepare a cross-section
library that provides evaluated data that meet the requirements for solving radiation transport problems
for a wide rapge of applications. The resulting library is called the Evaluated Nuclear Data File
(ENDF/B). The format for the data is described in ref. I, and the current version of the library is
ENDF/B-V2

Generally data are tabulated as ¢nergy, cross-section pairs on a fine encrgy gnid. Cross-section
values between the tabulated points can be obtained by interpolation laws that are also given for the
entire grid. The mterpolation is usually log-log or linear-linear, but the evaluator, the person responsi-
ble for recommending what data are appropriate, can choose from several iaterpolation schemes to
describe the cnergy dependence. The evaluztor considers all available experimental data and supple-
ments the measurements with nuclear model calculations. The final product, the “evaluation,” provides
a unique specification of the cross sections for a given element over the energy range from 1.0E-5 eV to
20.0 MeV.

It is a requirement of ENDF/B that the partial cross sections must sum to the total at every energy
point. The evaluator may use parameters to represent the total, elastic, capture, and, if appropriate, the
fission cross sections for isotopes with a great deal of structure or resonances. Angular distributions of
secondary neutrons from elastic and inclastic scattering and other reactions can be tabulated (at
incident neutron energics) as a function of scattering angle cosine or represented as Legendre
expansions.

A data testing program is undertaken prior to the release of a new version of ENDF/B, and various
subcommittees must approve the results of calculations versus a saries of experimental benchmarks. For
ENDF/B-V, the disciplines covered were fast reactor, thermal reactor, shielding, fission products, and
dosimetry.> While all have some relevance to spent fuel casks, no specific benchmarks of that type are
inciuded in the CSEWG compilation.*

In addition to ENDF/B, there are several other useful evaluated cross-section libraries. These
include the Livermore Evaluated Nuclear Data Library (LENDL),® the Karlsruhe Evaluated Library
(KEDAK),S the United Kingdom Nuclear Data Library (UKNDL),” the Japznese Evaluated Nuclear
Data Library (JENDL).® and two recent efforts, the Joint Evaluated File (JEF) and the European
Fusion File (EFF).

The National Nuclear Data Center at Brookhaven National Laboratory distributes the official
ENDF /B evaluated data library in the United States. The Radiation Shielding Information Center
(RSIC) at Oak Ridge National Laboratory distributes other evaluated data and, more importantly, all
the processed cross-section data used for radiation transport calculations.
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In order to be adequate for “shielding® applications, an evaluation for a given isotope must also
include photon production data. The ENDF/B-V versior. does have a reasonable proportion of isotopes
with photon production data, but there are a few exceptions. In those situations, it is usually most con-
venient to use the LENDL library because all of its entries have photon production data.

Photon interaction data are very well known in comparison to neutron and photon production data.
Photon interaction data for atomic numbers 1-100 appear together on a single evaluated library.!® The
current ENDF/B-V library has no photoneutron production data so there need be no connection of pho-
ton interaction to neutron data.

4.1.2. Multigrosp Crass-Section Data

As was mentioned ia Sect. 3.2, the type of data used for analysis of radiation transport by the dis-
crete ordinates methods is “multigroup.” One of the main advantages of multigroup data is that the
Monte Carlo (three-dimensional) codes are able to use the same sets of multigroup data as used in
one-dimensional and two-dimersional discrete ordinates calculations. This feature makes comparisons
of results on a common energy grid possible and allows the direct coupling of discrete ordinates and
Monte Carlo calculations. Another aZvantage is the ability to easily perform adjoint calculations, a
great difficulty for point Monte Carlo. Many proble.ns, such as those with a large external source
region or a small concentrated detector region, arc more amenable to solution in the adjoint mode.

Often, however, an analyst simply uses the same set of multigroup cross sections in ali calculations,
even though the source, geometry, and material compositions may be quite different. There are many
pitfalls to this approach, and some will be znumerated later in this section. For most analyses, con-
sideration should be given to the importance of resonance self-shielding, final energy-group structure
and collapsing procedure, and temperature correction of the group-averaged cross sections.

As will be described in more detail in Sect. 4.2, a user typically chooses a library from an array of
available multigroup cross-section libraries already prepared by other analysts. These available libraries
may be application-dependent or pseudo-application independent libraries. The former must be used
with great care since they were likely developed for a different application and cannot be further pro-
cessed to be suitable for the given task. The latter allow correction for temperature and resonance self-
shielding effects and can be tailored to the problem at hand. Naturally the analyst must have at hand
the appropriate calculational tools to perform this additional processing for the given application.

As noted in Sect. 3.2, a multigroup cross section is obtained by performing a weighted average of
the "true” cross section over the energy limits of the group. The average is typically done to preserve
the reaction rate over the energy range of the group. Hence, for this si*:ation the definition of a group
cross section, o, is usually expressed as

! (4.1)
= — | dE E
0 = SUEAEINE)

where ¢(E) is the flux density at energy E, o(E) is the cross section at E, and ¢, is the integral of the
flux over the energy limits of the group.

It is implied in Eq. (4.1) that the flux is a known quantity. Of course if the flux were already
known for a given problem, there would be no need to run a radiation transport code to calculate it! In
all calculations of multigroup cross sections, the flux is approximated with a "weighting" function,



W(E), that is expected to have a spatial-averaged energy and dependence that is close to that for the
problem to be solved. The expression of Eq. (4.1) is therefore approximated as

- (4.2)
% = W, [dE/E)W(E) .

Thus, an additional "parameter”™ that determines the application range of a given library is the choice of
W(E) used to generate the library.

The quantity oE) in Eq. (4.2) is the energy-dependent cross section. The best estimate for this
function is found in the evaluated cross-section libraries discussed in Sect. 4.1.1.

4.1.3 Point Cross-Section Data

There are cross-section libraries that are known as “point® libraries because the data contained
therein are represented by cross sections tabulated at a large number of energy points. These have been
processed from the evaluated libraries into forms suitable for further processing into multigroup form or
for direct use in a transport code, primarily of the Monte Carlo type.

For a "point® Monte Carlo library, the data typically are represented by values tabulated at energy
points selected such that interpolation between points y-elds values acceptably close to the original
evaluated data. Since an evaluated data file for an isotope such as iron may require up to 5000 energy
points to represent the total cross section over the energy range from 1073 eV to 20.0 MeV, the point
approach involves extensive cross-section data files. The scattering angular distributions are typically
represented in a point fashion such that for a given incider:t particle energy, the scattering kernel is res-
tructured so that values are tabulated at a fixed number (e.g., 30) of equally probable cosine values,
making the selection of scattering directions very fast. Of course, use of point libraries avoids having to
determine an zppropriate weighting function W(E) [see Eq. (4.2)] which is a potential problem associ-
ated with multizroup libraries.

Point libraries are typically designed for a particular transport program and are often included in
the code package. Multigroup data can often be used in several types of transport codes a.id as a result
there are many more multigroup data packages available.

4.2. PROCESSING CODES

Computer codes or, in some cases, code systerns are available for processing the evaluated data into
point or multigroup form. Thesc are distributeC from the Radiation Shielding Information Center
(RSIC) as part of the collection of Peripheral Shiclding Routines (PSR).!" There are a variety avail-
able to the ambitious user who wishes to get into the cross-section processing business. Many of the
point and multigroup libraries used in current radiation transport calculations in the United States have
been generated using PSR-63/AMPX-I1,'2 PSR-105/MINX," or PSR-171/NJOY-IL.'* The resonance
treatment in AMPX-I{ is the Nordheim Integral Treatment' available via the NITAWL module. The
MINX and NJOY programs utilize the Bondarenko'® method for resonance self-shielding and tempera-
ture correction.

Some installations maintain independent processing systems in-house, but this practice has dwindled
in recent years due to decreasing budgets and the general availability of systems such as those listed
above. To maintain a processing system is a big chore and most analysts prefer to rely on using multi-
group libraries generated by others or, in the case of point Monte Carlo, those provided with the codes.
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RSIC has acquired, generated. and packaged data libraries as part of its Data Library Collection
(DLC)"" since the late 1960s. These have proved to be popular and useful over the years. Until the
late 1970s, the majority of such libraries were inflexible in that they had been generated for a specific
project at a fixed temperature and composition, often at infinite dilution (no consideration of self-
absorption by the processed nuclide).

4.3. APPROACHES TO USING MULTIGROUP CROSS SECTIONS
4.3.1. Application-Dependent Libraries

A broad-group, application-dependent library is normally ready for direct input into a radiation
transport code and are therefore often referced to as "working” libraries. These libraries typically are in
ANISN (after the code, see ref. 18) or, more generally, discrete ordinates format. It is recommended
that such libraries, which are normally transmitted to users in card image format, be c-averted to
unformatted or “binary” form. A DLC package includes a handling code that will do the conversion.
Useful ANISN library manipulations, can be performed using programs such as PSR-48/ALCI'? or
PSR-75/AXMIX.?® The latter can also be used to mix macroscopic cross sections prior to their input
into a multigroup code.

A fine-group ANISN-type library can be used directly unce binary conversion is done. 1t is likely,
however, that a collapse to a smaller number of groups would be performed prior to its use in a multi-
group transport code. If an appropriate spectrum is known, such a collapse can be done using the
AMPX module COMMAND. The weighting spectrum and the description of the “few-group® structure
are required input to COMMAND.

Such a spectrum is usually determined ov using results from a one-dimensional discrete ordinates
calculation. A one-dimensional model of the true geometry of the problem would be devised, and
several runs would be performed. If the spectrum in the system shows dramatic variation from zone to
zone, it may be prudent to perform several collapses to specify appropriate cross sections for the entire
problem. [t is possible that a given problem would require several different sets of cross sections for the
same material if the material is present in several different zones.

It is not necessary to save the zone-dependent spectral results to be used as input to a code like
COMMAND because discrete ordinates codes offer various types of cross-section collapsing options
that may be suntable. Thus, one output of such a run could be a coilapsed cross-section library in
ANISN format ready for subsequent use.

Using an application-dependent library, broad- or fine-group, is relatively straightforward. Using a
library in “flexible” format (e. g., the AMPX master library format) is more involved, but can offer dis-
tinct advantages in making the library more independent of a specific application.

4.3.2. Application-Independent Libraries

The libraries in AMPX, CCCC, or MATXS formats offer the user a great deal of controt over the
choice of cross sections for a given problem. Essentially all data that were on the original evaluated
data set are present on an AMPX master library, for example. Most importantly, especially if the
library has many groups, the user can derive application-dependent sets for different uses (see
Sect. 5.3.2 for some examples of the variety of libraries that have been derived from the VITAMIN-C
fine-group library?').  All this flexibility has a price, of course. However, the price 15 not as dear as
that of getting into the business of processing cross sections directly from ENDF/B.

The Controlled Thermonuclear Reactor (CTR) standard blanket sample problem. shown in
Fig. 4.1, demonstrates the coupling of neutron and photon production cross sections and energy group
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Fig. 4.1. The CTR standard blanket sample problem for DLC-41/VITAMIN-C demonstrating
tue use of AMPX modules to produce a coupled cross-section library for transpoit calculations.
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collapsing. The various types of AMPX cross-section libreries involved in this process are given in
shorthand notation. The running times on an IBM-360/91 for various parts of the calculation are sum-
marized in Table 4.1. Note that the major task was the convers.on from card image to binary form. It
should be noted that the conversion task needs to be done one time and does not have to be repeated for
cach problem.

Table 4.1. Running times, region, and 1/O requirements for solving the
CTR standard blanket sample problem in DLC-41/VITAMIN-C

CTR Total Individual

standard Maximum

blanket Name region 1/O*  Time Code Region [/0* Time

Job 1 1JB3ISAMP 270K 20 lj&2m AIM 270K 5 1.76 m
AIM 270K k! 1.23 m
CHOX 270K 12 25s

Job 2 1JB4ASAMP 310K I 101 m RADE 300K 5 28s
DIAL 268K 2 10s
MALOCS 310K 4 23s

Job 3 1JBSSAMP 420K 18 394 m NITAWL 410K 7 S4s
XSDRNPM 420K 11 303 m

Job 4 1JBSASAM 308K 16 4235 m GIP 236K 7 26s
ANISN 308K 9 380 m

*In thousands.

The developers of SCALE?? have produced broad-group, pscudo-application-independent libraries
for distribution with their system. This approach allows the analyst to perform a problem-dependent
resonance treatment and temperature correction on these libraries (via the NITAWL or BONAMI
modules of both the AMPX and SCALE systems) prior to their use in a radiation transport code. Of
course the original collapse from an AMPX fine-group library uses a weighting spectrum W(E) that
may or may not be optimal for the application at hand.

4.4. RESPONSE DATA

Normally, the radiation environment is first calculated in terms of particle flux and then trans!aied
via response functions to personnel exposure, heat generation, material damage, etc. The response func-
tion may be a single conversion factor that is multiplied by the total flux to obtain the total response.
More often, the response is a functici of energy and is multiplied by the group-wise neutron or
gamma-ray flux and summed over groups to yield the total response. In cither case, inaccuracies or
uncertainties in the response data relate directly to uncertainties in the final answer

In reviewing response data, it is important to distinguish between microscopic quantities such as
absorbed dose, energy deposition, and atom displacements, and macroscopic consequences such as
human illness, metal fracture, and electronic component failure. In general, microscopic response func-
tions arc known reasonably well, perhaps in the range of 5 to 20%, while macroscopic responses may
vary by orders of magnitude. Therefore, the two classes of data will be addressed separately.
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Microscopic response data most applicable to spent fuel transport, storage, and handling are kerma
and absorbed dose. These response functions are typically derived from basic ENDF data, and reflect a
similar level of accuracy. Some additional uncertainty arises from the exclusion of minor but contribut-
ing reactions, or from over-simplification of the geometric mudels used to compute energy dennaition or
absorbed dose. However, the combined uncertainties of the nuclear data and the approximations used
in constructing the responsc functions appear acceptably small and do not typically require special
attention. Kerma responses are available from the International Commission on Radiation Units and
Measurements (ICRU)* and from the MACKLIB-IV response library.” Dose response functions are
available from a variety of sources, and are often included in multigroup cross-section librarizs available
from RSIC. The most commonly used flux-to-dose conversion factors used in recent years are those
from ANSI/ANS 6.1.1-1977.% This ANSI standard provides polynomial coefficients for an analytic
fit of the conversion factors as a function of energy. This format allows conversion factors to be easily
generated for any selected group format. However, it should be noted that a recent ICRU study?
recommends an increase in the neutron quality factor (and hence flux-to-dose conversion factors) of
approximately a factor of 2.

By contrast, damage or failure-type data are considered highly uncertain. This appears tc be due to
cither the lack of understanding of the complex mechanisms involved or the lack of empirical data.
Also, the nature or severity of the consequence may depend on the surrounding environment and the
pre/vost-irradiation history of the particular material. Healing effects in the human body and anneal-
ing cffects in many materials further complicate the accurate characterization of macroscopic responses.

Damage responses most applicable to storage and handling of spent fuel are human tissue damage,
metal component damage (embrittiement, swelling, fracture), organic/synthetic material damage
(embrittiement, softening), and optical component darkening (hot cell windows). Of these, human tis-
sue damage warrants perhaps the least concern since Federal regulations require sufficiently conserva-
tive design limits (in terms of dose) to reasonably preclude the possibility of an observable response
(cancer, leukemia, etc.). Therefore, the large uncertainties associated with these responses do not
directly impact the shield designer,

Metal component damage also appears to be of little concern since tne dominant damage mechan-
isms are primarily ncutron-induced. A conservative design criicrion used in light-water reactor systems
is that load-bearing components must not exceed a neutron exposure of 102! cm ™2 A neutron source of
2 x 10" s™! corresponds to about 30 typical PWR spent fuel assemblies (see Fig. 2.1) and assuming
the entire source is concentrated in a 1-m-diam cylinder would give a yearly exposure to the cylinder
(c.g., a cask) on the order of 2 x 10" cm™2, which would correspond to a lifetime of S0 million years.

Organic and synthetic materials will be present in casks and hot cells in the various seals, impact
limiters, and insulators used. A summary of the radiation tolerance of many polymers and clastomers
indicates that most of these materials experience an almost continuous degradation of physical proper-
ties over the exposure range of 10 to 10'® rads. This information has been mostly obtained from actual
irradiation of material samples and is accurate for the specific test conditions. However, large uncer-
tainties 2rise from extrapolating the test data to other materials and to other conditions such as tem-
perature, humidity, and material stresses.

Radiation darkening of glass within the MRS hot cells will present some concern, especially regard-
ing optical components in the visual surveillance equipment. Fortunately, the damage response is fairly
well characterized, so long as the glass composition and impurities are accurately known.
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4.5. SOURCES OF BUILDUP FACTOR DATA

Approximate methods for the calculation of the transport of primary photons are frequently
emploved. and these methods often require the usc of buildup factors (see Sect. 3.4). Values of the
buildup factor are determined from experim=nts and transport theory calculations that are based on
assuming an infinite homogeneous shield. Buildup factor data are also available as coefficients and
parameters for fitting functions which facilitate their use. One of the most used forms, the Taylor
form, is a sum of exponentials which allows the buildup factor to be easily combined with the exponen-
tial transport kernel. The equations can be integrated analytically over source surfaces or velumes of
simple shape.

The point kernel, or kernel integration, method is used almost exclusively for photons. It is very sei-
dom used for neutrons because the neutron cross section generally is a rapidly changing function of
energy and nuclide, and no simple tabulation of buildup factors would be possible. The method has
been implemented in a large number of computer codes, most of them treating a general three-
dimensional geometry and using buildup factor data in some form. The buildup factor data can be
stored in a table. Interpolated values for use in a numerical integration or coefficients for a fitting
function can be stored. The coefficients apply to the various shiclding materials and source energies.
The argument cf the buildup factor is the number of mean free paths, x, between the source poin. and
the “detector.” The number of mean free paths (mfp) can be evaluated even though many materials
may be traversed between the source and detector. However, as noted in Sect. 3.4, this situation can
cause the computed dose to be in great error because the available buildup factor data are for particu-
lar homogeneous matenals.

Two of the more popular forms for buildup factors are the Taylor representation:
B(x) = Ajexpla;x) + Agexp(—ax) ,
where A|. A, a,, and a; are empirical constants and A; = 1 — A, and the Berger form:
B(x) = 1 + Cx[exp(Dx)],

where C and D arc empirical constants. A relatively new form, with remarkable ability to accurately
reproduce transport theory results even for low energy and low ztomic number (where other functions
fail to fit accurately), is the geometric progression (G-P) form:

I+ (b—IXK*=1)/(K—1) for K # 1
B(Ex) =
I + (b—1)x for K =1,

K(x) = cx* + d*[anh(x/X;—2) — tanh(—2)}/{1 — tanh(-~2)] ,

where x is the source-detector distance in mfp, b is the value of the buildup factor at 1 mfp, and K is
the multiplication per mfp. The second equation represents the dependence of K on x, while a, ¢, d,
and X, are fitting parameters which depend on source energy.

An American Nuclear Socicty Standards Working Group, ANS-6.4.3, is developing a set of
¢valuated gamma-ray isotropic point-source buildup factors and attenuation faciors for a standard refer-
enc~ data base.?® A largely unpublished set of buildup factors calculated with the moments method at
the Naticnal Bureau of Standards is being evaluated by recalculating key values with Monte Carlo,
integral transport, and discrete ordinates methods. This 1985 data base is being reduced using the
S-parameter (;-P fitting function and 1s being incorporated into several point kernel codes.
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4.6. CONCLUSIONS

The radiation transport analyst should bear in mind the pitfalls of using the same broad-group
library for every project. Experience will help to indicate when caution should be employed. The avai-
lability of libraries that allow the derivation of problem-dependent sets gives the analyst the tools
needed to do the job properly.

In Sect. 7 some assessmeni studies are described that employ many of the libraries discussed in this
section. Results indicated that additional work is warranted to be able to develop ready-to-use cross-
section libraries for spent fuel cask analyses.

Improved buildup factor data have recently become available and need to be utilized within existing
point kernel codes.

4.7 REFERENCES

1. R. Kinsey and B. A. Magurno, eds., Data Formats and Procedures for the Evaluated Nuclear
Data File, ENDF/B-V, BNL-NCS-50496(ENDF-102) 2nd Ed., Brookhaven National Laboratory
(revised 1983).

2. R. Kinsey, comp., ENDF/B Summary Documentation, BNL-NCS-17541(ENDF-201), 3rd. Ed.,
Brookhaven National Laboratory (ENDF/B-V) (1979).

3. C. R. Weishin et al, Benchmark Testing of ENDF/B-V, BNL-NCS-31531 (ENDF-311),
Brookhaven National Laboratory, August 1982.

4. Cross-Section Evaluation Working Group Benchmark Specifications, BNL 19302 (ENDF-202),
Brookhaven National Laboratory, January 1981.

5. R. J. Howerton and M. H. MacGregor, The LLL Evaluated Nuclear Data Library (ENDL):
Description of Individual Evaluations for Z=(0-98, UCRL-50400, Vol. 15, May 1978.

6. J. J. Schmidt, The KFK Nuclear Data Library, KFK-120, Kernforschungszentrum Karlsruhe
GmbH, 1962.

7. J. S. Story and R. W. Smith, "The 1981 Edition of the United Kingdom Nuclear Data Library - A
Status Summary,” Informal Notes, September 1981.

8. S. Igarasi et al., Japanese Evaluated Nuclear Data Library. Version 1, JAERI 1261, Japan
Atomic Energv Research Institute, March 1979.

9. J. Rowlauds and N. Tubbs, "The Joint Evaluated File: A New Data Resource for Reactor Calcula-
tions,” Published in Proceedings of The International Conference on Nuclear Data for Basic and
Applied Science”, May 13-17, 1985, Santa Fe.

10. J. H. Hubbell et al., "Pair, Triplet, and Totzl Atomic Cross Sections for | MeV-100 GeV Photons
in Elements Z=1 to 100," J. Phys. Chem. Ref. Data 9, 1023 (1980).

11. B. F. Maskewitz, Absiracts of the Peripheral Shielding Routines Assembled by the Radiation
Shielding Information Center, ORNL-RSIC-31, Union Carbide Corp., Nuclear Division, Oak
Ridge Natl. Lab., 1970.

12. N. M. Greene et al., AMPX: A Modular Code System for Generating Coupled Neutron-Gamma
Libraries from ENDF/B, ORNL/TM-3706, Union Carbide Corp., Nuclear Division, Oak Ridge
Natl. Lab., 1976.

13. C. R. Weishin et al., MINX A Multigroup Interpretation of Nuclear Cross Sections, LA-
6486-MS, Los Alamos Nationa. _aboratory, 1976.




19.

20.

21.

22.

23.

24.

25.

26.

27

28.

42

R. E. MacFarlane et al., The NJCY Nuclear Data Processing System, Vol. I: User's Manual,
LA-9303-M, Los Alamos National Laboratory, May 1982,

. L. W. Nordheim, "The Theory of Resonance Absorption,” Proc. Symp. App. Math. X1, 58, G. Bir-

khoff and E. Wigner, eds., Amer. Math. Soc., 1961.

1. 1. Bondarenko, ed..,"Group Constants for Nuclear Reactor Calculations,” Consultants Bureau,
New York, 1964.

. R. W. Roussin, Abstracts of the Data Library Packages Assembled by RSIC. ORNL-RSIC-30,

Union Carbide Corp., Nuclear Division, Oak Ridge Natl. Lab., March 1972.

Ward W. Engle, Jr., A User's Manual for ANISN, A One-Dimensional Discrete Ordinates Tran-
sport Code With Anisotropic Scattering, K-1693, Union Carbide Corporation, Nuclear Division,
Oak Ridge Gascous Diffusion Plant, March 30, 1967.

W. A. Rhoades, The ALCI Program for Cross-Section Library Managemen:, ORNL-TM-4015,
Union Carbide Corp., Nuclear Division, Oak Ridge Natl. Lab., 1972,

G. C. Haynes, The AXMIX Program for Cross-Section Mixing and Librarv Arrangemeni,
ORNL/TM-5295, Union Carbide Corp., Nuclear Division, Oak Ridge Natl. Lab., 1974.

R. W. Roussin et al., VITAMIN-C: The CTR Processed Multigroup Cross-Section Library for
Neutronics Studies, ORNL/RSIC-37 (ENDF-296), Union Carbide Corporation, Nuclear Division,
Oak Ridge Natl. Lab., July 1980.

SCALE: A Modular Code System for Performing Standardized Computer Analyses for Licensing
Evaluation, Vols. I-3, NUREG/CR-0200, U.S. Nuclear Regulatory Commission (originally issued
July 1980, reissued January 1982, Revision | issued July 1982, Revision 2 issued June 1983, Revi-
sion 3 issued December 1984).

D. T. Ingersoll, Survey of Shielding Data and Methods for Nuclear Fuel Reprocessing Applica-
tions, ORNL/TM-8785, Union Carbide Coip., Nuclear Division, Oak Ridge Natl. Lab., March
1984.

Neutron Dosimetry for Biology and Medicine, ICRU-26, International Commission on Radiation
Units and Measurements, Washington, DC, January 1977.

Y. Gohar and M. A. Abdou, MACKLIB-1V, A Library of Nuclear Response Functiors Generated
With the MACK-1Y Computer Program From ENDF/B-IV, ANL/FPP/TM-106, Argonne
National Laboratory, March 1978.

American National Standard, "Neutron and Gamma-Ray Flux-to-Dose-Rate Factors,”
ANSI/ANS-6.1.1-1977(N666). American Nuclear Society, LaGrange Park, IL, 1977.

The Quality Factor in Radiation Protection, Report of a Joint Task Group of the ICRP and the
ICRU to the ICRP and the ICRU, ICRU Report 40, 1986.

D. K. Trubey, "Standard Reference Data for Gamma-Ray Transport in Homogeneous Media,” pp.
1241-1247 in Proceedings of 6th International Conference on Radiation Shielding, Tokyo, 1983.



S. REVIEW OF CODES AND DATA

The previous sections have provided a review of the methods and techniques most often used for
predicting radiation doses from shielded spent fuel or high-level radioactive waste. This review points
out the important aspects of each component that make up a complete radiation dose evaluation: radia-
tion source specification, sclection and/or processing of appropriate radiation transport data, proper
simulation of the radiation transport, and final dose (or response) evaluation. A variety of computer
programs has been developed over the years to treat each of the scparate aspects of a complete shielding
analysis. The major source o1 information on available codes and data libraries associated with radia-
tion shielding is the Radiation Shielding Information Center (RSIC) at Oak Ridge !iational Labora-
tory. Through a cooperative agreement with the DOE National Energy Software Center at Argonne
National Laboratory and the OECD Nuclear Energy Agency Data Bank in Paris. France, the RSIC
staff have been 2ble to effectively serve the needs of the United States and worldwide scientific com-
minities for software and information regarding radiation shielding.

The computer code collection (CCC numbers), peripheral shielding routines (PSR numbers), and
data library collection (DLC numbers) distributed by RSIC are listed, briefly described, and catego-
rized by function/keyword in ref. 1. This reference indicates that RSIC distributes approximately 63
discrete ordinates code packages, 95 Moate Cxrio code packages, and 64 point kernel code packages.
In addition to these packages, there are a few proprietary codes and nct-for-U.S.-distribution foreign
codes that provide additional tools for radiation shielding analyses. Fortunately, many of the above
packages available from RSIC could be quickly eliminated for the present work because (1) the package
was developed for special-purpose shiclding applications (e.g., nuclear weapon detonation, space fight)
or limited geometries, and (2) the package consists of a code or data that have been superseded by a
more versatile or up-to-date program or data library. Beyond this, the criteria used to assess available
packages were:

physics model(s) (sec Sects. 2-4);

probiem solving capability and flexibility (sec Sects. 2-4);

geometric capabilities (see Sect. 3);

source and completeness of data (see Sects. 2 and 4);

validation and/or demonstrated accuracy pertinent to shiclded spent fuel applications;
efficiency;

case-of-use and documentation;

availability and compatibility; and

Y oo N A w N

maintenance program.

The first five criteria noted above are of prime importance in determining the relative merits of a
particular code or data library for accurately solving the shiclding problems of concern in the transport,
storage, and handling of spent fuel or high-level radioactive waste. The first criteria was used to assess
the adequacy of the physics model employed, while the second criteria deals with the adequacy and ver-
satility of the solution approach (for codes) or data generation methods (for data libraries). These two
criteria, together with the geometries for which a code solution can be obtained and the completeness of
available data, provide the basis for problem applicability as discussed in detail in Sects. 2-4. Valida-
tion and/or demonstrated accuracy for the required applications provide a further indication of the
known or perceived valuc of a code or data package.
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The last four criteria pertain more to the usability and software quality assurance features of the
package. The relative importance of the calculational efficiency in a package will vary with the appli-
cation. For safety analysis or licensing calculations, the efficiency of a code is much less important
than its accuracv. However, for initial design or scoping work the reverse may be true. Ease-of-use
and appropriate documentation are essential features it a code is to be readily used by “non-expert”
users. Likewise, the availability and computer compatibility of the code, along with a viable centralized
maintenance program, has bearing on the ease with which DOE contractors will be able to obtain,
operate, and update the package along accepted quality assurance guidelines.

Reference 2 contains a section on considerations necessary in choosing a suitable discrete ordinates
code for general applications. The considerations discussed fit within the assessment criteria used here
and offer valuable insight into the complex issues and questions that should arise in determining the
"best” code. Based on the authors’ knowledge and available reference material, the attempt in the fol-
lowing sections is to provide an overview description of the premier codes selected using the stated cri-
teria. Sections 5.1-5.3 discuss radiation source gencration codes, radiation transport and dose evalua-
tion codes, and cross-section data libraries, respectively, for the known DOE zpplications cited in
Sect. 1. Appendices A-B contain abstracts for a select few of the codes and data libraries discussed in
Sects. 5.2-5.3. Then Sect. 5.4 discusses a modular code system that illustrates one approach to per-
forming nuclear fuel facility and package design analyses using standardized (i.c., fixed) analytic
sequences. There is some overlap in the designated categories. For example, the ISOSHLD/RIBD-II
code package provides both the gamma radiation source (from fission products only) and a gamma
shielding analysis within a single calculation.

5.1 CODES FOR RADIATION SOURCE GENERATION

Tadle 5.1 provides a list of the codes which, on an initial overview, appeared suitable and/or com-
monly used for generating spent fuel radiation source terms. All the codes are available from the RSIC
computer code collection. These codes were selected from the RSIC collection based on the assessment
criteria stated above. The emphasis of the assessment was directed at the code’s capability for generat-
ing accurate and complete radiation source terms from the calculated isotopics. Ar assessment of the
codes with regard to the depletion and decay models is beyond the scope of this report.

The evaluation was performed using the documentation for each code package. Codes were elim-
irated for a variety of reasons. A tremendous plus for the U.S. codes was the accessibility of the
developers and major users who could be utilized in any future efforts. Also, none of the foreign codes
appear to offer any significant advantage over the available U.S. codes. This rationale is the one major
reason for not recommending DCHAIN2, PEPIN, RASPA, and RICE-CCC. In addition, ncne of
these codes have light element libraries, DCHAIN2 and FEPIN do not appear 1o have actinide libraries
available, and RASPA data were oriented towards a unique reactor type (SNR 300 fast reactor).

The remaining codes of Table 5.1 warrant more careful attention. The most widely known code in
the table is the original ORIGEN code which serves as a basis for several of the other codes:
ORIGEN-JR, KORIGEN, ORIGEN2, and ORIGEN-S. Although ORIGEN is still widely used by
industry, the four updated codes all provide significant improvements over the original version. These
improvements are well documented in the respective references for cach updated code. Thus, although
the original ORIGEN code is still very widely used, the availability of greatly improved versions caused
the code to be omitted as one of the premier codes. Of the four updated ORIGEN codes, the U.S.
codes ORIGEN2 and ORIGEN-S appear best for DOE applications involving spent fuel isotopic char-
acterization.



Table 5.1. Computer programs utilized for goncration of rediation sowrce terms

Code (RSIC CCC No.)/
developor

Language

Kaowsa
computer
implemeatation

Description and comments

Refs

DCHAIN2 (CCC.370)
Japan Atomic Esergy
Research Institules

EPRI-CINDER (CCC-309)
Los Alamocs
National Laboratory

FISPIN (CCC41))
United Kingdom Alomic
Energy Authority
KORIGEN (CCC-457)
Karisrube Nucicar

Rescarch Center,
Fodernl Republic of Germany

ORIGEN (CCC-217)

Chemical Technology Division,
Ouk Ridge National Laboratory

ORIGEN-JR (CCC-199)

Japn Atomic Energy
Rescarch Institute

FORTRAN 1V

FORTRAN IV

FORTRAN 1V

FORTRAN |V
assembler

FORTRAN IV

FORTRAN IV

FACOM 230-75

CDC-6600

ICL 2982

IBM 3033

IBM 360/370
CDC 6600

FACOM 230-75

Point calculation of nuclide trassmutation vis Batemann oquations. Nuclear data
library for 1170 flssios products. Gsmma source spectrum computed by FPGAM
auxiliary code (CCC-386). Good documentatioa.

Point depletion code for computing actinide and fission product atom deasities.
Solution via Bateman equatioms. Auxiliary codes required for gemerating rodistion
source spectra and streagths. Other code versions are CINDER2, CINDER),
CINDER?, and CINDERI10. Data libraries and availsbility vary betwesa ver-
sions.

Point depletion code for evaluating flesion product, actinide, and structural
material inventories. Deata libraries for ecach group of nuclides. Gamma evergy
spectrum (fixed groups) and total neutron source geserated.

Point depletion code (or actinides, Mesioa products, and light elements. Solution by
matrix expomential method. Substantial update of original ORIGEN code and
data librarics. Good documeatation. Photon spectra (fixed groups) and neutron

source streagth provided.

Point isotope generation and depletion code. Solution by matrix expooential
method.  Actinide, fission product, and light clement libraries available. Photon
source spectra (fixed groups) and neutron source streagth generated using outdated
dsta and/or analytic functions,

Update of ORIGEN code with burnup-dependent cross sections allowed. Substau-
tial improvemeat 10 gonerate acutron and gamma source streagths and spoctra
(fixed groups) for ANISN, DOT-II, and QAD-PS shielding codes.
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Table $.1. (continued)

Known
Code (RSIC CCC No.)/ computer
developer Language implementation Description and comments Refs.
ORIGEN2 (CCC-371) FORTRAN 1V IBM 360/370 Significant update of the ORIGEN code to remove deficiencies, improve input 112,13
Chemical Technology CDC, YAX, features, provide new and better data libraries (actinide, fission product, and light
Division, ORNL PRIME, clemonts).  Photon source spectra (fixed groups) and neutron source strength
UNIVAC, improved over ORIGEN code. Well documented and widely used.
IBM PC
ORIGEN-S Significantly updated version of the ORIGEN code developed for the SCALE sys- 14,15
(CCC-466) FORTRAN IV 1BM 360/370 tem. Decay data and photon data same as for ORIGEN2. Radiation source (n
(CCC-47%) FORTRAN 77 CDC and y) strength and spectra provided in user-specified or default multigroup
Nuclear Engiaccring CRAY-XMP cnergy structure. Well documented.
Applications
Department at ORNL
PEPIN (CCC-285) FORTRAN 1V IBM 360/370 Point code that solves appropriste difforential equations to obtain fission product 16
Centre d’Etudes concentrations, activitics, photon spectra, and decay heat. Poorly documented in
Nucleaires de Saclay, English.
France
RASPA (CCC-352) FORTRAN IV CDC CYBER 172 Point code for calculation of buildup and decay of fission products and actinides. 17
INTERATOM, CDC 6600 Data tailored to SNR 300 reactor. Gamma s0uron spectra generated for any mul-
Federal Republic tigroup format.
of Germany
RIBD-11 (CCC-79) FORTRAN IV IBM 360/370 A subroutine within the ISOSHLD [l and III point kernel codes. Performa a reac- 1.3
Pacific Northwest UNIVAC 1108 tor point depiction analysis 1o produce gamma source spectra for fission products.
Laboratories Fission product data libraries available for generic thermal an fast reactors.
RICE-CCC FORTRAN IV  IBM 370/65 Point depletion code for evaluating fission product and actinide inventories. Data 19,20,21
(CCC-348) UNIVAC librarics available. Photon energy spectrum generated. Neutron source strength
Ceatral Electricity from spontaneous fission only.
Geoerating Board,

United Kingdom
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The ORIGEN-JR code provides neutron and gamma source spectra (fixed-group format) for input
to shielding codes, but the basic rudiments (and shortcomings) of the ORIGEN code and data libraries
are the same. In contrast, KORIGEN has updates similar to those of ORIGEN? and is widely used in
the Federal Republic of Germany. The main differences between ORIGEN2 and KORIGEN appear %o
be in the nuclear data that arc used. KORIGEN was not investigated “urther because it was a foreign
code with no distinct advantage over ORIGEN2 and one distinctive iialiity—no available actinide
cross-section library for BWR reactors.

The ORIGEN2 code is the most popular of the updated versions of the ORIGEN codes. The
library data and radiation source-term evaluation offer a significant improvement to the ORIGEN code.
ORIGEN?2 provides the gamma spectra in an 18-energy-group format which matches the group format
of the 22n-21y FCXSEC cross-section library?? for all but the last few high-energy groups (typically
unimportant for spent fuel). However, only the neutron source strength is provided by ORIGEN2.
Thus, the analyst must generate a neutron spectrum in the required group structure when using
ORIGEN2. Also, if using a gamma cross-section library with a different group structure other than
that for which the source is provided, the analyst must adjust or interpolate the ORIGEN2 gamma
source spectrum.

The ORIGEN-S code provides complete neutron and gamma source spectra in any multienergy-
group format. Thus, the shiclding analyst is provided with the flexibility to select a multigroup cross-
section library without needing to interpolate from one fixed group to another. ORIGEN-S outputs the
gamma source spectrum from each isotopic group (light element, fission product, and actinic+). the
tota] gamma spectrum, the separate spectrum for (a,n) and spontaneous fission neutrons, and the total
neutron spectrum.

The CINDER series of codes represent the major alternative to the ORIGEN codes in the United
States. As with the ORIGEN-type codes, there are several updated versions of the CINDER code®
which have been developed and are currently in use at Los Alamos National Laboratory (LANL). Of
these, EPRI-CINDER is the only one publicly available from RSIC. For the CINDER codes, LANL
uses an auxiliary code called SPECS (not available from RSIC) to evaluate the spent fuel source spec-
tra. The user may manually calculate or write cading to compute the combination of CINDER nuclide
densities and SPECS spectra, account for significant bremsstrahlung from UO,, and add gamma rays
from spontaneous fission or (a,n) reactions as needed. The neutron spectrum may be produced by using
the SOURCES code.”* Another limitation of EPRI-CINDER is that light element libraries are not
available. Thus, potential radiation sources arising from activation of light elements (e.g., ¥Co) must
be evaluated in some alternate fashion.

Although older and far more limited than the ORIGEN- or CINDER-type codes, the RIBD-II code
has been heavily used for spent fuel gamma sources because it is interfaced with the point kernel code
ISOSHLD to provide an easy-to-use procedure for gamma-ray source generation and shielding analysis.
The RIBD routine is limited to evaluating the gamma source spectra from fission products only and
requires another routine called BREMRAD? to evaluate the bremsstrahlung source spectra. A sum-
mary of the ISOSHLD/RIBD system is included in Appendix A.

In a more complex and complete fashion, the SAS2 shielding sequence of SCALE (see ref. 26 and
Sect. 5.4) uses ORIGEN-S to generate radiation source spectra for subsequent input to a radiation
transport module.

The only code not mentioned in the above discussion is FISPIN. Like KORIGEN, the FISPIN
code seems to be a high quality code and appropriate for the specified applications. But, as a foreign
code, it offers no distinct advantage over the updated ORIGEN- or CINDER-type codes.
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5.2 CODES FOR RADIATION DOSE EVALUATION

This section will separately provide a discussion of relevant codes that utilize the three basic tech-
niques presented in Sect. 3. In contrast to Sect. 3, the approximate point-kernel codes will be dis-
cussed prior to the more accurate, but more complex, discrete ordinates and Monte Carlo codes.

5.2.1 Point Kernel Codes

As noted in Sect. 3, codes that utilize point-kernel techniques provide only approximate evaluations
of the primary gamma-ray dose from a source. However, these codes are inexpensive, computationally
fast, and far less cumbersome or complex relative to discrete ordinates or Monte Carlo codes. They are
well suited for scoping studies, but their incompleteness (no neutrons or secondary gammas) and
approximate nature could call into question their use for final design or safety analyses.

Table 5.2 provides a list of six of the more popular point-kernel codes. Of these, the QAD family of
codes have surely enjoyed the greatest popularity and use. Originally developed at Los Alamos
National Laboratory in the 1960s, it has been successfully updated by a variety of users. The latest
and best version of QAD is QAD-CGGP which features the flexible, three-dimensional combinatorial
geometry package (CG), the standard buildup factor data of ANS-6.4.3, and the geometric progression
(GP) fitting function for the buildup factor data. These latter two features represent a substantial
improvement over the basic buildup factor data and interpolation scheme currently used in most other
codes. Only G33-GP (for single-scatter applications) has been updated to incorporate the new data and
GP interpolation. The improvement is most evident for shicld materials of low- or very high-Z number
and/or low (<0.5 MeV) photons. The CG geometry feature of QAD-CG and QAD-CGGP is attractive
because the geometry input description can be easily interchanged for use in combinatorial geometry
versions of MORSE (see Sect. 5.2.2).

It is very difficult to determine which of the six codes in Table 5.2 is the best in terms of the assess-
ment criteria, although the ANS-6.4.3 buildup data and GP interpolation appear to provide an advan-
tage to QAD-CGGP and G33-GP (where a single-scatter code is needed). The ISOSHLD code, how-
ever, does have the nice feature of generating an irradiated fission product source using the RIBD rou-
tine. Also, an extremely user-friendly version of ISOSHLD (called MICROSHIELD) has been
developed in a proprictary package (sec ref. 32). The other codes in the t:uble also have attractive, but
less noticeable, features that distinguish them from QAD-CGGP or G33-CP in terms of the assessment
criteria. It might be hypothesized that proprietary for-sale codes such as MICROSHIELD or PATH
which see their users as valuable for-profit customers may have a more systematic approach to quality
assurance criteria--maintenance, ease-of-use, and validation.

Note that the new buildup factor data and GP fitting functions could be rather easily added to any
of the point-kernel codes mentioned in this section. Many, if not all, of these codes will probably be
updated at some time once the advantage of the new data and fitting function is realized.

Other codes that use approximate procedures are also available for many specific applications that
lie within the DOE interests. For example, the SKYSHINE codes**’ use a data base generated by
discrete ordinates and Monte Carlo codes to estimate the transmission and reflection of gamma rays
and neutrons by concrete and steel, and for the scattering of radiation in air. This code has been suc-
cessfully used to provide efficient (low cost) and satisfactory dose results for long-range air transport
applications (e.g., the determination of site dose from nuclear facilities).



Table 3.2. Computer programs based oa point-kernel techaiques utilized for

radiation dose evaluation
Kaown
Code (RSIC CCC No.)/ computer
developer Language implementation Description and comments Refs.
G33-GP (CCC-45%4) FORTRAN 77 IBM 360/370 Gamma-ray scattering code using point-kernel techniques. Based on a cslculated 21.28
$3 (CCC-322) IBM PC single-scatter source, doses st detectors are evaluated with and without buildup. )
Onginal code FORTRAN 1V Data General Direct beam responses (without the single-scatter) are also ~ aluated with and
from Los Alamos without buildup. Nontrivial geometric input specifications. L p-to-date buildup
National Laboratory factor data in G33-GP. S3 is Westinghouse updated version of ociginal G33.
ISOSHLD® (CCC-79)  FORTRAN LV IBM 360/370 Code uses direct point-kerne! techniquos to generste gamma doses for common 29-32
Pacific Northwest UNIVAC geometric models. Sourve may be input directly or calculated via the RIBD rou-
Laboratocies 1BM PC tive (sec Table S5.1). Aa extremely user-friendly, forsale version called
MICROSHIELD is availabie for the PC (soc ref. 32).
MERCURE 4VS$ FORTRAN 1V IBM 360 Gamms-ray kornel integration code for straight linc attesuation in three- 3
{(CCC-142) dimeasional goometries def'ned by plancs and quadric surfaces. Stochastic integrs-
CEA Ceatre d'Etudes tioa of point sources as volume, simplified goometry input, and utilization of multi-
Nucleaire de Saclay group ANISN-formatied photoa data are new features over MERCURE-3.
France
PATH FORTRAN CDC, CRAY, Proprietary point-kernel code available (rom GA. Buildup factor specification can 34,38
GA Tecuusviogics. IBM, UNIVAC, vary with source and dose poiat. Claims to be “fully validated and suitable for
lac. VAX nurtear iicensing applications. ®
QAD® (CCC-48, Version-dependeat  IBM 3607370 The QAD family of codes make up seven differcat code packages in the RSIC 644
307, 346, 396, CDC 6600, code collection. All use direct point kernel techaiques and differ principally in the
401, 448, 493) CDC CYBER, available goometry package, source integration method, buildup factor interpola-
Original code IBM PC tion scheme, and casc-of-input. Latest buildup factor data and attractive goometry
from Los Alamos UNIVAC, PRIME in new QAD-CGGP (CCC-493). Most widely used of point-kerne! codea.
Natioaal Laboratory Data Goneral
SCAP (CCC-418) FORTRAN 1V CDC-7600 Single-scatter or albodo scatter point- kernel methods. Numerical integration of 45
Westinat point source results over source volume. Anisotropic or isotropic point source

Advanced Reactors
Divisi

representation allowed.

*Code summary provided in Appendix A.
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5.2.2 Discrete Ordinates Codes

The discrete ordinates codes provide a numerical solution to the Boltzmann transport equation and,
as such, are more appropriate for general applications than point-kernel or other appropriate codes.
However, the added complexity of these codes requires greater computational resources and user
involvement. Table 5.3 lists the premiere discret. ordinates transport codes and known auxiliary codes
that facilitate accurate radiation dose evaluations. The table includes three one-dimensional (1-D) dis-
discrete ordinates codes (ANISN, ONEDANT, and XSDRNPM), two two-dimensional (2-D) discrete
ordinates codes (DOT and TWODANT), and three auxiliary codes for use in evaluating doses at peint
detectors. Geometry requirements and/or level of desired computational effort typically dictate the
selection of a 1-D or 2-D code. Often a shield configuration can be reasonably approximated in one
dimension (plane, cylinder, or sphere), and the 1-D programs can combine the accuracy of discrete ordi-
nates with the near speed of point-kernel techniques.

The 1-D ANISN code in Table 5.3 is probably the most widely used radiation shielding code
(point-kernel or otherwise) both in the United States and abroad. The code has been updated and
maintained since its development in the late 1960s. Using the numerical solution techniques of
ANISN, the XSDRN code® evolved from its initial release in 1969 to the present version called
XSDRNPM-S with the following added features: (1) solutions using double-precision flux arrays to
circumvent potential convergence difficulties; (2) more user-friendly input (availability of parameter
default values, automatic generation of appropriate angular quadrature, etc.); and (3) increased flexibil-
ity 1a the input/output and processing of multigroup cross-section data. Because of its basis in the
well-established ANISN code, its increased flexibility and ease-of-use, and its presence in a well-
maintained modular code system (SCALE),%* XSDRNPM S would be the code of choice recommended
to new users.

The ONEDANT code is the third 1-D code noted in Table 5.3. The code is much newer than
ANISN, XSDRNPM, and the older LANL code called ONETRAN®' For deep-penctration problems
(common to spent fuel shielding applications), ONEDANT appears to be more restrictive because it
uses only the standard diamond-difference flux extrapolation technique with negative fluxes set-to-zero-
and-corrected. ANISN and XSDRNPM-S include options for theta-weighted diamond-difference
models. Although the various flux models give nearly the same solution in the limit of very small-mesh
intervals, the theta-weighted method generally retains a better accuracy for larger-mesh intervals than
does the standard diamond difference technique. Thus, a user interested in using mesh sizes larger than
required by standard diamond differencing would find ANISN and XSDRNPM to be more attractive.
References 2, 52, and 62 present good discussions of various flux models. One advantage of
ONEDANT is that it does provide a diffusion acceleration technique ot available in ANISN or
XSDRNPM. Although this feature speeds up the convergence process, the potential increased efficiency
is of marginal value for 1-D problems.

For problems requiring 2-D discrete ordinates shiclding analyses, the DOT code has become the
international standard. The latest version, DOT 4.3, represents a significant advancement in comput-
ing efficiency and speed; however, most problems of reasonable size still require substantial computer
resources. The DOT codes have been developed primarily for radiation shielding analysis while
TWOTRAN and TWODANT have been developed in a reactor/core physics environment. This differ-
ence in emphasis explains why DOT is typically selected where shielding calculations are of prime
import. Like ONEDANT, the TWOTRAN and TWODANT codes allow only the standard diamond-
difference flux option. Incorporation of a variety of flux modei options reflects the DOT emphasis on
allowing accurate solution of complex shielding problems. Also, the DOT manual provides an exceilent
explanation of the basic theory and numerical techniques employed in the code.



Table 5.3. Computer programs based on discrete ordinates techriques
utilized for radiation dosc evalustion

Known
Cade (RSIC CCC No.)/ | computer
developer Language implementation Deacription and comments Refs.

ANISN? FORTRAN IV IBM/360/370 General 1-D discrete ordinates coupled neutron-gamma radiation transport code. 48,49
(CCC-82,253-255,314,514) FORTRAN 77 1BM PC Most popular version is ANISN-ORNL (CCC-254). Flux or activities st a detec-

Oak Ridge National CDC 7600 tor site can be cvaluated. The Westinghouse version, ANISN-W (CCC-255), and

Laboratory a recent version from EG&G (CCC-514) are available for an IBM PC.

pOT FORTRAN IV IBM 360/370 General 2-D discrete ordinatec coupled neutroa-gamma radiation trangport code. 50-52
(CCC-89.209,252.276, cpC Latest and best version is DOT 4.3 (CCC-429) although DOT 3.5 (CCC-276) still
119.320.429) UNIVAC heavily used. Earlier versions are obsolete. DOMINO I (PSR-162) couples DOT
Qak Rk‘lge National CRAY IV to the Monte Carlo MORSE-CG code (CCC-203). Fluxes and activities calcu-
Laboratory lated. Excellent documentation of theory snd techniques.
FALSTF (CCC-351) FORTRAN 1V IBM 360/370 Calculates doses exterior to a shield based oa DOT 3.5 calculated fluxes in cylindr- 53
Oak Ridge National Assembler cpC ical geometry. Doscs cvalusted as sum of last flight contributions from shicld
Laboratory regions. Eliminates potentisl ray effects in air or void outside cylinder. Only

’ available for DOT 3.5.

ONEDANT® FORTRAN IV CDC 7600, UNIVAC General 1-D discrete ordinates couplod neutron-gamma radistion transport code, 54
(CCC428) FORTRAN [V/Assembier [BM 370 Modulsar program developed to be very user-{riendly. Fluxes and/or activities pro-

Los Alamos Natiooal FORTRAN 77 VAX, CRAY vided at detoctor pointa.

Labocatory

SPACETRAN FORTRAN IV IBM 360/370 Evaluates dose for detectors at various distances from the surface of a cylinder. 33
(CCC-120) Integrates ANISN leakage or DOT 3.5 flux data. Eliminates potential ray effects

Oak Ridge Natioaal in air or void outside a cylinder. Not socurate for detector points nesr the cylindr-

Laboratory ical surface.

TWODANT® FORTRAN 1V CDC 7600 General 2-D discreto ordinates coupled noutron-gamma radiation transport code. 8
(CCC-456) FORTRAN IV/Amenbler IBM 370 TWODANT is basically the ONEDANT package with the one-dimensional

Los Al Natioaal FORTRAN 77 VAX, CRAY SOLVER module replisced with a ivo-dimensional SOLVER module.

Labocatory

139


file:///lamos

Table 5.3. {continued)

Known
Code (RSIC CCC No.)/ computer
developer Language implementation Description and comments
XSDOSE? FOPTRAN IV [BM 370 Used in conjunction with XSDRNPM (or ANISN) 1o compute the
(CCC-466) FORTRAN 77 CDC neutron/photon flux and the resulting dose rate at various points outside a finite
Oak Ridge Natiz,al CRAY cylinder, spherc, rectangular slab, or circular disc. Uses direct line-of-sight
Laboratory integration of surface angular flux over the surface. Eliminates potential ray
cffects from discrete ordinates outside shicld. Extremely easy to use.

XSDRNPM* FORTRAN IV [BM 370 I-D discrete ordinates coupled neutron/gamma-ray transport code based on
(CCC-466) FORTRAN 77 CDC ANISN. Extends ANISN capabilitics to provide user-friendly features, automatic
Oak Ridge National CRAY quadrature generation, and fexibility in weighting cross sections. Easily coupled
Laboratory to XSDOSE for doses cxterior to shiekd.

Refs.

57

58

*Code summary provided in Appendix A.

PCombined ONEDANT/TWODANT summary provided in Appendix A.
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Although not included in Table 5.3, there are currently three 3-D discrete ordinates codes. These
codes arc only practical on vector operation computers such as the CRAY. The Japanese have pro-
duced ENSEMBLE® for 3-D reacior shielding problems. THREETRAN® has been developed at
LANL, and DOT 1V has been extended at ORNL to produce TORT.®® The TORT code has under-
gone extensive verification testing and limited validation.® There could be some need of these 3-D codes
in applications where flux or dose mappings around building internals or hot cells is required.

Table 5.3 includes three auxiliary codes that were developed (0 provide an easy means of accurately
evaluating the flux or dosc at a point exterior to a shield. For problems where doses are required exte-
rior to a shicld in a low scattering medium (air, void, etc.), extension of the discrete ordinates spatial
mesh out into the exterior medium is often unattractive because

1. a penalty is paid for the extra spatial mesh (typically a fine spatial mesh and angular quadrature
are needed for curvilinecar geometries);

2. for 1-D problems there is no good way of accounting for the finite dimensions of the shield from
which the radiation leaks; and

3. ray effects in multidimensional problems arv very difficult to alleviate and can yield unreliable
results.

To alleviate these problems, FALSTF, SPACETRAN, anc XSDOSE have been written for use with
the ANISN, DOT, and XSDRNPM codes. Although available for DOT 3.5, public versions of
FALSTF and SPACETRAN are not available for any of the DOT IV codes. The SPACETRAN code
is computationally more efficient than FALSTF but is inaccurate close to the shield and can be unreli-
able if an inappropriate spatial mesh or ang .ar quudrature is used. The XSDOSE code has the best
numerical techniques of all thesc codes, but is cuirently linited to use with the 1-D ANISN or
XSDRNPM codes. The techniques utilized in XSDOSE eliminate the difficuities inhereat in the 1-D
SPACETRAN method.

5.2.3 Moate Carlo Codes

Table 5.4 lists the four premicre Monte Carlo codes that are generally available in the United States
for performing radiation shielding analyses. Historically, a number of general-purposc Monte Carlo
codes were developed in the late 1960s and carly 1970s. The SAM-CE code was perhaps the leader in
the creation of an attractive, casy-to-use geometry package (combinatorial geometry or CG), handling
of point cross-section data, and implementation of various biasing techniques. However, because of its
casy-to-usc features, accessible ANISN-formatted cross-section data, and ready availability, the
MORSE coce emerged in the late 1970s as the most widely used Monte Carlo code for radiation
shieiding. The latest versions of MORSE (CGA and SGC/S) utilize multigroup cross sections, a wide
variety of source and particle biasing features, and a CG package with nested array features.®’ The
version of SAM-CE in RSIC is old and incomplete with regard to some routines that the developers
provide for a fee. Like SAM-CE, updates of other codes provided to RSIC in the early 1970s are prob-
ably available from private companies or consultants (e.g., ref. 76).

Although the MORSE codes may still be the most widely used Monte Carlo shielding codes, the
MCNP code developed at LANL is rapidly gaining in popularity. Once regarded as a highly specialized
code that was difficult to use, the MCNP developers have made a concerted effort to retain the sophis-
ticated attributes of the code and still provide an easy-to-use and readily acceptable tool. The main
arcas of sophistication concern the use of point energy cross-section data and development of
"automatic” biasing schemes. The automatic biasing schemes are an attempt to reduce the required
user expertise in analyzing a problem. The only potential disadvantage with MCNP is its inability to
perform adjoint analyses (see Sect. 3.1).



Code (RSIC CCC No.)/

developer

MCNP*
{CCC-200)
Los Alamos
National
Laboraton

MORSE*
\CCC-127,20)3,258
261,277,368,394,
166.471,474)

Ouak Ridge National
Labocatocy

SAM-CE
{CCC-187)
Mathematical
Applications
Group, Inc.

TRIPOLI 2.2
{CCC-21)

CEA Centre
d’Etudes Nucieaires
de Saclay, France

Table 5.4. Computer programs based on Moate Carlo techniques

utilized for radiation dose evaluation

Known
Jomputer
Language implementation Description and comments Refa.
FORTRAN 77 CDXC 7600 General-purpose Monte Carlo code for coupled neutroa/photon particle transport 67
CRAY, VAX Capable of handling point energy and discretized cross-section data. New features
IBM 3033 for automatic gencration of importance functions. Flexibie geometry capabilitics.
Source and response estimator specification flexible and easy 10 use. Woell-
suprorted program with constant improvements and updated. Well documented.
FORTRAN IV FACOM M-200 Gencral-purpose multigroup Monte Carlo code for coupled neutron/photon perticle 68-7t
IBM 360/370 transport. Most widely used of Monte Carlo codes. Latest versions from ORNL
CRAY, VAX in CCC-466 and CCC-474 have a popular, sasy-to-use geometry pscksge capsbie
UNIVAC of generating multiple arrays within arrays. Flexibility in specifying source,
CDC rosponse estimator, and bissing mode easy via wide variety of uter-supplied rou-
tines.
FORTRAN IV  CDC 6600 General-purpose code for coupled neutron/photon particle transport. Excellent n
1BM 369/370 geometry package available as proprietary option. Excelleat treatment of physics
using Mouate Carlo techniques. Limited availability of cross sections in required
iormat and limited user commuaity.
FORTRAN 1V IBM Geoneral-purpose ~ode foe neutron or photon particle transport. Hansdles point 73,74
Assembler energy or discretized cross-section dats. Coupled asutron/photoa problems caanot

be treated. Secondsry gamma sites gensrated and subssguent transport treated
with MERCURE (CCC-142). Euxcelleat biasing techniques available for deep

penctration problems.

ACode summary provided in Appendix A.
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The only foreign ode in Table 5.4 is the French code TRIPOLI. This code provides perhaps the
most sophisticated (but i.2rd to use) biasing schemes of any Monte Carlo code. It also utilizes a point
encrgy representation of the cross sections. The major drawback to the RSIC version of TRIPOLI is
that it does not handic csupled neutron/photon problems. The ability to handle coupled problems is
available to the developers and will be made availabie in a new version (TRIPOLI 3) that will probably
be released in the near future. However, there is very little user experience in the United States with
TRIPOLI, and it offers no distinct advantages over MCNP.

$.2.4 Ssmmary

Sections 5.2.1-5.2.3 have highlighted acceptable codes for evaluating radiation doses from spent
fuel. The sections note the areas where a code or codes appear to have a deficiency in the physics
model, numerical technique, or available data. Nearly all of the codes meet acceptable standards based
on the assessment criteria outlined ecarlier. However, the foreign codes would generally not be heavily
used in the United States because of lack of a distinct technical advantage and lack of support by a
US. installation or body of users. Based on this preliminary assessment, the point kernel code QAD-
CGGP, the discrete ordinates codes XSDRNPM (or ANISN) and DOT 4.3, and the Monte Carlo code
MCNP would be recommended fur further assessment and/or validation for spent fuel shiciding appli-
cations.

The three types of solution techniques—point kernel, discrete ordinates, and Monte Carlo—are in
some respects competitors. But an objective assessment would show them to provide a nice complement
to onc another. In considering the complete design evaluation of a cask fleet or repository/handling
facility, each technique can prove useful as the accuracy requirements and/or need for modeling detail
increase as the design is finalized.

The general advantages and disadvantages of each technique is provided in Sect. 3. A prudent user
should understand the specific application requirements prior to selecting the technique to be used.
Utilizing more than one code/technique on a problem is often necessary”’ and/or useful for a proper
solution or for adequate confidence in the resultz. Reference 78 provides an interesting hot cell analysis
where all these techniques were used to provide the final desired result.

5.3 CROSS-SECTION DATA LIBRARIES FOR SHIELDING ANALYSIS

Section 4 discusses three arcas of shiclding analysis data: cross-section data, response data, and
buildup factor data. For dose evaluation, the ANSI Standard flux-to-dose conversion factors™ have
become the accepted norm for presenting calculated doses. Buildup factor data have typically been
built into codes and there has been little, if any, standard for the source of the data. However, as noted
in Sects. 4.5 and 5.2, a standard set of buildup data has been formulated and is beginning to be util-
izew by the point kernel codes.® There is little question that these referenced standard data sets pro-
vide the most attractive choice of dose conversion and buildup factor data. Likewise, for continuous
energy Monte Carlo shielding codes, the available point cross-section libraries are the clear choice over
discretized data. On the other hand, no onc processed cross-section set has been accepted for general
use by radiation transport codes that require muitigroup cross sections. Section 4.1 provides a review of
the prime sources of cross-section data and the difficulties of generating generic mutligroup sets for
wide-ranging application areas.

This section provides a review of the varicus types of available cross-section libraries and discusses
those currently used for spent fuel shielding analysis and those that have potential for future use. The
primary differences between various types of cross-section sets will hopefully be clarified. Even more so
than with radiation transport codes, the “best” multigroup data library will probably vary from applica-
tion to application. Keeping in mind the general assessment criteria, this seclion notes libraries that
have been widely used and those that need further assessment for spent fuel shielding applications.
Appendix B has summaries of selected libraries.
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5.3.1 Fine-Group Reference Libraries

As discussed in Sect. 4.1, multigroup cross-section libraries can be characterized by both the
number of energy groups in the library and the degree to which the library is application-dependent.
Fine-group libraries typically have 100 or more neutron cnergy and 30 or more gamma groups. The
finer resolution on the neutrons is required to accurately incorporate information regarding their more
rapid cross-section variation with energy. It is unlikely that multidimensional discrete ordinates or
Monte Carlo calculations would be routinely used at the fine-group level, but the user could perform
one-dimensional discrete ordinates calculations with such a set, determine typical spectra that would be
more appropriate for given applications, and collapse the fine-group set to a more manageable broad-
group level. Such a user could avoid the complete processing of cross sections and still have some flexi-
tlity. The fine-group libraries also serve as reference libraries because (1) they provide documentation
on the originai source of the data, and (2) they can be used in benchmark or reference calculations by
which a daughter broad-group, production library is judged.

A relatively small number of application-dependent fine-group libraries in discrete ordinates format
have been available for general use in radiation transport calculations. Some that are avaifable from
RSIC are listed in Table 5.5. Of these libraries, the EURLIB-III*! and JSD-100,120%? appear poten-
tially the best for spent fuel applications (based on data source and intended applications). However,
the most desirable situation for an analyst is one in which a problem-dependent library can be prepared
for each application without getting into the cross-section processing dusiness in a full-scale way. Such
a situation is possible through the availability of fine-group, pseudo-application-independent libraries in

Table 5.5. Some fine-group libraries in discrete ordinates
format developed for specific applications

Energy Applications/
Library* Contributor groups Processor Source (No. elements)
DLC-27/ ORNL 104n,22g AMPX ENDF/ Concrete,
AMPXO0! B-111, Air/
DNALIB (9)
DLC-28/ ORNL 52n,21g SUPERTOG, ENDF/ Fusion
CTR POPOP4 B-111, Neutronics/
(Collapse) DNALIB, (23)
POPLIB o
DLC-35/ ESIS, 100n,20g AMPX ENDF/  Benchmarks/
EURLIB- IKE, B-1V (13)
il EIR |
DLC-37/ ORNL 100n,21g AMPX ENDF/  Fusion
EPR B-1v Neutronics/
(46)
DLC-51/ JAERI 100n,208 MACS ENDF/  Fission
ISD-100/ B-1V Reactors/
120 o » (46)

*The DLC (Data Library Collection) number represen’s the RSIC
reference for the data library.
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*flexible formats.” A list of several libraries that utilize a “flexible” approach is given in Table 5.6.
This new concept in multigroup cross-section library generation and distnibution was put into practice in
the late 1970s through the development of AMPX-generated libraries such as VITAMIN-C* and
CSRL ™

Table 5.6. Some fine-group libraries in *flexible” formats
devcloped for various general applications

Eaergy Processor Applications/
Library" Contributor groups (format)  Source (No. clements)
DLC-41/ ORNL 171n,36g MINX, ENDF/  Fusion, Fast
VITAMIN-C AMPX/  B-lV, Reactor Core
(AMPX) LENDL & Shielding/
(66)
DLC-42/ ORNL 126n,36g MINX, ENDF/  Fast Reactor
CLEAR AMPX/  B-lv, Core and
(CCCC, LENDL Shielding/
AMPX) (61)
DLC-43/ ORNL 218n AMPX/ ENDF/ Criticality
CSRL (AMPX) B-1V Safety/
(65)
DLC-52/ ORNL 100n AMPX/ ENDF/ Fusion
EPRMASTER (AMPX) BV Neutronics/
(46)
DLC-53/ ORNL 171n36g MINX, ENDF,;  Fusion, Fast
VITAMIN-4C AMPX/  B-1V, Reactor Core
(CCCC, LENDL & Shielding/
AMPX) L (61)
DLC-113/ ORNL 174n,38g MINX, ENDF/ A Variety of
VITAMIN-E AMPX/ B-V, Radiation
(AMPX) LENDL Transport
Applications/
(17;
DLC-95/ ORNL 227n-44g NJOY, ENDF/  Criticality
CSRL-vV AMPX B-V, Safety, Other
(AMPX) LENDL Radiation
Transport
Applications
(64)

*The DLC (Data Library Collection) number represents the RSIC
reference for the data library.
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The AMPX format is very comprehensive, retaining essentially all the reactions and transfer
processes that are in the original ENDF/B data. Various modules of the AMPX system are available
for performing various manipulations of the data. These include mode conversion (AIM), selective
retriecval (AJAX), combining ncutron and photon libraries (CHOX), self-shielding and temperature
correction via the Bondarenko factor method (BONAMI), self-shielding and temperature correction via
the Nordheim Integral Method (NITAWL), and energy group collapse (MALOCS). Thus, a user can
begin with fine-group AMPX "master” library and perform resonance self-shielding, temperature correc-
tion, and group collapse to end up with a broad-group, problem-dependent “working™ library for direct
use in a radiation transport code. The user admittedly has to do considerable more work to apply such
a system, but the effort is still substantially less involved than performing the original multigroup pro-
cessing from ENDF /B point data.

There are fine-group shielding libraries in the CCCC* format such as DLC-53/VITAMIN-4C, but
that particular format has not proven to be as useful as the AMPX format for coupled neutron/gamma
libraries. The CCCC format has been updated with an extended version called MATXSY and libraries
based on ENDF/B-V that have been generated at LANL using NJOY-II are a-ailable from RSIC. A
computer code called PSR-206/TRANSX-CTRY is available for perform'ng the conversion, self-
shielding, collapsing, and discrete ordinaies library production from data in MATXS format. However,
currently no truly fine-group MATXS-formatted libraries are available from RSIC.

Of the libraries shown in Table 5.6, the VITAMIN-C and VITAMIN-E" libraries are the most
widely used for shielding applications. DLC-113/VITAMIN-E is an ENDI"/B-V version of the popular
VITAMIN-C library. The CSRL library is comparable in quality to the VITAMIN-C library, but
does not have any gamma data, and, thus is limited to neutron transport applications. A new
ENDF/B-V version of CSRL has been developed®® with a coupled 227n-44y group structure. Any one
of these libraries could be used as the starting point to generate a broad-group working library for a
particular spent fuel shielding application.

5.3.2 Broad-Group Production Libraries

Broad-group libraries are developed for production use and, whether gsnerated from a fine-group
library or developed directly from evaluated data, are typically application-dependeat libraries. Some of
the older broad-group libraries generated directly into a discrete ordinates format are shown in
Table 5.7. Typically these libraries were developed and used successfully for a given project and
results obtained with the data were published. Other analysts, with radiation transport problems very
similar in nature, were also able to use the libraries. However, the resonance treatment, temperature
corrections, and spectral weighting functions are fixed for a particular application and may be entirely
inappropriate for other applications where the shielding and source material or the source spectrum are
different.

Of the available libraries provided in Table 5.7, only the first three appear feasible for use in spent
fuel shiclding analyses. The first library, CASK,* was developed for depleted uranium shipping casks
with a water-filled cavity. The energy grouping was done based on typical spent fuel spectra. The data
source for this library is quite old and the resonance correction for 23U is inadequate if the subcritical
multiplication source is important to the dose. However, CASK has been one of the most widely used
(for all type applications) ANISN-formatted libraries. The second library, FEWGI,* was developed
for radiation transport through concrete and air. The work was sponsored by the Defense Nuclear
Agency (DNA), and the group structure was developed for applications with source spectra from
nuclear weapons. However, the library may be useful for analysis of concrete casks znd dose evaluation
in and around concrete buildings where fuel handling takes place. The library also has an extensive
sclection of kerma response functions for various materials. The CLAW-IV library®’ was developed for
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Table 5.7. Some broad-group libraries in discrete ordinates

format developed for specific applications
Energy Applications/
Library Coatributor groups Processor Source  (No. clements)
DLC-23/ ORNL 220,18 SUPERTOG, ENDF/ Shipping
CASK POPOP4 B-11, Casks/
(Collapse) POPLIB  29)
DLC-31/ ORNL/ 3Mn2lg AMPX ENDF/ Concrete,
FEWGI DNA B-1V, Air/
DNALIB (43)

DLC-36/ LANL 30n,12g NJOY ENDF/ General/

CLAW-1V B-lV (48)

DLC-64/ U. BIRM- 46n GALAXY UKNDL  Fusion

UKCTRI INGHAM(UK) Neutronics/
(25)

DLC-73/ BARC 27n FIGARO ENDF/ Fast Reactor/

GARG (India) B-IV (16)

DLC-84/ LANL 60n DANAS, ENDF/  High-Energy

MENSLIB CROIX IC+E B-IV Shielding
(E to 60 MecV)
(8)

DLC-92/ JAERI 42n,21g SUPERTOG, ENDEF/ Fusion

GICX40 POPOP4 B-111 Neutronics/
(40)

shielding analyses related to weapons applications. Although a potential candidate for spent fuel shield-
ing applica‘ions, it appears to have too few gamma groups in the energy range of importanse to spent
fuel applications.

Since the late 1970s, the more attractive procedure for developing a coupled broad-group library has
been to process (resonance shiclding and temperature correction) and collapse a fine-group, pseudo-
application-independent library to create a production, application-dependent library. A collection of
these libraries is shown in Table 5.8. The most applicable libraries for spent fuel shiciding analyses are
the BUGLE-50,"2 SAILOR,” and FCXSEC® libraries, all of which are ANISN-formatted. The
BUGLE-80 and SAILOR libraries arc nearly identical. The primary difference is the availability in
SAILOR of mixed macroscopic cross sections for PWR and BWR reactor applications.

The BUGL.E-80 library and its parent VITAMIN-C are listed in ANSI/ANS-6.1.2/1983 as suit-
able cross-section sets for nuclear radiation protection alculations for nuclear power plants. The stan-
dard lists the processing prociures and verification efforts required to be included in the standard.
The group structure in the library is good for spent fuel radiation sources. However, testing of the
BUGLE-80 library was done primarily for concrete shields and resonance processing was not done on
nonconcrete nuclides. The weighting spectrum used in the collapse from VITAMIN-C was that of a

concrete medium. Thus, the validity of the library for nonconcrete shiclded applications needs further
testing.
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Table 5.8. Some broad-group application-dependent libraries
developed from fine-group libraries in “flexible® format

Energy Master library Applications;
Library Contributor groups source ( Nﬁo._clq@g)

DLC-48/ ORNL 36g DLC-41/VITAMIN-C  Photon

PVC Transport/
(38)

DLC-58/ ORNL 47n.21g DLC-41/VITAMIN-C. High-Energy

HELLO Intranuclear Damage

Cascade (E t0 60 MeV)/

(10)

DLC-75/ ORNL. 470,20 DLC-41/VITAMIN-C  Standard for

BUGLE-80 ANS-6.1.2 Concrete. LWR
Shielding
(66)

DLC-76/ SAl 47n,20g DLC-41/VITAMIN-C BWR and PWR

SAILOR ORNL Radiation
Transport
Analyses/
(58)

DLC-85/ ORNL 22n.21g DLC-41/VITAMIN-C  Fuel Cycle

FCXSEC Shielding
Analyses/
(Many)

DLC-86/ ORNL 35n,2lg DLC-41/VITAMIN-C  Fusion

FLUNG Neitronics
(41)

DLC-87/ ORNL 66n,2lg DLC-41/VITAMIN-C, High-Energ,

HILO Intranuclear Damage

Cascade (E t0 400 MeV)/
(17)
The FCXSEC library was for fuel cycle shielding analyses. A genenic fusion-fission-

I/E-M. awellian spectrum was used to collapse from the VITAMIN-C group structure. Resonance
self-shielding was performed for three background cross sections (composition dependent) 0.1, 1000,
and 10® bjatom. Macroscopic cross sections are available with appropriate resonance processing for
several mixtures routinely used 1n spent fuel shielding analyses.

As stated in the previous paragraphs, the ANISN format or, more generally. the discrete ordinates
format. 1s a “working” format: that is. the radiation transport codes rcad these formats directly. No
further resonance or temperature correction is possible. A newer approach generates a broad-group
library with a sclected weighting spectrum, but retains the "flexible” AMPX-like format that provides
the ncutron resonance information. The shielding libraries provided with the SCALE system were the
first to usc this approach. The libraries are provided in the AMPX "master” format. and the SCALE
sequences use BONAMI and NITAWL modules to do the resonance and temperature correction
(cheap, relative to the radiation transport analysis) for cach particular problem and alter the format
from 4 master to an AMPX “working” format. Libraries in SCALE with ro resonance information
(e.g.. CASK 22n-18y) follow the same procedure but no actual processing takes place; that s,
BONAMI and NITAWL are merely used to change the master format to a working format. Installa-
tions that do criticality analyses have resonance processing codes available because resonance processing
i» of extreme importance in evalualing an accurate neutron multiphication factor
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To date, there are very few libraries that follow the above approach. The 27n-18+v library in
SCALE is the most prominent. The ncutron data were collapsed from the CSRL library, and the
gamma data were created directly using various AMPX modules. The library group structure and
weighting function was sclected to be appropriate for spent fuel shiclaing applications. The large
number (13) of thermal neutron groups can increase the cost of a discrete ordinates shielding analysis
unless the outer iterations are limited by code input.

The only other broad-group libraries available in the flexible format are the MATXS libraries from
Los Alamos National Laboratory (see Table 5.9). However, the MATXSI and MATXSS libraries
contain no resonance information and are simply MATXS-formatted versions of CLAW-[V. The only
library of potential interest is the DLC-116/MATXS6 library. However, therc appears to be too many
neutron groups to be used for production work.

Table 5.9. Some libraries in "MATXS" format that are
available from RSIC

Energy  Processor/ Applications/
Library Contributor  groups (format) Source (No. clements)
DLC-114/ LANL 30n,12g NJOY-II ENDF/ MATXS Eqguiv.
MATXSI (MATXS) B-1v, of DLC-36/
LANL CLAW-1V/
164)
DLC-115/ LANL 30n,12g NJOY-II ENDF/ ENDF/B-V
MATXSS (MATXS) B-YV, Equivalent of
LANL  MATSX1/
(87)
DLC-116/ LANL 80n,24g NJOY-II ENDF/ Fast Reactor,
MATXS6 (MATXS) B-V Shielding,
Fusion/
(91)
DLC-117/ LANL 69n NJOY-1I ENDF/ EPRI-CPM Group
MATXS? {MATXS) B-V Structure, PWR
Studies/
{(80)

5.3.3 Poiat Cross-Section Libraries

As noted in Sect. 4.1.3, point Monte Carlo cross-section libraries are typically processed for use with
a partticular code. The MCNP code package (CCC-200) provides cross-section sets based on
ENDF/B-1V. Both true point cross sections and point data averaged into discrete groups are provided.
A separate data package (DLC-105) is provided for the ENDF/B-V based cross-section sets for MCNP
because of restrictions on distributing ENDF /B-V data outside the United States. For shiclding appli-
cations, the point cross-section libraries and continuous-energy treatment allowed in some Monte Carlo
codes is a superior physics approach than that offered by multigroup libraries.
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5.4 THE SCALE COMPUTATIONAL SYSTEM

As evidenced from the previous sections of this report, the number of different techniques. codes.
and data libraries can confuse even a routine user as to the appropriate procedure for obtaining an
accurate dose evaiuation. This situation combined with the expertise required to use (and not abuse)
many of the available analytic tools forces many users to employ the tools they have had the most
experience vith (or the easiest-to-use tool), whether it is the best tool for a particular problem or not.
This section provides a summary of a modular code system called SCALE that was developed in an
cffort to ease many of the burdensome input and code interface requirements necessary to perform a
complete shielding analysis for a specific category of applications.* To date, it is the only analytic sys-
tem of its kind for doing a complete spent fuel shielding analysis.

The SCALE system was developed to be an easy-to-use analytic tool for performing criticality,
shielding. and heat transfer analysis of nuclear fuel facilities and packages. As a modular code system,
SCALE is designed to provide common data interface files, input format, and data processing pro-
cedures for system analysis. The development concept was: (1) use well-established computer codes
and data libraries, (2) have an easy-to-use input format designed for the occasional user and/or novice,
(3) combine and automate analyses requiring multiple computer codes or calculations into standaru
analytic sequences, and (4) be well documented and publicly available. A host of validated data bases,
(e.g.. material compositions, thermal properties, cross sections) were also incorporated to al'ow easy
input (via keywords) and data accessibility. The analytical sequences are automated to perform the
necessary data processing (e.g., problem-dependent resonance self-shielding and temperature correction
of cross sections), generate the input to well-established computer programs (functional modules), ini-
tiate module execution in proper sequence, and perform any needed post-processing of the analytic
results. Thus, the user is able to select an analytic sequence characterized by the type of analysis (criti-
cality, shielding. or neat transfer) to be performed and the geometric complexity of the system being
analyzed. The user then prepares a single set of input for the control module corresponding to this
analytical sequence. The control module input is in terms of casily visualized engineering parameters
specified in a simplified, free-form format. The control modules use this information to derive addi-
tional parameters and prepare the input for each of the functional modules in the analytical sequence.
Back-to-back execution of individual modules is allowed.

The shielding analysis capabilities developed for the SCALE system center around many of the
well-established codes and libraries noted in Sects. 5.1 5.3. Radiation transport is performed by the
one-dimensional (1-D) discrete ordinates code XSDRNPM and the multidimensional Monte Carlo code
MORSE-SGC which uses the MARS combinatorial geometry package for easy modeling of complex
geometries  (Multidimensional discrete ordinates codes were omitted because of geometric restrictions
and difficulty with incorporating them in an automated sequence.) These radiation transport codes
along with other SCALE modules for cross-section processing {BONAMI, NITAWL), spent fuel source
generation (ORIGEN-S), and dose evaluation (XSDOSE) are incorporated into four Shielding Analysis
Sequences SASI|, SAS2, SASJ, and SAS4.

The first shielding control module to be released was SAS3. The sequence provides automated data
processing, but basically relies on the user’s expertise with MORSE (or Moate Carlo techniques) 1o
cnsure seliable dose results. The next analytic sequence, SAS2, automates all the steps of a complete
shielding analysis (1) a depletion and d=cay analysis for a specified assembly geometry and irradiation
history, (2) generation of gamma and neutron source strength and spectra, and (3) a one-dimensional
radial shielding calculation (XSDRNPM-S) and dose evaluation (XSDOSE) for a transport/storage
cask. SASD 4 SASY are two new sequences that have heen extensively tested and used at ORNIL.
since 1985 SAST s basically o user-fniendly tool for cross-section preparation and subsequent 1-D
hielding analysis using XSDRNPM-S and XSDOSE. SAS4 provides an casy-lo-use, aulomated nro-
cedure to obtain radiation doses exterior to a transport/storage cask via a three-dimensional Monte
Carlo analysn
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The SAS4 module of SCALE is designed to eliminate user interaction in selecting Monte Carlo
biasing parameters for deep-penetration shielding problems. The module has been heavily tested for
spent fuel cask applications. All the required bizsing parameters are derived from results of an adjoint
XSDRNPM-S calculz*ion and automatically input tc MORSE so that the user is rid of this difficult
input task. A simplified input option is also allowed for the geonietry model of Figs. 5.1-5.2. Of
significance is the fact that homogeneous and heterogencous spent fuel models are easily specified. This
type of application-spccific simplification makes the use of the complex, general-purpose radiation tran-
sport codes casy to usc in an appropriatc manner.

The general flow diagram of one of the simplest modules, SASI, is shown in Fig. 5.3. The first
portion of the sequence prepares cross sections (optionally cell weighted) via the BONAMI, NITAWL,
and optional XSDRNPM calls. This portion of the sequence is common to all the sequences. The last
portion of the sequence allows repeated XSDRNPM/XSDOSE calculations. The radiation source for
SAS], SAS2 (radiation transport), and SAS4 are obtained via interface files output from ORIGEN-S.
The SAS2 case can be halted after the depletion portion of the analysis is done to provide source spec-
tra and concentrations at discharge. Different decay times for the spent fuel source can be considered
by generating a new ORIGEN-S output file from the discharge concentrations on the old file. Thus,
dose rates for a variety of cooling times and different cask designs or models can be easily obtained
using the various shielding sequences.

There are a number of improvements that could be made to the SCALE system. However, taken
together, the shiclding sequences provided in SCALE offer an excellent example of a user-oriented com-
putational tool that can be used for source generation, preliminary shicld design, final safety analyses,
and review calculations.
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6. SOFTWARE ASSESSMENT PROCEDURES

There is a continuing search for means to test the various calculational methods used for radiation
transport analyses. Uncertainties in calculated results anise from several areas including the propertics
¢! the source, the cross sections of materials involved in the calculation, modeling limitations, calcula-
tional method approximations, and statistical uncertainty of Monte Carlo results. At least three
methods have been employed to assess or verify calculations: calculational benchmarks, experimental
benchmarks, and measurements at operating facilities.'?

6.1 COMPARISON VWITH EXFERIMENT

The best scheme to assess the technical validity of a code is to compare analytic results from various
codes and/or data librarics against experimental results designed for the application. In essence, this
provides a validation of the software for the intended application. Comparisons with experiment can
also reveal where further fundamental measurements or development are required. Experiments are
often of two types—integral and benchmark.

Integral experiments are so named because they measure integral, or macroscopic, properties of a
system. Also, they normally ‘est discrete analytic clements such as differential nuclear data or com-
puter algorithms in an integral manaer similar to the way these elements are used in the actual design
analysis. Integral experiments typically serve one of two purposes: (1) data or methods verification,
characterized by idealized geometries which isolate and enhance specific differential clements, or (2)
design verification, characterized by geometries which are prototypic of the actual system design. Both
types of experiments provide quality assurance by assessing the adequacy of either the analytic tools or
the final system design.

Benchmark experiments represent an elite class of integral experiments and must satisfy certzin cri-
teria in addition to the functional intert of the experiment. To be considered as a benchmark, the
experiinent must have well-defined sources and detector responses, accurately described geometry and
material compositions, known sources of uncertainty, and complete documentation. These stringent
demands often require significant effort beyond the normal execution and reporting of an experiment,
which unfortunately has limited the availability of qualified benchmark problems. However, many
pscudo-benchmark experiments have been performed which provide useful and reliable data but lack the
formal packaging of a bonafide benchmark.

Limited verification of nuclear data is possible via an accepted collection of data-testing benchmark
experiments identified by the Shielding Data Testing and Application Subcommittee of the Cross-
Section Evaluation Working Group (CSEWG). They presently support 12 beachmark problems’ (see
Table 6.1) and have cognizance of a similar number of candidates. Because of the degree of accuracy
with which gamma-ray interaction data can bv measured, uone of the CSEWG shielding benchmark
experim.ents address these data, but rather Jeal only with neutron transport and sccondary gamma-ray
production data. Although extremely valuacle, these benchmarks only provide tests of total cross-
section data and are limited in the number of materials considered.

Few integral-type experiments exist for spent fuel shielding applications. Some do exisi for cask-
type geometrics,*”® but they vary greatly in quality and, for all but one (ref. 5), the source is actual
spent fuel. The use of spent fuel for the radiation source adds greatly to the uncertainty of any related
analysis because typically the actual source spectra or pertinent isotcpics are not measured, but must be
calculated via ORIGEN-type analyses. These experiments also vary widely in their documentation in
that an accurate analysis of the experimental model would be difficult based on the information pub-
licly reported. However, these experiments may be a valuable scurce of information for assessing the
total software package (data and code) employed by an analyst. To date, only the analyses associated
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Table 6.1. Integral experiments recommended by CSEWG

Shiclding Data Testing (SDT) Series

SDTI.

SDT2.

SDT3.

SDT4.

SDTS.

SDT9.

SDTI0.

SDTI11.

SDTI12.

Iron Broomstick Fxneriment—an experimental check of neutron total cross sections, R. E.
Maerker (ORNL-3867, ENDF-166, revised)

Oxygen Broomstick Experiment—an experimental check of neutron total cross sections, R.
E. Maerker (ORNL-3868, ENDF-167, revised)

Nitrogen Broomstick Experiment—an experimental check of neutron total cross sections,
R. E. Maerker (ORNL-3869, ENDF-[68, revised)

Sodium Broomstick Experiment—an experimental check of neutron total cross sections, R.
E. Maerker (ORNL-3870, ENDF-169 revised)

Stainless Steel Broomstick Experiment—an experimental check of neutron total cross sec-
tions, R. E. Maerker (ORNL-3871, ENDF-170, revised)

Neutron Attenuation Measurements in 2 Mockup of the FFTF Radial Shield, P Rose, H.
Alter, R. Paschall, A. W. Thicle (AI-AEC-13048, ENDF-181)

Calculational Models for LLL Pulsed Spheres, E. F. Plechaty, R. J. Howerton
(UCID-16372—5Li, 'Li, Be, C, N, O, Mg, Al, TI, Fe, Pb, 23y, 3%y, %py

The ORNL Benchinark Experiment for Neutron Transport Through Iron and Stainless
Steel, Part I, R. E. Maerker (ORNL/TM-4222, ENDF-188)

The ORNL Benchmark Experiment for Neutron Transport Through Sodium, R. E.
Maerker (ORNL/TM-4223, ENDF-189)

Shielding Benchmark (SB) Series

SB2.

SB3.

SBS.

Experiment on Secondary Gamma Ray Production Cross Sections Arising from Thermal-
Neutron Capture in Each of 14 Different Elements Plus Stainless Steel, R. E. Maerker
(ORNL/TM-5203, ENDF-227)

Experiment on Secondary Gamma-Ray Production Cross Sections Averaged Over a Fast-
Neutron Spectrum for Each of 13 Different Elements Plus Stainless Steel, R. E. Maerker
(ORNL/TM-5204, ENDF-228).

Calculation of Neutron and Gamma-Ray Energy Spectra for Fusion Reactor Shield
Design: Comparison with Experiment, R. T. Santoro, R. G. Alsmiller, Jr., J. M. Barnes,
and G. T. Chapman, Nucl. Sci. Eng. 78, 259 (1981).
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with each experimental program have been done. Reference 9 provides ORIGEN2/QAD/DOT ana-
lyses of a -torage cask loaded with BWR assemblies.! The FCXSEC library was employed. The calcu-
lated results vary considerably in comparison to the measured results and are as much as a factor of 2
to 4 lower or higher in different areas of the cask. This type of discrepancy is not very appealing if one
wishes to optimize a shieid design and accurate computational predictions are desired.

In contrast, many high-quality integral cxperiments have been performed to test computational
methods applicable to reactor shiclding problems, especially for advanced reactors such as the Fast Flux
Test Facility,'® the Clinch River Breeder Reactor, and the Gas-Cooled Fast Breeder Reactor.!! These
experiments contributed greatly to the development of the DOT discrete ordinates code and the
MORSE Monte Carlo code. Besides validating the basic algorithms of these codes, the experiments
were valuable in providing guidelines for the proper selection of the various input parameters. This
included the order and directional biasing of angular quadratures, the number of energy groups, the
resolution of the spatial mesh, and the aegree of detail required in the geometry models.

While validation for the codes’ algorithms can be confidently extended to the use of these codes for
spent fuel and high-level waste shielding applications, the guidelines and operating experience gained by
analyzing reactor-oriented experiments do nct entirely apply to spent fuel shielding applications. In
particular, the increased importance of gamma-ray transport introduces several new areas of concern.
In the past, little attention has been given to the selection and number of gamma-ray energy groups and
the energy weighting functions used to create multigroup cross sections. Also, gamma-ray interactions
tend to be more angular dependent than neutron interactions, which requires higher-order polynomial
expansions of the cross sections. Additionally, evaluation of doses in low scattering medium will cer-
tainly present problems of ray effects in multidimensional discrete ordinates calculations. Hence,
integral testing of existing methods appear desirable for problems that are more specific to spent fuel
shielding applications.

6.2 COMPARATIVE ANALYSIS

As noted above, there is a distinct lack of high-quality shielding experiments available to assess the
software packages. Given the lack of experimental data available to verify the physics, an alternative is
to compare the analytic results obtained from analyses of a variety of independentiy developed codes
and data libraries. Although the comparison does not allow a conclusion as to the “correct” answer, it
allows analysts to (1) study the effect and/or uncertainty of using various methods, codes, and data for
a particular analysis, (2) study the theory or software techniques (see Sects. 2-4) to determine the
source of difficulty with deviant results obtained for an application, and (3) investigate the variance in
caiculated results caused by difficulties in input and/or approximations/assumptions ased by experi-
enced independent users.

Comparative exercises such as these have been carried out in the nuclear data'? and shielding'®~"*
arcas 1o investigate a variety of applications. Principal sponsors of these efforts have been the Interna-
tional Atomic Energy Agency and the Organization for Economic Cooperation and Development
(OECD). Currently, the OECD Nuclear Energy Agency Committee on Reactor Physics is sponsoring
a working group for intercomparison of computational methods for spent fuel transport casks. The
effort is just getting started, but some of the initial work performed to date by the U.S. delegation
(ORNL) is provided in Sect. 7. After some agreement is obtained for various “calculational bench-
mark" problems, the working group plans to move on to analysis of some existing experimental data.

In a comparative analysis, quality calculations performed with a poirt Monte Carlo code using
evaluated data arc often taken as the standard against which other techniques, codes, and data are stu-
died. Of course, variation between the point Monte Carlo results musi be resolv=d first.



Of course an ideal calculational benchmark is one that specifies a particular radiation transport
problem for which an analytical answer is known. It allows a developer to test a new method to judge
how well it does against known solutions. The American Nuclear Society Shielding Standards Commit-
tee (ANS-6) and the RSIC published a compilation of several such benchmarks (ORNL-RSIC-25).

Another effort of some import is the method assessment efforts undertaken in developing an ANSI
standard such as thosc of refs. 15-16. Another working group, ANS 6.6.2, is beginning an effort to
develop a recommended standard for calcu'ation and measurement of direct and scattered neutron radi-
ation emitted from high-level nuclear waste. The result of such a standards activity typicallv provides
valuable insight into the proper procedure for evaluating a code or data set for use in a selected applica-
tion.
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7. CALCULATIONAL ASSESSMENT ACTIVITIES

Section 6 descri s ihe best calculational assessment scheme as one that compares analytic resalts
against experimental results. However, the scope of this report did rot allow for a thorough calcula-
tional assessment of the various techniques, codes, and data libraries discussed in Sects. 2-5 via the
limited experimental data that are available. Instead, this section compares a selection of calculational
results performed recently at ORNL in support of a variety of projects involving the analysis of spent
fuel casks. These comparative results serve to illustrate the analytic differences that result from the use
of the various calculational tools. Where possible, an explanation for the differences is provided and a
discussion presented regarding their impact on scoping, design, and licensing analyses for varicus spent
fuel shielding calculations. The information in this section will also help to provide a basis for justify-
ing some of the recommendations presented in Sect. 8.

7.1 METHODS ASSESSMENT
7.1.1 Radiation Source Spectra

As noted in Sect. 2.3, many analysts obtain a total spent fuel neutron source and then generate a
groupwise energy spectrum using an analytic fission spectrum function. In contrast, some codes supply
groupwise neutron spectra based on analytiz techniques derived from experimentally measured spon-
taneous fission and (a,n) spectra (see Sect. 2.2). To evaluate the potential impact of the two pro-
cedures, two identical 1-D discrete ordinates analyses were performed using (1) a fission spectrum for
the ncutrons and (Z) a neutron spectrum genecraied by ORIGEN-S and based on measured isotopic
spectral data (see Sect. 2.2). The total source strength for both calculations was identical and
corresponded to PWR fuel depleted to 35 GWD/MTU and cooled for 10 years. Radial neutrou dose
rates for the truck cask shown in Fig. 7.1 were obtained using the SAS1 module of SCALE (see
Sect. 5.4). The results indicate that, for this cask model, the ncutron source with a fission spectrum
yields a dose rate 7% lower than the dose corresponding to *Yic neutron spectrum generated via the pro-
cedure of Sect. 2.2. Although this is a minor difference, the effect may become slightly more pro-
nounced for problems where the (a,n) contribution is greater.

Also, mentioned in Sect. 2.3 is the importance of ensuring that gamma sources are binned into
energy groups in a way that conserves the total energy—not the number of photons. The effect obvi-
ously depends on the discrete line source and the particular multigroup energy format that ic used. The
effect is illustrated here using the comparative benchmark cask problem developed by an OECD inter-
national working group on shielding analysis methods. The cask consists of a cast iron body as depicted
in Fig. 7.2. Because nuclides emit photons at discrete cnergy levels, the working group specified a dis-
crete line photon source as provided in Table 7.1. The .esulting particle-conserving and energy-
conserving source spectra for the photon group structure of the CASK and SCALE 27n-18g library are
shown in Taole 7.2. The resulting doses on the side wall of the cask are about 9-10% lower for the
energy-conserving source.

7.1.2 Geometric Model

Sections 3.2- 3.4 discuss the geometric modeling limitations of the various radiation transport tech-
niques, and Sect. 3.5 notes the potential imporiance of the geometry capabilities provided by a code.
This section will show an example of comparative results from using (1) 1-D and 2-D discrete ordinates
codes and (2) a homogeneous and heterogeneous model of the spent fuel.

It may sometimes be difficult to determine the appropriateness of using 1-D codes f.r a problem. A
good example of when they are and are not appropriate car be casily illustrated with a spem fuel cask
geometry.  The cast iron cask of Fig. 7.2 was used. Identical neutron and gamma sources were
emploved and the SCALE 27n-18g cross-section set was utilized.
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Table 7.1. Discrete line gamma source for

QECD cask problem
Energy Source strength
(MeV) (photons/s)
0.6 2.53+16
0.7 2.32+16
1.0 695+14
1.3 550+ 14
1.7 6.15+12
2.1 2.70+14
24 2.544+12
28 1.32+12

*Read as 2.53 x 10¢,

Table 7.2. Particle- and energy-conserving multigroup gamma source spectrum
corresponding to discrete line gamma source of Table 7.1

Particle- Energy-
Upper energy conserving conserving
IG limit (eV) source spectrum source spectrum

1 1.00+7 0. 0.
2 8.00+6 0. 0.
3 6.50+6 0. 0.
4 5.00+6 0. 0.
5 400+6 0. 0.

6 3.00+6 1.324 12 1.344+ 12

7 2.50+6 2.73+14 2.547+ 14

8 2.00+6 6.15+12 5.713+12
9 1.66+6 0. .

10 1.33+6 1.25+15 9.120+ 14

11 1.00+6 0. 3.861+14

12 8.00+5 485+16 3.404+16

13 6.00+5 0. 1.5184+ 16
14 400+$ 0 0.
15 300+ 5 0. 0
16 200+5 0. 0.
17 1.00+5 0 0.
18 5.00+4 0 0.
5 s.

078+ 16
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Table 7.3 shows dose results from the SAS! module of SCALE (uses XSDRNPM-S/XSDOSE
combination; and from DOT-IV for points radially outward from the cask along the axial midplane.
The table shows that a I-D radial analysis of a typical cask compares well with a 2-D analysis for doses
along the axial midplane. The 1-D assumption of an infinite cask height appears valid since little if any
radiation leaking from the ends of the cask can contribute to the dose at the given points. A compari-
son of the neutror doses of Table 7.3 shows the surface doses to agree, but at 2 m out, the 1-D results
are 10% higher than the 2-D results. This is expected because the XSDOSE evaluation from the cask
finite axial surface must use an angular flux from the 1-D XSDRNPM model which of necessity
assumes an axially infinite cask surface (i.c., an angular flux distributics is invariant along the axial
cask surface). The 2-D analysis predicts the flux change over the axial finite surface, and, thus, the
dose at 21 m from the cask is lower due to a lower (and more realistic) contribution from the ends of
the cask. This trend is not seen with the gamma dose which differs by about 11% both on the surface
and at 2 m out. The difference at the surface is probably caused by use of a finer (better) mesh in the
1-D analysis than that used for the 2-D analysis. Most likely, the relative difference remains nearly
constant because of a highly forward-peaked photon angular flux which allows little, if any, contribution
from the portion of the axial surface removed from the midplane. The apparent conclusion is that 1-D
radial analyses are fine for c/aluating slightly conservative doses along the midplane. A code like
XSDOSE can also evaluate doses off the midplane, but these will be even more conservative in compar-
ison to 2-D doses. Remember, also, that 1-D codes cannot treat any type of axial source distribution in
the radiation transport calculation.

Table 7.3. DOT IV and SASI radial doses along axial
midplane for OECD cast iron cask

Dose (mrem/h)*
Code Dose type Surface 1 meter 2 meters
DOT IV Neutron 61.5 18.3 9.5
Gamma 377 148 38
SASt® Nzutron 62.0 19.2 10.7

Gamma 421 16.1

9.8

*Doses in mrem/h using ANSI standard flux-to-dose conversion factors.
SEmploys XSDRNPM/XSDOSE codes.

A far different situation exists for the evaluation of dose rates at the top and bottom of a cask. In
this case. a 1-D assumption is poor because a relatively large proportion of the axially directed source
particles eventually leak out the sides of the cask. [t is possible to attempt a simu.lation‘of this radial
leakage by specifying a “buckling” parameter in the 1-D input. This parameter |s‘der|ved from Fhe
problem geometry and has its basis in diffusion theory. The results of Table 7.4 indicate the variation
in the calculated axial dose as the radial buckling is changed in 1-D analyses of the cask/storage canis-
ter geometry shown in Fig. 7.3. In comparison to 2-D calculations, the 1-D (SASI) results drastically
overpredict the dose when no buckling is used and slightly underpredict the dose when reasonable buck-
ling values are employed. This effect 1s particularly dramatic for neutrons, which indicates a larger
relative amount of leakage out the radial surfaces. So. although 1-D calculations can be usefui for
radial analyses of casks. caution is called for hefore they are used in axial analyses. This comparnison
should provide excellent motvation for using multidimensional analysis tools for problems where
geometry effects are of potential importance Indeed. problems involving hot ceil analyses or multiple
casks 10 and around buildings may have 3.D cffects that should be considered for hest results.
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Table 7.4. Calkulsted axi<l dose rates at canister surface for open
cask/closed storage canister configuration

Analysis method Neutron dosc® (mrem/h) | Gamma dose (mrem/h)
MORSE-SGC/S*
R=0/20 cm 296.44(0.077)
2=20/34 cm 254.15(0.057)
R=34/42 cm 201.82(0.059)
R=42/47.63 cm 189.89(0.066)
R=0/34 cm - 91.58(0.173)
SAS|1 using XSDRNPM-S/XSDOSE*®
No buckling 1257.1 110.10
Cask radius-
equivalent buckling 171.8 81.05
Canister radius-
equivalent buckling 92.5 61.97

*Numbers in parentheses denote fractional standard deviations.
All doses cvaluated using ANSI standard flux-to-dose conversion factors.

“Inner/outer radii of circular detector ares given. R =34 cm is extent of

lead shicld.
“Dose rates at radial centerline of canister, R=0.
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Besides the geometry considerations involving the shield (e.g.. the cask body). an analyst must con-
sider the geometry used for the source. Discrete ordinates codes are usuzlly restricted to a homogen-
ized model of the source. Use of different homogenization schemes alters the duse results as evidenced
by Table 7.5. Using a homogenized source region equal to the fuel assembly area is a popular
approach, but it is often nonconservative in comparison to an approach that homogenizes the source
over the entire cask cavity. The latter option nearly always produces a larger gamma dose since the
fuel is actually spread out over a larger cffective area and fuel self-shiclding is decreased. Table 7.6
indicates the effect of using a heterogeneous model of the fuel assemblies in a cask (Fig. 7.4) vs a rea-
sonable horlogeneous model (Fig. 7.5). The Monte Cario analyses were performed using two different
initial random numbers and indicate that, at least for neutron dose, therc is no advantage in using a
heterogeneous model.

Table 7.5. Radial surface dose rates for cask model of
Fig. 7.1 for different source homogenization

Total

Source Neutron gamma
homogeaization dose* (mrem /h) dose® (mrem /h)
Source ares 21.3 98.57
equivalent to
fuel assembly
area
Source area 28.45 89.95
equivalent to
cask cavity
area

*All doses cvaluated using ANSI standard flux-to-dose conversion factors.

Of course with the use of muitidimensional codes comes the higher computational cost. Thus, the
simpler 1-D tools have a distinct advantage (if used properly) for sconing analysis and even final design
or licensing analysis where conservatism can be allowed.

7.1.3 Comsideration of Fissien Newtrems

As the cffective multiplication factor (key) of a system increases towards a value of 1.0, the impor-
tance of the ncutrons emitted from fission reactions becomes increasingly :mportant to a shielding
analyst. For a dry system where ky is very low, an analyst can typically consider fission neutrons by
mouifying the fixed spent fuel neutron source by the factor 1/(1-kyy) However, for a wet system
(occurring in various accident scenarios or when a cask is removed from a pool and prior to purging),
where ke approaches 1.0, this multiplication factor tends to greatly overestimate the neutron dose.
This effect is seen in the dose results of Table 7.7 for the OECD cast iron problem of Fig. 7.2. This
table indicates that use of a correct fission source 1s necessary for accurate neutron dose results if kyy is
large [probably >0.7, although more analyses are required to deicrmine where the |/(1-kyy) approxi-
mation breaks down].
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Table 7.6. Dose rates for depleted-uranium cask models of Figs. 7.4-7.5

Dose type.

Two homogeneous fucl zones

(Fig. 7.5)

Heterogeneous fuel
(Fig. 7.4)

Detector location

init:al random numbers

DOT-IV MORSE-SGC/S for two different. MORSE-SGC /S for two different

initial random numbers

Nestroa Axial Detectors
Surface-averaged -
61.70

91.44 cm
182.88 cm 19.78
Corner 30.17
Number of histories -
Running time

Newtron Radisl Detectons
Surface-averaged -
9] 44 cm 252.00
182.88 cm 125.30
Corner 30.17

Numbher of hist. -
Running time -

Tota! running time®

Gamma Axisl

Serface Detectors
Cask surface
100 cm from surface
200 c¢cm from surface
300 cm from surface

*Fractional standard deviation.

365.05(.057)
63.01(.046)
19.73(.044)
34.23(.136)

90x 120°

7.4

891.31(.0200
256.81(.027)
126.71(.022)
30150117
80x100
12.2

97.2

1544.40(.064)"
142.82(.070)
97.17(.071)
67.99(.082)

366.18(.049)
65.46(.042) .
20.54(.041) -
32.08(.105)

90x120
76

859.66(.023) !
254.01(.027) |

125.45(.022)
26.19(.076)
80x100
12.0

19.6

1786.90(.078)

156.43(.077)
109.79(.092)
72.79(.090)

——

342.27(.039)
59.09(.032)
18.55(.032)
27.73.195)

100x200
475

881.98(.034)
264.56(.066)
130.13(.056)
38.52(.233)
50x100
424

19.6

1456.88(.063)
125.37(.057)
89.79(.067)
62.63(.080)

362.92(.041)
60.14(.034)
18.26(.033)
33.11(.140)

100x200
48.6

858.68(.024)
235.28(.062)
119.96(.051)
53.28(.366)
50x100
40.7

899

1359.28(.041)
122.49(.041)
85.52(.049)
55.40(.048)

In IBM-3033 minutes. For the MORSE-SGC /S calculations, the running time
includes that of the XSDRNPM-S adjotint calculations; for the DOT-IV calculation,

the running time includes that of the FALSTF calculations.

‘Interpreted as 90 batches of 120 histories per batch.
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Table 7.7. Neutron dose rates (mrem/h) for OECD cast iron cask for
wet and dry configurations®

Dose with
fission source Fixed source dose
calculated as part multiplied by 1/(1-kegg)*
of shiclding analysis

CASK SCALE SCALE

library® library® library
Water-filled 25.88 51.61 89.18
cavity (ker=0.855) (ke =0.939)
Dry 72.67 71.72 77.21
caviiy (keey=0.180) (ker™0.200)

*All shiclding analyses performed with SAS1 module of SCALE and ANSI
standard flux-to-dose conversion factors.

"k . values shown are those obtained by the {-D SAS!
calculation during the shiclding analysis.

“ker Obtained from KENO V.a analysis of the wet and dry cask models
ket = 0.197 for the dry cask
ker = 0.940 for the wet cask

Although most radiation transport codes can consider the fission neutron source, care must be taken
in selecting an appropriate cross-section library. The 22n-18g CASK library yields neutron doses
eme-half that of the 27n-18g SCALE library. This difference can be traced back to inappropriate reso-
nance cross sections for 2*U in the CASK library. Thus, the fixed 2*U resonance cross sections in
CASK make that library inappropriate for systems where neutrons from subcritical multiplication are
important.

7.2 CODE AND DATA ASSESSMENT
7.2.1 Point Kernel Codes

This section reviews a brief comparison’ of two versicns of the QAD series of codes—QAD-CG and
QAD-CGGP, both discussed in Sect. 5.2.1 and Appendix A,

As indicated in Sect. 5.2, the two QAD versions were very similar to each other with differences
occurring in three arcas. (1) the range of basic cross-section data (i.c., mass attenuation coefficients);
(2) interpolation methods for the mass attenuation values; and (3) the buildup factor method utilized.
The basic cross-section values were similar for QAD-CG and QAD-CGGP, but QAD-CGGP cross sec-
tions contain a wider range of energies (0.01 to 3¢ MeV for QAD-CGGP vs 0.05 to 10 MeV for
QAD-CG). QAD-CG uses a linear interpolation method to evaluate the point cross-section values at
the mean encrgy for each energy range. QAD-CGGP uses a log-log interpolation 1o calculate the point
cross-section values. The remaining difference between QAD-CG and QAD-CGGP is in the calculation
of buildup factors. QAD-CG uses the standard exponential buildup factor method, whereas QAD:
CGGP uses the new geometric prcgression (GP) buildup method. QAD-CGGP has the option of using
cither buildup factor method; thus, a comparison between the two methods can be casily performed.
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Table 7.8 gives the doses for a variation of the truck cask (no neutron shieid, less depleted uranium)
model of Fig. 7.1 at the surface of the cask along the axial centerline and at points I, 2, and 10 m
from the surface. Doses are given for QAD-CG, QAD-CGGP with standard buildup factors,
QAD-CGGP with the GP buildup factors and for the SAS1 1-D radiation transport module at each
detector poin:. The QAD-CGGP results with both types of buildup factors are virtually identical, indi-
cating that the different methods for obtaining buildup factors have no effect in this case. The QAD-
CG and QAD-CGGP results are, however, quite different. This difference is almost exclusively due to
the two different cross-section interpolation schemes used by the two codes. The cross sections were
compared and for the primary materials differences of much less than 1% were scen. The effect of
varying the interpolation method from linear to log-log was seen to be around 2% in the Fe, which is
sufficient to cause the variations seen in the results. The ratios of the SAS| results to both QAD-CG
and QAD-CGGP are given in Table 7.8. The QAD-CG values seem to give results much closer to
SASI than the QAD-CGGP resuits, but this agreement could be fortuitous since this geometry is a
mixture of materials and QAD, in general, does not perform accurately for such a case.

Table 7.8. Comparison of QAD-CG and QAD-CGGP doses (rem/h) with
SASI (1-D transport) for truck cask of Fig. 7.1

QAD-CGGP®* QAD-CGGPF*

Dose* (old buildup (GP buildup SASI/ SASI/
location  QAD-CG factor) factor) SASI QAD-CG QAD-CGGP
Surface 5.025-14 6.240-1 6.245-1 5.107-1 1.016 0.818
| meter 1.644-1 2.040-1 2.041-1 1.485-1 0.903 0.728
2 meters  9.782-2 1.213-1 1.215-1 8.480-2 0867 0.698
10 meters 8.550-3 1.051-2 1.051-2 9.379-3 1.097 0.892

*All doses are at a specified distance from the outer cask surface
at the axial centerline.

®QAD-CGGP cases ran with standard exponential buildup factors.
“QAD-CGGP cases ran with geometric progression buildup factors.
‘Read 5.025-1 as 5.025 x 107!

The above conclusion is strengthened by the results shown in Table 7.9 for the OECD cask model of
Fig. 7.2. Hezre the QAD-CGGP resuvits are consistently higher than the QAD-CG values as before, but
the QOAD-CGGP results are in much better agreement with the SASI results at the cask surface than
the QAD-CG values. In this case, the geometry is very simple and contains only one material and
hence, the QAD results should be very good. The QAD-CG results at points off the surface once again
arc in better agreement with the SASI results, but this is simply due to conservatism in the QAD cal-
culations at points external to a cylindrical source. This can he shown by observing the behaviors of the
two ratios at the external dosimeter points. The QAD-CG results are consistently 8 to 10% higher than
the QAD-CGGP results all the way cut to 100 m. Thus, the QAD-CG ratios away from the surface
are closer to unity simply because the QAD-CG rauio at the surface was much higher than for the
QAD-CGGP case.
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Table 7.9. Comparison of QAD-CG and QAD-CGGP doses with SAS!
{1-D transport) for OECD benchmark case

Doses (mrem/h)
Dose QAD-CGGP* SAS1/ SAS1/
location* QAD-CG (GP BF) SASI QAD-CG QAD-CGGP

Surface 45.57 50.22 52.20 1.145 1.039
2m 12.57 13.84 12.29 0.978 0.888
10m 1.7 1.9 1.4 0.845 0.770
50 m 8.545-2° 9.461-2 6.869-2 0.804 0.726
100 m 2.168-2 2.402-2 17332 0799 0.722

SAll doses are at specified distance from the outer cask
surface at the axial centerline.

SQAD-CGGP cases were run with the Geometric Progression (GP)
buildup factors (BF) in all cases.

‘Read as 8.545 x 1072,

The unexpected conclusion from this brief comparison is that the QAD versions can provide signifi-
cantly different resuls not only from variation in the data and interpolation used for the buildup fac-
tors, but also from the interpolation of the point attenuation (photon croes section) values. Further
investigation with cther point kernzi codes and/or shielding materials would be valuable. A comparison
of QAD-CG and QAD-CGGP results together with results for various Monte Carlo and discrete ordi-
nates codes is shown in the next section for the simpler OECD cask model.

7.2.2 Radiation Transport Codes

A limited comparison of results from several transport codes was done to assess tne agreement
hetween various codes for the OECD cast iron cask model of Fig. 7.2. Analyses were performed using
the SAS1 (XSDRNPM/XSDOSE), and SAS4 (MORSE-SGC) modules of SCALE, DOT 1V, and
MCNP. In addition, QAD-CG and QAD-CGGP analyses were done to provide a further comparison
between point kernel and radiation trangport codes.

The source specifications (**'J fission neutron spectrum and energy-conserving spectrum of
Table 7.2) and multigroup cross-section library (SCALE 27n-18g) was identical for the SAS1, 3AS4,
and DOT IV analyses. Doses from DOT IV were actually evaluated using an in-house version of the
FALSTF code. The MCNP calculations used the discrete line gamma source data of Table 7.1 and
*he ENDF/B IV point cross-section data available with the MCNP Version 3. The attenuation and
buildup factor data sets are those provided with the QAD versions which were used.

The dose results obtained from the analyses are chown in Table 7.10. Based on a knowledge of the
techniques, geometry model, and data used by the codes for these analyses, the following comments and
observations can be made from the tabulated resul's,

|. The relatively good agreement between 1-D and 2-D codes for sidewall cask doses has been previ-
ously noted in Sect. 7.1.1.
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Table 7.10. Comparison of dose rates (mrem/h) from various radiation
transport codes for the QECD cast iron cask model of Fig. 7.2*

Sidewall Bottom
Primary Secondary Primary  Secondary
Neutron gamma gamma Neutron gamma gamma
dose dose dose dose dose dose
Surface
QAD-CG - 33.1 - - - -
QAD-CGGP - 35.8 - - - -
SASI 62.0 417 0.41 - - -
DOT 1V 61.5 374 041 - - -
DOT IV-avg | 57.4 36.3 0.38 - - -
SAS4-avg 58.0(.02)°  37.0(.04) 0.35(.07) 46.5(.06) 42.3(.12) -
MCNP-avg 64.1(.02) 34.1(.07) 0.46(.08) 39.8(.13) 50.9(.30) 0.18(.34)
1 Meter
QAD-CG - - - - - -
QAD-CGGP - - - - - -
SAS1 19.2 14.4 0.13
DOT IV 18.3 15.5 0.13 14 12.1 0.05
SAS4 18.8(.02) 20.0{.20) 0.11(.25) 7.3(.05) 10.9(.10) -
MCNP 20.8(.02) 13.5(.10) 0.14(.06) 7.5(.06) 11.8(.15)  0.05{.14)
SAS4-avg 13.0(.02) 10.1(.04) 0.08(.08) 3.8(.08) 3.7(.10) -
2 Meters
QAD-CG - 9.1 - - - -
QAD-CGGP - 9.9 - - - -
SASI 10.7 9.7 0.08 - - -
DOT 1V 9.5 8.7 0.07 23 4.3 0.02
SAS4 10.0(.02) 11.9(.30) 0.04(.08) 2.3(.05) 3.8(.08) -
MCNP 11.1(.02) 7.7(.07) 0.08(.05) 2.4(.06) 4.4(.14) 0.02(.15)
SAS4-avg 7.3(.02) 6.2(.04) 0.04(.07) 1.7(.07) 2.3(.09) -
10 Meters
QAD-CG 1.3 - -
QAD-CGGP - 1.4 - - - -
SASI 0.95 1.17 0.007 - - -
DOT IV 0.78 0.95 0.006 0.10 0.22 0.001
SAS4 0.80(.18) 1.03(.131)  0.005(.19) 0.10(.05) 0.20(.07) -
MCNP 0.91(.02) 0.85(.06) 0.006(.04) 0.11(.06) 0.23(.14) 0.001(.17)

*"avg” indicates dose is averaged over cavity height for the

sidewall doses and over cvity diameter for axial doses. Otherwise, point

detectors are used and located at the axial midplane for the sidewall doses
and at the radial center for the axial doses.

PNumber in parentheses indicates value of one fractional standard deviation.
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2. The QAD-CG and QAD-CGGP sidewall surface results are, respectively, 11.8% and 4.3% lower
than the 2-D results of DOT IV but increase to, respectively, 37% and 47% higher than DOT IV
at the 10-m mark. This general trend is also true in comparing QAD with the other radiation
transport codes. Thus, for this problem, comparison of the QAD methodology to radiation tran-
sport techniques produces slightly lower results at the shield surface and increasingly higher results
as the distance from the shield increases. The QAD results show a relative increase at greater dis-
tances because the buildup factors are based oe infinite medinms.*

3. Note that ¢ QAD and SAS! results of Tabie 7..0 are about 25 to 30% lower than those
reported in Table 7.9 for the same model! The difference is due to the energy group structure
used for the gamma source. The results of Table 7.9 were obtained using the emergy spectrum
developed for the 20-gamma groups of the BUGLE library, but the results of Table 7.10 were cal-
culated with the 18-gamma-group spectrum of the 27n-18g SCALE library. The predominant line
energy (contributing 85 to 90% of the dose) is at 2.1 MecV. The energy group intervals encom-
passing this line eaergy are 2 to 3 MeV for the BUGLE library and 2 to 2.5 MeV for the 27n-
18g library. Thus, fcr this group, the source energy utilized by QAD (i.c., average group energy)
was 2.5 MeV for the BUGLE spectrum 2nd 2.25 MeV for the 27n-18g library. A QAD case
using the explicit line energies yields a dose f 29.37 mrem/h at the surface. Thus, it appears that
for some problems (those with important discrete line sources), the calculated groupwise spectrum
needs to tightly bound the important line energies.

4. For ncutrons, the results agree to within 17% for the sidewall point detector and agree even better
for the axial point detector. The DOT IV results are the lowest while the MCNP results are the
highest. However, the excellent agreement between DOT IV and SAS4 indicate that some (or all)
of the disparity between DOT and MCNP may be due to differences in the cross-section data (see
Sect. 7.2.3). The jow fractional standard deviations achieved by SAS4 and MCNP provide for
good confidence in the results. These same trends appear to hold generally for the secondary
gamma doses.

5. For photons, the doses are higher for DOT IV than for MCNP by a maximum of 12% (at 10 m).
Ai with the neutron results, the MCNP-DOT discrepancy appears to be a cross-section data differ-
ence (see Sect. 7.2.4). The relatively high fractional standard deviations reported with the SAS4
point detector results makes it difficult to obtain more tian a general comparison of the results.

6. The surface-averaged results provided by SAS4 allow the peak-to-average value to be evaluated
and indicate a flattening of the flux as the distance from the shicld increases. Note that the peak-
to-average value is very high for the cask bottom, thus indicating the need for an sdequate multidi-
mensional code if accurate dose profiles are to be obtained.

7. The high fractional standard deviution (fsd) reported for several of the SAS4 gamma doscs needs
to be assessed to determine if MCNP gave better fads because of better methods or because more
Monte Carlo histories were run. Incorporation of the Klein-Nishina next-event estimator (already
available in MORSE-CG and MORSE-CGA) is expected to improve the fad from MORSE-SGC.

8. Due to the basic Monte Carlo methodology, nei:her SAS4 nor MCNP can generate accurate point
detector results near a scattering medium (see Sect. 3.3). This is the reason why only surface-
averaged results are provided on the cask surface.
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7.2.3 Cross-Sectioa Data

As noted in the previous section, it was suspected that much of the difference between the multi-
group code resuits and those of MCNP was due in large part to different cross-section data. This sec-
tion presents the results of a study performed to assess the variability of different multigroup cross-
section libraries and compare them with results from the ENDF/B-IV-based MCNP point library.?
Based on the excellent agreement for the sidewall surface doses between SASH and DOT IV, the SASI
module was employed as a relatively cheap, but accurate, tool to use in comparing various cross-section
sets. The analyses were performed on the OECD cast iron cask model of Fig. 7.2. The code parame-
ter data and radiation sources were identical for all the analyses.

Four broad-group libraries distributed by RSIC and routinel, used for spent fuel shiclding analyses
were selected as the basis for this study: the 47n-20g BUGLE-80 library, the 22n-21g FCXSEC library,
the 27n-18g coupled library from SCALE, and the 22n-18g CASK library. The BUGLE-80 and
FCXSEC libraries are cullapsed from the 171n-36g VITAMIN-C library. The neutron data for the
SCALE library is from the 218n-group CSRL-IV library. Using the group structure of the selected
broad-group libraries, several variations of the base libraries were investigated by recreating the library
(with slight changes as noted in Table 7.11) from the fine-group libraries. Variations in the fine-group
data (ENDF/B-IV vs ENDF/B-V), resonance sclf-shielding teckniques (problem-dependent vs
problem-independent processing), and collapsing spectrum were all investigated.

Table 7.11 provides information on the subtle differences between the libraries, and Table 7.12
shows the dose rate results from the comparative study. The broad-group (libraries 1-4) calculations
were performed with S,P, specificaticns, but the fine-group (libraries 5-7) calculations were run as
SgP;. All the libraries except 1a, Za, and 4 contain Bondarenko factors or resonance parameters that
allow a problem-dependent resonance treatment via SONAMI or NITAWL. As seen in Table 7.12,
there is a fairly widespread in dose rates as a function of the input library. A largc amount of
comparative-type information can be gleaned from a study of Table 7.12. Somé¢ of the major findings
of interest are noted below.

1. The spectrum used to collapse the gamma-ray data is important (compare results from libraries Ic
and 1d, or libraries 3b and 3c). The gamma-ray cose using a concrete or flat spectrum appears to
be about 50% higher than when an iron spectrum (from fine-group analysis of the problem) is
used. The different weighting actually causes cross-section changes of only a few percent, but
these changes are magnified by nearly an order of magnitude in the final dose because of the deep
penetration nature of the problem.

2. There is a surprising discrepancy between the gamma dose results of the "fine"-group libraries §
and 6. This discrepancy is perhaps caused by (a) the sensitivity of the dose to small differences in
the gamma-ray cross sections and b) the fact that these calculations are not truly *fine™-group cal-
culations. The CSRL-V library has four energy groups in the important energy ranges while the
VIiTAMIN-E library has only two energy groups. Thus, it appears that a finer group structure
than has been customary is required to have a true "fine’-group gamma-ray library for this prob-
lem. Note that these “fine” group results lic on either side of the MCNP resuit of 34.1 + 7%
reported in Table 7.10.

3. Nearly a 40% variation in the secondary gamma doses can be seen (¢.g., compare results from
libraries 4 and |d) for Model 11 where the polyethylene causes the secondary gammas to become
important relative to the neutrons,

4. Prope. problem-dependent resonance sclf-shielding of the neutron data appears to be important.
Libraries ia and 2a have a hmited amount of self-shiclding performed in a problem-independent
fashion. Comparison with results from libraries th and 2c. respectively, for which complete,
problem-dependent resonance szif-shielding was done (via BONAM]I), indicates that an inadequate
resonance treatment of the shield matenial can significantly lower the dose.
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Table 7.11. Cross-section libraries used to obtain results of Table 7.12

Cross-section
library

Description

1b

lc

1d

le

2b

3a

3b

478-20g group collapsed from 171n-36g VITAMIN-C library with concrete spestrum -
ENDF/B-1V data. Concrete materials only have been processed oy BONAMI. This is the
BUGLE-80 library.

470-20g group collapsed from 171a-3%¢ V' TAMIN-C library with concrete spectrum -
ENDF/B-1V data. Al resonance materials have Bondarenko factors.

47n-20g group collapsed from 174n-38g VITAMIN-E library with concrete spectrum -
ENDF/B-V (Fe, Mod 3) data. All resonance materials have Bondarenko factors.

47n-20g group collapsed from 174n-38g VITAMIN-E library with iron cask spectrum -
ENDF/B-V (Fe, Mod 3) data. All resonance materials have Bondarenko factors.

47n-20g group collapsed from 174n-38g VITAMIN-E librarv with iren cask spectrum -
ENDF/B-V {Fe, Mod 3) data. Includes new iron data recently measured at ORNL (sce Ref.
11). All resonance materials have Bondarenko data.

22n-21g group collapeed from 171n-36g VITAMIN-C library with
fusion /fission- 1 /E-Maxwellian weighting for neutrons, flat weighting for photons - ENDF/B-1V
data (converted from RSIC ANISN Library). All materials have been resonance processed via
BONAMI and ¢, valuus of 0.1, 1000, and 10® are provided. This is the FCXSEC library.

22n-21g group collapsed from 171n-36g VITAMIN-C library with coacrete spectrum -
ENDF/B-IV data. All resonance materials have Bondarenko factors.

22n-21g group collapsed from 171n-36g VITAMIN-C library with fusion-fission-
1/E-Maxwellian weighting for neutrons and flat weighting for photons. All resonance materials
have Bondarenko factors.

27n-18g group collapsed from 218n ENDF/B-1IV library. Gamma data created in 18 group for-
mat. Fission-1/E-Maxwellian weighting for neutrons and flat weighting for photons.

27n-18g group collapsed from 227n-44g CSRL-V libraries with fission-1/E-Maxwellian weight
function for neutron groupe, flat weight for photons - ENDF/B-Y (Fe, Mod 1) data. All reso-
nance materials contain resonance parameters.

27n-18g group collapsed from 227n-44g CSRL-V libraries with iron cask spectrum -
ENDF/B-V (Fe, Mcd i) cata. All resonance matesials contain resonance parameters.

34n-18g group collapsed from 227n-443 CSRL-V libraries with iron cask spectrum -
ENDF/B-V (Fe, Mod 1) data. Ali resonance materials contain resonance parameters.

22n-18g group CASK library, assorted data sources. Neutron cross sections collapsed from 104
group structure using weighting spectrum for uranium/water mixture.

227n-44g CSRL-V libraries processed through AMPX-II from ENDF/B-V data. Bondarenko
factors provided for unresolved resonance region.

174n-38g VITAMIN-E library processed through MINX (neutron) and AMPX (gammas) from
ENDF/B-V data.

218n CSRL-IV library processed with AMPX from ENDF/B-IV data with a fission-
1/E-Maxwellian weighting function.




Table 7.12. Radial surface doses {mrem/h) from the OECD cask model using
a 1-D discrete ordinates code and various cross-section libranies

Model 1.* fixed-source results

Model I1.* fixed-source results

Cross-section Primary  Secondary Primary  Secondary
library“ Neutron’  gamma gamma Neutron  gamma gamma
la (47n-20g 3.680+1  £220+1 0.468 4345 214742 4419
BUGLE-80)
1b (47n-20g) 5.434+1 5220+ 0.447 5574 214742 5.132
lc (47n-20g) 5.050+1 5.143+1 0.440 5088  2.119+2 5.254
1d (47n-20g) 5.127+1  3.407+1 0.429 5200 '.515+42 5.312
l¢ (47n-20g) 5.187+1 3.407+1 0.429 5340 151542 5.322
22 (22n-21g, 1.401+2 - 0.430 15.12 - 5.201
FCXSEC)
2b (22n-21g) 5.781+1  4.184+1 0.425 4982 1.857+2 3.901
2c (22n-21g) 1.501+2  4.448+1 0.377 16.28 1.981+2 4.166
3a (27n-18g, 6.200+1 4.171+1 0.410 5963 1.840+2 4.604
SCALE)
3b (27n-18g) 5.635+1 4.108+1 0.407 4640 1816+2 4.345
3¢ (27n-18g) 5.180+1  2.667+1 0412 5482  1.295+2 4,023
3d (34n-18g) 5.177+1 2.666+1 0412 5.480 1.295+2 4.021
4 (22n-18g, 5957+1  4.163+1 0421 5639 1.837+2 3.669
CASK)
S (227n-44g, 5.020+1  2.795+1 - - -
CSRL-V)
6 (174n-38g, 5479+ 1 3.980+1 - - -
VITAMIN-E)
7 (218n, 3.675+1
CSRL-1V,

1/E weighting
for Fe)

¢Dry cask model with 38 cm of iron shielding.

*Dry cask model with 32 cm of iron shielding and 6 cm polyethylene.

‘Read as 3.680 x 10
“Sec Table 7.11 for explanation.
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5. Comparing the results i-om libraries Ib and lc indicates that there is about an 8% difference
between the ENDF/B-1V and ENDF/B-V cross-section data for materials in this problem.

6. The spectrum used to collapse the ncutron data can also be important for this shield material. The
data collapsed with the fusion-fission-1/E-Maxwellian spectrum (libraries 2a and 2c) cause a large
(and inaccurate) nise in the doses. Further detailed investigation found the problem to arise from
an unfortunate (for iron, at least) selection of broad-group energy intervals combined with a
weighting spectrum that switched from |/E to fission at an inappropriate location in energy (0.1
MeV). The 0.55-1.1 MeV group of library 2 bracketed the large iron inelastic scattering thres-
hold at V.87 MeV. This broad group scheme combined with the fission weighting to produce
signficant differences in the collapsed cress sections in this important energy range. This is also a
major factor in explaining the high dose results obtained with library 3a in comparison to results
from its parent fine-group calculation. Also, neither library 3a nor library 7 (processed using reso-
nance parameters) have any effective resonance shielding for the iron in this problem because
ENDF/B-1V did not provide resonance parameters above 60 keV.

7. The results using libraries 3b, 3c, and 3d are all in very good agreement with each other as well as
with the fine-group value obtained with library 5. Thesc three cases are all based on the 227n-44g
CSKL-V library, with libraries 3c and 3d collapsed using the same weight function, but with seven
high-enetgy groups added to the 3d library. Thz agreement of resuits from library 3b with the
other two is interesting since it was collapsed with a very similar spectrum as for libraries 2a and
2c discussed above. However, for this case, the selection of the breakpoint for switching from a
1/E to a fission spectrum was a better choice (0.9 MeV) for an iron shicld and a group boundary
was provided at 0.9 MeV.

8. None of the fine multigroup libraries (5-7) agree particularly well with the neutron dose (64.1 +
2%) using the MCNP point cross sections (sec Table 7.10). Scme of the broad-group results agree
with the MCNP value much better than the fine-group results, but it is suspected that the agree-
ment is fortuitous in light of several of the comments noted above. Based upon comparnison of
results from libraries 1b and Ic and libraries Ic and §, it appears that a fine-group ENDF/B-1V
VITAMIN-C result would be within about 10% of an MCNP result which uses ENDF/B-1V point
data.

Although limited to spent fuel shielded by cast iron, this study does point out the fallacy of using
"off-the-shelf™ cross-section libraries without regard to partizular aspects of the radiaticn source,
geometry, and material compositions. The broad-group libraries ta, 2a, 3d, and 4 of Table 7.11 are
readily available from RSIC and are routinely used for spent fuel cask analyses. However, the calcu-
lated dose rates present in Table 7.12 indicate that these libraries provide (1) neutron dose results that
vary by a factor of almost four (la vcrsus 2a), and (2) gamma dose results that disagree from 30% to
50% with results from parent fine-group calculations. Calculations using fine-group libraries, one point
data library, and variations of libraries la, 2a, 3d, and 4 indicate the radiation doses differ because of
inadequate resonance self-shielding, use of improper weighting spectra, and/or a poor selection of
energy group boundaries for the particular probiem being analyzed. Another finding of this study was
that there exists some unexpected discrepancies among results generated with fine-group and point data
libraries. Further study in this area is needed.

In an effort to demonstrate that the phenomena in Table 7.12 are not just true for a cast iron cask,
libraries 1b, 2b, and 3a of Table 7.11 were used in a SAS| analysis of the depleted uranium/stainless
steel truck cask in Fig. 7.1. The resulting doses shown in Table 7.13 indicate similar trends as found
for the cast iron cask.
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Table 7.13. Radial surface does from the truck cask of Fig. 7.1 using a
1-D discrete ordinates code and vanous section libraries

Cross-section Doses (mrem/h)
livrary
(see Table 7.11) Neutron Total ggmma
1b (47n-20g) 3154 102.30
2b (22n-21g) 31.03 98.57
3a (27n-18g) 40.06 102.10

The MCNP user is also not totally free of data worries. The ENDF/B-IV discretized neutron data
library available with MCNP was also used tc snalyze the cast iron cask The resulting dose rate of
38.0 mrem/h is nearly half that of the dosc rate obtained with the point data and indicates the discrete
data’s inability to properly sccount for the iron cross-section resonances (compere with results of library
l1a). Thus, the discrete data yields answers faster and cheaper, but they are, most likely, inappropriate
for final analyses (as stated' in the MCNP manual).

7.3 REFERENCES

. B. L. Broadhcad and C. V. Parks, "Point Kernel Versus Radiation Transport for Jron Decp Pene-
tration Problems,” Trany. Am. Nucl. Soc. 85, 295 (June 1987).

2. C. V. Parks et al,, “Intercomparison of Cross-Section Libraries Used for Spent Fuel Cask Shielding
Analyses,” Proceedings of Theory and Practices in Rodiation Protection and Shielding, ISBN:
0.89448-132-0, Vol. 2, p. 559, 1987,



8. CONCLUSIONS AND RECOMMENDATIONS

Shielding analyses associsted with the storage, transport, and handling of spent fuel represents a
broad class of applications that have recently become of major importance in both the government and
private sector. However, the review provided by this report concludes that the validity and/or accuracy
of analytic results can be ciouded by uncertainty in the calculated radiation source spectra, the wide
variety of radiation transport and point kernel methods and codes, and the sensitivity of the final doses
to processed cross-section data. Specific conclusions and recommendatious arc listed below. The first
six recommendations follow directly from the six conclusions that are provided.

8.1 CONCLUSIONS

8.1.1 Radiatien Seurce Generation Codes

The radiation source strength and spectra supplied to a shiclding analysis code has a direct and
important impact on the calculated dose. Curreatly, the ORIGEN-type codes are the most widely used
codes for calculating the spent fuel or high-level wute (HLW) isotopics that are used to produce the
source strength and spectra.  The ORIGEN-S code curreatly has the most complete and convenient
means of providing photon and neutron source spectra for inpu: to multi-energy-group codes.

812 Redistion Transpert Codes

The current generation of radiation shielding codes is adequate to meet the anal s needs of the
DO Waste Managemeat Prugram. Howew ., the diversity of applications (cask fleet, interim storage
facility, repository} and calculational needs / senchmark anaiyses, production analyses, scoping analyses)
require that codes be seixcted from each of the major techniques used for radiation transport modeling.
If validated in a consisient manner, such a sct of codes would complement each other in (1) scoping and
preliminary design (point kernel and one-dimensional discrete ordinates codes), (2) final desiga (discre.c
ordinates codes), and (3) investigation of modeling bias (continuous energy or point Monte Cario
codes).

8.1.3 Data Libraries

Standard gamma-ray buildup factor data (for point kernel codes) and flux-to-dose conversion factors
are provided, respectively, by ANS-6.4.3 and ANSI/ANS-6.1.1. Point cross sections from the latest
evaluated nuclear data file (ENDF/B-V) provide an adequate data library for continuous eneryy Monte
Carlo codes. However, existing multi-energy-group cross-section libraries (produced from =NDF/B
files) have provided a wide variability in calculated resuits for a shielded spent fuel application (see
Sect. 7.2.3).

8.1.4 User Expertise

Accurate evaluation of neutron and gammi-ra s doses from shielded spent fuel or HLW is a difficult
task that requires a large amount of user expertiwe to correctly identify appropriate modeling assump-
tions, provide adequate input data (source specification, code input data, and cross-section data), and
interpret/verify the final results. A validated, hign-quality code in the hands of an inexperienced user is
often less reliable than an approximate, poor-quality code in the hands of an experienced radiation
shiclding analyst. However, for given generic applications, it should be possible 1o enhance existing
software interfaces and input to ease the excessive and cften redundant dependence on user cxpertise in
a production environment.
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8.1.5 Code and Dats Validatios

The major U.S. shielding analysis software reviewed in this report are well-established tools that
have cvolved over a 20- to 25-year period. However, as discussed in Sect. 6, high-quality integral
experiments adequate for code and data validation have oftza been limited to very simple systems or in
suppor: of specialized shiclding needs (i.c., specific reactor desizns). Although dose mcasurements from
casks loaded with spent fuel have been made, no concerted cffort has been undertaken to use the avail-
able measured data for validating any particular codes and/or data library. However, each of the codes
has probably been evaluated through the use of the limited integral experiment data at some time or
anothzr. These comparison cfforts have typically been performed by various users azd often were never
formally documented.

8.1.6 Quality Asewrance/Maintesance Program

The major U.S. shielding codcs and data libraries are public domain software. Most of the codes
exist in many different versions which are cither updates provided by the original developer or enhance-
ments by major users. Little, if any, software development was performed under a formal QA prograni.

The services of the Radiation Shielding Information Center (RSIC) as a central site tor the existing
documentation and sofltware has been invaluabie for publicizing new software and keeping many useful
codes and data libraries from being lost to the user community. Although the viable code versions are
normally available f[rom RSIC, many of the code packages and data libraries no longer have a principal
technical contact who has a mandated (funded) respossibility for software maintenance (including
documentation changes) with a QA plan that would allow complete compliance with current interpreta-
tions of ANSI/ASME NQA-1 or NUREG-0856. Historically, software developers have often passed
QA and maintenance responsibility onto the users, particularly as funding support for the code develop-
ment was reduced or deleted by the sponsoring vrganization.

8.2 RECOMMENDATIONS

8.2.1 Provide Interface with Isotope Generation Code

The isotope generation code selected for use by the DOE Waste Management Program needs to
allow for neutron and photon strength and spectra to be easily provided to radiation transpori codes.
Besides user specification of a multienergy-group format, the code shouid also allow convenient input of
photon line data and/or continuous energy spectra to codes such as QAD and MCNP which do not
require multienergy grouping.

8.2.2 Select Radiation Trassport Codes

Based on this assessment, it is recommended that the point kernel code QAD-CGGP, the discrete
ordinates codes ANISN (one-dimensional analysis) and DOT 4.3 (two-dimensional analysis). and the
Monte Carlo code MCNP be selected for further assessment work ard/or validation refative to use in
general spent fuel and/or HLW applications. [f the need for an integrated code system is established
(sec Sect. 8.2.4), there should be strong consideration given to using XSDRNPM and MORSE-SGC
rather than ANISN and MCNP. The reasoning is that XSDRNPM and MORSE-SGC would be more
amenable (because of data handling methods and MORSE/QAD c>mmon geometry features) to incer-
poration into a unified, consistent system. The need for codes thai u:» different solution methodologies
and limitations is discussed in the conclusions and bhased or the background infeemziion of Sects. 3, S,
and 7. These codes were sclected because they best satisfy (in the authnrs’ judgmen') the cverall
assessment criteria provided in Sect. §.
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823 Establish Multigroup Cress-Sectien Library(ies)

The analysis results shown in Sect. 7.2.3 indicate that further work is reeded in order to establish a
multigroup library (or libraries) that are adequate for the various applications required by the DOE
Waste Management Program. As indicated by the background information of Sect. 4, it may be
pecessary lo provide several differeat libraries in order to accurately predict the radiation transport
through different shiclding mediums. Using existing and/or cahanced ENDF/B-V libraries, the
selectcd multigroup transport codes should be employed 1o compere with existing experimental dosc
measurements to provide a basis for adoption of adequate multigroup cross-section libraries.

8.2.4 Imtegrate the Seftware System

A unified, casy-to-use system nceds to be developed that includes standard data libraries, consistent
input and automated data processing (e.g., resonance self-shiclding, temperature correction, etc.) where
possible, and common interface files. The system would contain the selected point kernel, discrete ordi-
nates, and Monte Carlo codes to allow maximum flexibility for accurate and efficient scoping, design,
and safety evaluations. The system will also contain needed auxiliary codes for necessary data process-
ing and dose evaluation.

8.2.5 Sefiware Validation

A soitware validation program needs to be initiated. The initiai objectives of the program should be
to (1) determine the accuracy of the selected codes and data libraries in comperison to the existing
measured data (see Sect. 6.1) applicable to shiclded spent fuel, and (2) identify and/or design integral
or benchmark experiments that are needed to supplement the existing experimental data in order to
show comgliance with licensing and/or quality assurance requirements.

8.2.6 Establish Centralized Expertise

Deficiencies in the quality assurance and maintenance programs available for the selected software
has been noted in the conclusions. It is recommended that the DOE Waste Management Program
establish a “shiclding support center® to meet the needs of the various projects within the program. The
functions of the support center would include

1. serving as the technical contact for the DOE various waste management projects to answer ques-
tions or provide guidance regarding software capabilitics, appropriate use (input, modeling assump-
tions, etc.) of the software, accuracy of results, and the numerical and/or theoretical models
eraployed in the software;

2. maintaining and documenting the validated codes and data libraries under quality assurance guide-
lines that meet the requirements of ANSI/ASME NQA-1 and NUREG-0856; and

3. serving as the technical interface between the projects and developers for providing/obtaining
enhancements that may be required to meet specific project needs.

To pravide consultation in a complete, efflicient, and readily available fashion requires that the

center be established at an institute with recognized capabilities in software development and analysis
for shielding applications.
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8.27 ldemtify Applications

To assist software developers and shielding analysts involved in the above recommendations, it would
be beneficial for the DOE waste management projects to better identify the applications where accurate
shielding analyses are required 1o reduce project cost and/or comply with NRC regulations. This
activity will allow shielding analysis experts involved in the development and validation exercises to con-
centrate their efforts on the most important zpplication areas. This identification process could also
enable an estimate to be made of the cost/benefit of improved calculational accuracy on design
concepts.



Appondix A

SUMMARIES OF SELECT CODES USEFUL
FOR RADIATION DOSE EVALUATIONS
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ISOSHLD/RIBD

CODE IDENTIFICATION

ISOSHLD (II and III)/RIBD-II developed by:
Battelle Memorial Institute
Computer Science Corporation
General Electric Company
Pacific Northwest Laboratory
Richland, Washington

SUMMARY

ISOSHLD calculates the decay gamma-ray dose at the exterior of a shiclded radiation
source. ISOSHLD II has the added capability of solving shiclding problems for which
bremsstrahlung may coatribute totally or partially to the source of radiation. ISQSHLD I11
contains a revised photon probability library for use with [SOSHLD, but does not caiculate
bremsstrahlung. It was assembled in 1967 from the most current data. The source zone
may be one of a number of common geometric shapes. The source strength is also calcu-
lated if it originates from fission products produced under known irradiation conditions.
RIBD-II performs a reactor point depletion reactor fuel analysis, producing photon source
spectra, including bremsstrahlung (in ISOSHLD II) at specified cooling times.

MAIN PREDICTED VARIABLE
Dose rate at the exterior of a shielded radiation SOUrce.

OTHER PREDICTED VARIABLES

Energy flux at a dose point.

Group energy production photon rates.

Photon decay spectra in ISOSHLD 1 or 111

Photon decay and bremsstrahlung spectra in ISOSHLD II

EQUATION SOLVED

Point kernel integration of the photon dose rate is performed numerically, or analytically
when possible, for all points within the isotropic source S,

~b
K(E)So(E,V)B(Eb )e "
D = [ f v oY) dVdE ,




D = photon dose rate at detector, R/h;

S, = emission rate of gamma rays, photon/s;

t; = slant distance through the i shield, cm;

p = distance from source to dose point, cm;

B = buildup factor;

u; = linear absorption coefficient of the i*® shield, cm™";
N = number of shields;

K = conversion of gamma-ray flux to dose rate.

FEATURES AND LIMITATIONS

S source cooling times
500 radioactive isotopes
5 shield regions including source regions
25 energy groups
20 materials in cach shicld region
11 source geometries available
Bremsstrahlung and decay photon source spectra for only fission products is produced.
The actinide tre.asmutation products are not computed (at lcast as documented).
Mecthod does not include photon nor neutron spectra produced in spontaneous fission and
(a,n) reactions of actinides.

ANALYTICAL METHOD - NUMERICAL ALGORITHM

The standard point attenuation kernel is numerically iategrated over the volume for 25
source energy groups. Buildup is considered a characteristic of the last shield region (or a
specific different region; but dependent on the total number of mean free paths from the
dose point. Buildup factors are obtained by interpolation on effective atomic number from a
table of point isotopic buildup factor data. Mixed mass attenuation coeflicients are obtained
from a library of basic data using code input material density specifications.

The source strength may be specified as (1) the emission from a selection of fission products
irradiated under specific conditions, (2) the curies of particular fission and/or activation
products, or (3) the number of photons per second of energy E specified by input. If the
source originates in a combination of fission products and their daughters, these are calcu-
lated by a fission product inventory procedure which runs through transmutation calcula-
tiorns for each product or daughter (subroutine RIBD) ISOSHLD II also calculates shiclded
dose rates from bremsstrahlung sources. A routine BREMRAD (RSIC CCC-31) asscsses
the bremsstrahlung source spectra from the B decay properties of the isotopes of interest.
Bremsstrahlung photons per group for 25 energy groups (9 groups below 0.1 MeV have
been added) are obtained by interpolation from tables of resolved spectra. This spectral
mesh, for internal and external bremsstrahlung, is tabulated as a function of the following
paramcters; fB-cmitting and stopping nuclides with atomic numbers of .9, 30, 50, 70, 90;
ratio of photon energy to 8 end point energy for 25 intervals from 0.00375 to 1.0; 8 end
point energies at the intervals 0.1 .2, 0.5, I, 2, and 4 MeV.

Buildup factors for photon encrgies less than 0.1 MeV are interpolated from a table which
contains data for 5 values of initial photon energy in the range 0.01 to 0.2 MeV, seven
values of shield thickness in the range 4 to 20 mfp and 6 atomic numbc;s in the range 13 to
92. The entire shielding problem is solved for most types of isotope shielding applications
without reference to a shielding handbook for basic data.




CURRENT USES:

Isotope shielding analysis and total decay heat rates at specified cooling times are computed.

PROGRAM INTERFACE:

The RIBD-II code is the routine RIBD called by ISOSHLD codes.
RIBD-II is also interfaced with the RACER, RIBD-IRT, and COMRADX4 codes.

LANGUAGE:

FORTRAN IV

INPUT DATA LIBRARY:

RIBD isotope library used by subroutine RIBD to calculate fission product inventory. It
contains 450 fission products and daughters. Fission product libraries have been pro-
duced for both a generic thermal reactor and a generic fast reactor. Cross sections for
actinide, transmutation product interactions are probably omitted (RSIC ISOSHLD
package includes no documentation on these data).

A gamma photon abundance library which contains these 450 fission products plus 48
activation products, the energy yield and abundance of all principal gamma rays emitted
by each isotope during decay is used to calculate the number of photoas of various ener-
gies produced by an array of radioactive isotopes.

Mixed mass attenuation coefficients. This library enables ISOSHLD to perform the
attenuation calculation at the specified photon energies if only photon generation rates
and photon energies are known.

Buildup factor library contains the buildup factor coefficients for 16 photon energies and
a maximum of eight materiais.

The data are included in separate card image files for ISOSHLD II and III.
The BREMRAD code package can be used to calculate the bremsstrahlung spectrum mesh
for ISOSHLD II.

FORM OF OUTPUT:

Print or list format without any graphic output.

COMPUTERS AND OPERATING SYSTEM USED:

Originally designed for UNIVAC 1107 and modified for IBM 360/370 (ISOSHLD II) and
UNIVAC 1108 (ISOSHLD I1I). A version of ISOSHLD is also available for the IBM
PC.

CORE AND DISK REQUIREMENTS:

220K bytes core size and four data sets of about 1000 to 2000 card images cach.



TYPICAL RUNNING TIME:

Dose from cylindrical volume source - 20 integration increments in each direction, fission
product inventory calculations with 5 decay times, 25 energy groups, 4 shield layers, §
materials homogenized into each shicld layer and the source volume: 6 minutes UNIVAC
1107 (most other source geometr.es require less computation time).

DOCUMENTATION:

1. R. L. Engle, J. Greenborg, and M. M. Hendrickson, ISOSHLD - A Computer Code for
General Purpose Isotope Shielding Analysis, BNWL-236, Brookhaven National
Laboratory, 1965, and Supplement of 1967.

2. G. L. Simmons, J. J. Regimbal, J. Greenborg, E. L. Kelly, Jr., and H. H. Van Tuyl,
ISOSHLD-1I: Code Revision 1o Include Calculations of Dose Rate from Shielded
Bremsstrahlung Sources, BNWL-236 Sup. 1, Brookhaven National Laboratory, 1967.

3. C. A. Mansius, A Revised Photon Probability Library for Use with ISOSHLD Iii,
BNWL-236 Sup. 2, Brookhaven National Laboratory, 1969.

4. R. O. Gumprecht, Mathematical Basis of Computer Code RIBD, DUN-4136,
Douglas-United Nuclear, 1968

5. J. L. Rash, Use of Computer Code RIBD for Fission Product Analysis, GE-HAPO
RL-NRD-610, General Electric Company, 1965.

6. "BREMRAD: External and Internal Bremsstrahlung Calculation Code,” CCC-31,
available from Radiation Shielding Information Center at Oak Ridge National Labora-
tory.

7. J. Greenborg, "ISOSHLD: Evolution, Experience, and Benchmarking,” Proceedings of
the Topical Conference on Theory and Practices in Radiation Protection and Shield-
ing, April 22-24, 1987, Knoxville, Tennessee, ISBN: 0-89448-132-0, Vol. 1, April
1987.

PROGRAM AVAILABILITY

The ISOSHLD/RIBD codes and libraries are packaged by RSIC as CCC-79. Requests for
ISOSHLT <udes and libraries can be mailed to:

Radiation Shielding Information Center
Oak Ridge National Laboratory

P. 0. Box X

Oak Ridge, TN 37831

or telephoned to:

615/574-6176 or to FTS 624-6176.

A for-sale version of ISOSHLD designed to be user friendly (menu-driven) is available from
Grove Engineering, Inc.

P. O. Box 720

Washington Grove, MD 20880
(301) 258-2727
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QAD-CGGP
CODE IDENTIFICATION:
QAD-CGGP
The original QAD was developed at Los Alamos National Laboratory, Los
Alamos, NM.

This version based on CCC-307/QAD-CG contributed by Bechtel Power
Corporation, Gaithersburg, MD. Update by:

Japan Atomic Energy Research Institute

Tokyo Institute of Technology

Original Japanese version updated to provide double precision combinatorial
geometry of CCC-203/MORSE-CG by Oak Ridge National Laboratory.

SUMMARY:
QAD is a point kernel code designed to calculate fast reutron and
gamma-ray penetration of various shield configurations. Estimates are
provided of the uncollided gamma-ray flux, dose rate, and energy
deposition at specified detector points. The fast neutron dose is
also provided via a modified Albert-Welton kernel. The point kernel
method is a very fast and reliable radiation calculational method when
it is applied to a system to which its theoretical limitations apply.

MAIN PREDICTED VARIABLE:
Gamma-ray dose at a point outside a shield.

OTHER PREDICTED VARIABLES:
Energy deposition
Neutron doses

EQUATION SOLVED:
Point kernel integration of the photon dose rate is performed numericaliy,
or analytically when possible, for all points within the isotropic source S,

_ K(E)S{E.V)B(E.b,)e "
D = [ f o V) dVdE |

where

N
bi = z ity
im=

D = photon dose rate at detector, R /h;

S, = cmission rate of gamma rays, photon/s;

t; = slant distance through the i shield, cm;

= distance from source to dose point, cm;

= buildup factor,

u, = lincar absorption coefficient of the i*® shield, cm ™",
N = number of shields;

K = conversion of gamma-ray flux to dose rate.

o« RS



FEATURES AND LIMITATIONS:

1. QAD-CGGP contains the same double-precision combinatorial geometry routines from
CCC-203/MORSE-CG. Thus, the CG input is interchangeable and any geometry
model set up for QAD-CGGP can be used by MORSE-CG, MORSE-CGA, or
MORSE-SGC. Geometric models are created with CG by considering unions, differ-
ences, and/or intersections of simple 3-D bodies such as spheres, cylinders, boxes, etc.

2. QAD-CGGP has new buildup factor data endorsed by the ANS-6.4.3 standards work-
ing group along with a new geometric progression (GP) fitting function that allows
interpolation of the buildup factor data far more accurately than previous schemes.
Significant improvements are seen for low- or very high-Z materials and low (<0.5
MeV) energies. Buildup factor data available for 22 materials for absorption and air
€XPOSUre responses.

3. The neutron results from all QAD versions are highly unreliable.

4 Code is restricted to 100 x 100 x 100 x, y, z intervals for the source mesh and 30
gamma groups. Number of detectors is restricted by the machine memory available.

ANALYTIC METHOD - NUMERICAL ALGORITHM:

In the gamma-ray calculation, the point kernel method involves representing the gamma-ray
source by a number of point isotropic sources and computing the line-of-sight distance from
cach of these source points to the detector point. From the distance through the shiclding
regions and the characteristics of the shielding materials, the geometric attenuation and
material attenuation are calculated. The energy transferred alorig the line of sight is then
calculated based on this attenuation and the appropriate buildup factor is applied to account
for the scattered radiation. A modified Albert-Welton kernel or kernels obtained from the
moments method solution of the Boitzmann equation are used in evaluating neutron penetra-
tion.

LANGUAGE:
FORTRAN 77

INPUT DATA: _
The data are input in fixed format as indicated in the user manual. All material attenua-

tion and buildup data is available in the data library which is read during execution.

OUTPUT:
Uncollided flux, dose rate, flux »n< dose buildup, and energy deposition at specified detector
points. Print or list output with no available graphics.

TYPICAL RUNNING TIME:
The sample problem took 30 CPU seconds on the {BM 3033, including compiling and link-
ing. Execution required more than an hour on the IBM PC and 18 seconds on the CRAY
XMPp.

COMPUTER HARDWARE REQUIREMENTS:

The code has been run at ORNL o e IBM 3033, the CRAY XMP, the Data General
Eclipse MV /4000. and the IBM PC; it requires 1244K bytes of storage on an [BM 3033 to

compile and 30%K bytes to execute the sample problem. An 8087 co-processor is required
for the IBM PC v.rsion.
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COMPUTER SOFTWARE REQUIREMENTS:
The code was tested using FORTRAN 77 compilers running under IBM's MVS operzting
system and Data General's AOS/VS operating system. The IBM PC version was compiled
by the IBM Professional compiler (Version 1.00) and runs under PC DOS. Under the
CRAY CTSS operating system, the CFT111E compiler was used which referenced CFTLIB
in the loading. All references to REAL*4 and REAL®*8 were removed in the CRAY ver-
sion.

PROGRAM AVAILABILITY:
QAD-CGGP is packaged by RSIC as CCC-493 and available by sending requests to

Radiation Shielding Information Center
Oak Ridge National Laboratory

P. Q. Box X

Oak Ridge, TN 37831

or telephoned to:

615/574-6176 or to FTS 624-6176.

Information on other versions of QAD are available from RSIC upon request.



ANISN

CODE IDENTIFICATION:
ANISN was originzlly developed at Oak Ridge National Laboratory as a successor to the
DTF-1I code developed at Atomics International.

CONTRIBUTORS:
Updated and various versions (compatible hardware and minor software changes) have been
contributed by:
Oak Ridge National Laboratory, Oak Ridge, Tennessee
Wehrwissenschaftliche Dieaststelle, Federal Republic of Germany
University of California, Berkeley, California ANISN-ORNL,
Nuclear Assurance Corporation, Atlanta, Georgia CCC-254
Electrowatt Engineering Services, Ltd., Londoa, England
Goodyear Acrospace Corp., Litchfield Park, Arizona
Goodyear Atomic Corp., Piketon, Ohio

Westinghouse Astronuclear Laboratory, Pittsburgh, Pennsylvania

NASA Marshall Space Flight Center, Huntsville, Alabama ANISN-W,
Kent State University, Kent, Ohio CCC-255
EG&G idaho, Inc., Idaho Falls, Idaho ANISN/PC,
CCC-514
SUMMARY:

ANISN is a one-dimensional discrete ordinates coupled neutron gamma-ray radiatior tran-
sport code for slab. sphere, or cylindrical geometries. [t is one of the most widely used tran-
sport codes and has been applied to a variety of fixed-source, multiplying system, and criti-
cality problems. Criticality search may be performed on any onc of several parameters. In
addition to providing spatial, energy, and angular dependent fluxes, ANISN also provides
energy group and spatial averaged cross sections.

MAIN PREDICTED VARIABLE:
Fluxes as a function of spatial mesh, energy, group, and angular interval.

OTHER PREDICTED VARIABLES:
Group and spatial-averaged cross sections.
Responses and activities, including those for materials not actually appearing in the system
(e.g., detector materials).
keqr for criticality calculations.

EQUATION SOLVED:
The one-dimensional discrete spatial, eneryy and angular-dependent Boltzmann transport
equation, in either the forward or adjoint mode (see Sect. 3.1).

FEATURES AND LIMITATIONS:

ANISN was designed tn solve deep-penctration problems in which angle-dependent spectra
are calculated in detail. The principal feature that makes it suitable for such problems is
the use of a programming technique with optional data storage configurations which allows
execution of small, intermediate, and extremely large problems. The problem size is limited
only by machine size. ANISN also includes a technique for handling general anisotropic
scaltering, point-wise convergence criteria, and alternate step-function difference equations
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thai effectively remove the oscillating flux distributions sometimes found in discrete ordi-
nates solutions. External force fields and nonlinear effects cannot be treated.

BOUNDARY CONDITIONS:
Vacuum, periodic, white, or albedo boundary conditions allowed for each of the two “out-
side” boundaries.

ANALYTIC METHOD - NUMERICAL ALGORITHM:
The transport equation is discretized into a set of coupled difference equations which are
then solved by iteration, starting from an initial flux guess, until an input convergence cri-
terion is reached. The diffusion term is written in spherical, infinite slab, or infinite
cylindrical coordinates. The inscattering integral is approximated by a summation. Aniso-
tropic scattering is included in a Legendre polynomial expansion of the multigroup cross-
section data.

CONVERGENCE CRITERIA:
The angular integrated mesh-point flux is tested, for each group, after each integration
against an input convergence parameter. The maximum flux difference determines if
another iteration is required. A less-stringent option tests the spatially integrated flux. For
criticality or upscatter problems the kgy or upscatter ratio is tested at the end of each outer
iteration against another input convergence parameter.

PROGRAM INTERFACE AND AUXILIARY ROUTINES:

The angular flux tape generated by ANISN can be saved for input to the XSDOSE code to
evaluate doses at points exterior to the ANISN system boundary. Also, a number of auxili-
ary routines are avilable with most of the RSIC code packages to plot output data, generate
discrete ordinates quadrature coefficient data, and perform other minor tasks.

LANGUAGE:
FORTRAN IV
FORTRAN 77

INPUT DATA LIBRARY:
Cross-section data must be in the ANISN format (from the AXMIX code) or GIP format
from the GIP code. All input is in free-form FIDO format. AXMIX and GIP available
from RSIC as peripheral shielding routines PSR-075.

OUTPUT:
All spatial mesh, group, and angular dependent fluxes are available as printed output or
they may be stored on tape or disk. Angular intergrated fluxes and responses are also listed
as well as the convergence and balance table information. Graphical output can be obtained
by post-processing the stored data sets via the DOGS system available from RSIC as PSR-
155..

COMPUTER REQUIREMENTS:
ANISN-ORNL is operable on the IBM 360/370, UNIVAC-1108, CDC 6600/7600,
TR440, SIEMENS 7541, PRIME, or DEC-10, DEC-20 computers. ANISN-W is operable
on the CDC-6600 and IBM PC.
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The ANISN/PC version requires the 8087 co-processor, a 10-mb fixed disk. and about
640K memory. Compilation requires the IBM PC Professional FORTRAN compiler.

Memory must be about 50,000 words for a reasonable problem. Sequential scratch storage
is required.

TYPICAL RUNNING TIME:
Problem dependent—however, most applications have execution times on the order of a few
minutes on IBM mainframe computers.

DOCUMENTATION:

5.

W. W. Engle, Jr., ANISN, A One-Dimensional Discrete Ordinates Transport Code
with Anisotropic Scattering, K-1693, Union Carbide Corp., Nuclear Division, Oak
Ridge Gaseous Diffusion Plant, March 1967.

W. W. Engle, M. A. Boling, and B. W. Colston, DTF-II, A One-Dimensional, Mulli-
group Neutron Transport Program, NAA-SR-10951, Atomics International, March
1966.

R. K. Disney et al., ANISN-W, A One-Dimensional Discrete Ordinates Transport Code
with Anisotropic Scattering, WANL-TME-2778, Westinghouse Astronuclear, February
1977.

D. T. Ingersoll and C. O. Slater, DOGS — A Collection of Graphics for Support of
Discrete Ordinates Codes, ORNL/TM-7188, Union Carbide Corp., Nuclear Division,
Oak Ridge Natl. Lab., March 1980.

D. Kent Parsons, ANISN/PC Manual, EGG-2500, EG&G Idaho, Inc., April 1987.

PROGRAM AVAILABILITY:
ANISN-ORNL is available as CCC-254 from RSIC. ANISN-W is available as CCC-255
and ANISN/PC is available as CCC-514. Requests for the code packages can be made in
writing to:

Radiation Shielding Information Center
Oak Ridge National Laboratory

P. 0. Box X

Oak Ridge, TN 37831

or telephoned to:

615/574-6176 or to FTS 624-6176.
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DOT 1V

CODE IDENTIFICATION:
DOT IV developed by:
Oak Ridge National Laboratory, Oak Ridge, TN

The latest versi~n is DOT 4.3.

SUMMARY:

DOT is a two-dimensional discrete ordinates coupled neutron gamma-ray radiation transport
code. Fixed sources and sources resulting from panticie interaction with the medium are
allowed. The principal application is to the decp-penetration transport of neutrons and pho-
tons. Criticality (k-type and search) problems can also be solved. Since many physical sys-
tems associated with radiation can be approximated fairly accurately with a two-dimensional
analysis--cylindrical reactors or spent-fuel casks, for example--DOT provides a rigorous ana-
lytic solution method. A particular advantage with the code is the ability to obtain flux (or
-esponse) contour plots in the system geometry as an aid for analyzing streaming paths or
ather geometric anomolies. Typical calculations require considerable computer resources in
oth ruaning time and memory.

MAIN PREDICTED VARIABLES:
Spatial, energy, and angular dependent flux

OTHER PREDICTED VARIABLES:
Spatial and energy-dependent scalar fluxes
Spatial responses
ke for criticality calculations
Fission source rates

EQUATION SOLVED:

The two-dimensional discrete spatial, energy, and angular-dependent Boltzmann transport
equation in either the forward or adjoint mode (see Sect. 3.1).

BOUNDARY CONDITIONS:
Vacuum, perivdic, white, or albedo conditions allowed on all boundaries. An incoming

angular surface source can also be specified on a boundary.
FEATURES AND LIMITATIONS:

1. Intrinsic to the multidimensional discrete ordinates method is the problem of ray effects
caused by localized sources being transported through void or low-scattering media.

2. External force fields or nonlinear effects cannot be treated.

3. Flexible dimensioning is used throughout, so that no restrictions are imposed on indivi-
dual problem parameters.

4. Cerntain options, especially diffusion theory, are not compatible with variable mesh and
quadrature problems.

(V.

Output data sets can be used 10 provide an accurate restart of a previous problem or to
deliver information to other codes.



ANALYTIC METHOD - NUMERICAL ALGORITHM:

The transport equation is discretized into a set of coupled difference equations which are
then solved by iteration, starting from an initial flux guess, until an input convergence
criterion is reached. The diffusion term is written in spherical, infinite slab, or infinite
cylindrical coordinates. The inscattering integral is approximated by a summation. Aniso-
tropic scattering it included in a Legendre polynomial expansion of the multigroup cross-
section data.

Several techniques are available to remove the effects of negative fluxes caused by the finite
difference approximation, and of pegative scattering sources due to truncation of the cross-
section expansion. The space mesh can be described such that the number of first-
dimension (i) intervals varies with the second dimension (j). The number of discrete direc-
tions can vary across the space mesh and with energy. Direction scts can be biased, with
discrete directions concentrated such as to give fine detail to streaming phenomena.

CONVERGENCE CRITERIA:

The angular integrated mesh-point flux is tested, for each group, after cach iteration against
an input convergence parameter. The maximum flux difference determines if another itera-
tion is required. A less stringent option tests the spatially integrated flux. For criticality or
upscatter problems the kg or upscatter ratio is tested at the end of cach outer iteration
against another input convergence parameter.

PROGRAM INTERFACE AND AUXILIARY ROUTINES:

A host of auxiliary programs has been developed for use with DOT IV, most of which are
available within the Discrete Ordinates System (DOS):

DOS - a driver program which coordinates problem
execution (IBM oaly)
BNDRYS -  selects boundary fluxes for subsequent use as inner
boundary sources
GIP -  prepares cross-section input from card or
tape input
GRTUNCL -  prepares first-collision source due to a point
source in RZ geometry (on or off axis)
RTFLUM -  cdits flux files and converts between various
file formats
DOMINO II (PSR-162) -  coupies DOT IV to the multigroup Monte Carlo
MORSE-CG (CCC-203) or MORSE-CGA (CCC-474) codes
DOGS (PSR-155) -  provides graphical display of DOT IV output

INPUT DATA LIBRARY:

OUTPLUT:

Cross-section data must be in the ANISN format (from the AXMIX code) or GIP format
from the GIP code. All input is in free-form FIDO format. AXMIX and GIP are available
from RSIC as PSR-075.

The spatial and energy-dependent scalar fluxes and responses are printed out at boundaries
as specified by input parameter. The angular flux moments may be retained on tape or disk
and used to compute scalar fluxes at other boundaries through the use of the restart option.
Spatial and group-deperndent results are also availzble in plotted form as flux coatours in
the system geometry.



LANGUAGE:
FORTRAN 1V

TYPICAL RUNNING TIME:
Running time is roughly proportional to:

Flux work units (FWU) = number of space mesh cells times number of directions times
number of energy groups times number of iterat.ons per group.

Depending on the options chosen, a rate of one million FWU per minute on the IBM
370/3033 computer is typical. Thus, a very large problem with 5,000 space cells, 48 direc-
tions, 50 energy groups, 10 iterations per group, and P, scattering would require roughly 1
to 1.5 h of CPU time. Execution on CDC or CRAY computers is usually faster.

COMPUTER HARDWARE REQUIREMENTS:
DOT 4.3 is operable on the IBM 3033, CDC, UNIVAC, or CRAY computers. DOT 4 was
designed to be applicable to most sophisticated computers which support direct (random)
access disk storage or the equivalent. It has special provisions for efficient use of a large
slow memory from which data are moved to fast memory in strings. Certain directly
addressed arrays of low usage can also be kept in slow memory, and slow memory is also
used as a buffer between fast memory and certain disk files.

Memory must be approximately 50,000 words for small problems. The requirement expands
with probiem size. External data storage must be provided for nine scratch files, of which

five must be direct (random) access. User-supplied input and output data files must be sup-
plied on sequential-access devices (i.c., tapes or the equivalent).

DOCUMENTATION:

1. W. A. Rhoades and R. L. Childs, An Updated Version of the DOT 4 One- and Two-
Dimensional Neutron/Photon Transport Code, ORNL-5851, Union Carbide Corp.,
Nuclear Division, Oak Ridge Natl. Lab. (April 1982). Extensive bibliography on DOT
IV development work in this document.

2. W. A Rhoades and M. B. Emmett, DOS: The Discrete Ordinates System,
ORNL/TM-8362, Union Carbide Corp., Nuclea: Division, Oak Ridge Natl. Lab., Sep-
tember 1982.

PROGRAM AVAILABILITY:
DOT 4.3 is packaged by RSIC as CCC-429. The package can be requested by writing to:

Radiation Shielding Information Center
Oak Ridge National Laboratory

P.O. Box X

Oak Ridge. TN 37831

or telephoned to:

615/574-6176 or to FTS 624-6176.
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ONEDANT sad TWODANT

CODE IDENTIFICATION:
ONEDANT and TWODANT developed by:
Los Alamos Naticaal Laboratory, Los Alamos, New Mexico
Conversion 1o 1BM system by:
Argonne National Laboratory, Argonne, Illinois

SUMMARY:

ONEDANT solves the one-dimensional multigroup transport =quation in plane, cylindrical,
spherical, and two-angic plane geometries. TWODANT solves the two-dimensional, time-
independent, multigroup discrete ordinates form of the Boltzmann transport equation in
(x,y), (r.z), (r,0) geometries. Both regular and adjoint inhomogeneous (fixed source) and
homogencous (k-effective) problems subject to vacuum, reflective, periodic, or white bound-
ary conditions arc solved. General anisotropic scattering is allowed and anisotropic inhomo-
geneous sources are permitted. ONEDANT and TWODANT arc modularly structured in a
form that separates the input and the output (edit function) from the main calculational (or
solver) section. The TWODANT code is simply the ONEDANT package with the one-
dimensional SOLVER module replaced with a two-dimensional version.

MAIN PREDICTED VARIABLES:
Spatial, energy, and angular dependent flux

OTHER PREDICTED VARIABLES:
Spatial and energy-dependent scalar fluxes
Spatial responses
ko for criticality calculations
Fission source rates

EQUATION SOLVED:
ONEDANT and TWODANT numerically solve, respectively, the one- and two-dimensional,
multigroup form of neutral particle, steady-state form of the Boltzmann transport equation
in either the forward or adjoint modes (see Sect. 3.1).

FEATURES AND LIMITATIONS:

1. Intrinsic to the multidimensional discrete ordinates method is the problem of ray effects
caused by localized sources being transported through void or low-scattering media.

2. External force fields or nonlinear effects cannot be tre..ed.

3. As modular systems, ONEDANT and TWODANT are quite flexible with regard to
input and edit options. The INPUT and EDIT modules are common to both codes and
interface with the separate SOLVER modules of both ONEDANT and TWODANT.

4. The code is variably dimensioned with a flexible, sophisticated data management and
transfer capability. The code is designed for a three-level hierarchy of data storage. A
small, fast core central memory (SCM), a fast access peripheral large core memory
(LCM), and random-access peripheral storage. (For computing systems based on a
two-level hierarchy of data storage, a large fast core and random access peripheral
storage--a portion of fast core is designated as a simulated LCM to mimic the three-
level hierarchy). Random access storage is used only if LCM (or simulated LCM)
storage requirements are exceeded. Normally, an SCM of about 25,000 words of
storage and an LCM (or simulated LCMj of a few hundred thousand words or less
storage are sufficient to eliminate the need for using random access storage.
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ANALYTICAL METHOD - NUMERICAL ALGORITHM:
The discrete-ordinates approximaticn is used for treating the angular vanation of the parti-
cle distribution. The diamond-difference scheme is used for phase-space discretization. The
TWODANT code solves the adjoint traansport equation, by transposing (in cnergy) the
matrices of scattering cross sections (conversion of a downscatter problem to an upscattering
probiem) and inverting the group order of the problem. Negative fluxes are eliminated by a
local set 1o zero and correct algorithm. A diffusion synthetic acceleration method is used to
speed the convergence of the iterations involved in the transport equation solution. The dif- -
fusion solver uses the multigrid method.

CONVERGENCE CRITERIA:
The ONEDANT and TWODANT soiver modules employ the diffusion synthetic method to
accelerate the iterative procedure used in solving the transport equation. Both inner itera-
tions (concerned with the convergence of the pointwise scalar fluxes in each group for a
given source distribution) and outer iterations (concerned with the convergence of the cigen-
value, the fission source distribution and the energy-group upscatter source if any or all are
present) are monitored.

LANGUAGE:
FORTRAN IV CDC 7600 UNIVAC
FORTRAN IV - Assembler IBM 370,195 and IBM 3033
FORTRAN 77 VAX and CRAY

INPUT DATA LIBRARY:
The general procedure for gencrating the macroscopic cross sections appropriate to each
zone in the problem is to begin with a basic library containing multigroup cross-section data
for isotopes. Either of the standard interface files ISOTXS or GRUPXS can be used for
providing the basic, multigroup cross section for icotopes. ISOTXS is an isotope-ordered
binary file while GRUPXS is a group-ordered binary file.

FORM OF OUTPLUT:
Print or list format without any graphic output. The EDIT module performs edit operations
using multigroup, pointwise scalar fluxes generated in a previous execution of the SOLVER
module or, perhaps, in some other neutronics code.

OPERATING SYSTEM:
CDC 7000, UNIVAC, IBM 370/195, IBM 3033, VAX, CRAY

CORE AND DISK REQUIREMENTS:

Input/output units and up t0 14 interface units are required. The number of interface units
needed is problem-dependent. Typically, 10 such units are used. For CDC-7600 computers,
a 50,000-word small corz (SCM) and large core (LCM) memory are required. For comput-
ers with only a single fast core, the fast core size must be sufficiently large to permit parti-
tioning into an SCM and simulated !.CM. Random-access auxiliary storage may occasion-
ally be required if LCM (or simulated LCM) storage is insufficient for the problem being
executed.
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RUNNING TIME:
Running time is directly related to problem size and to central processor and data transfer
speed. On the CRAY I, a four-group, adjoint calculation of the eigenvalue of an R-Z
model of the Fast Test Reactor (FTR) took 15 s. The calculation used transport-corrected
P cross sections, an S, angular quadrature, and a 31 by 68 spatial mesh.

DOCUMENTATION:

1.

R. D. O'Dell, "Standard Interface Files and Procedures for Reactor Physics Codes,
Version IV," LA-6941-MS, Los Alamos Scientific Laboratory, September 1977,

R. D. O'Dell, F. W. Brinkley, and D. R. Marr, "User's Manual for ONEDANT: A
Code Package for One-Dimensional, Diffusicn-Accelerated, Neutral-Particle Tran-
sport,” LA-9184-M, Los Alamos National Laboratory, February 1982.

R. E. Alcouffe et al, User's Guide for TWODANT: A Code Package for Two-
Dimensional, Diffusion-Accelerated, Neutral-Particle Transport, LA-10049-M, Rev. 1,
Los Alamos National Laboratory, October 1984,

R. E. Alcouffe, "Diffusion Synthetic Acceleration Methods for the Diamond-Difference
Discrete-Ordinates Equations,” Nucl. Sci. Eng. 64, 344 (1977).

R. E. Alcouffe, "The Multigrid Method for Solving the Two-Dimensional Multigroup
Diffusion Equation,” Proc. Am. Nucl. Soc. Top. Mecting on Advances in Reactor Com-
putation: Salt Lake City, Utah, March 28-31, 1983, Vol. 1, pp. 340-351,
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XSDOSE

CODE IDENTIFICATION:
XSDOSE - Oak Ridge Nat.onal Laboratory, Oak Ridge, Tennessee

SUMMARY:

XSDOSE computes the n/v flux and the resulting dose at various points outside a finite
cylinder or sphere. It may also be used to compute the flux and/or dose at various points
due to a finite rectangular surface source or a circular disc. [t assumes the outgoing angu-
lar flux distribution on the rectangle, cylinder, sphere, or disc is independent of position and
that the surrounding media is a void. The numerical technique is suitable for points on,
close to, or far from the source. XSDOSE is typically used in conjunction with a fixed
source XSDRNPM (or ANISN) calculation for an infinite slab, cylinder, or sphere.

MAIN PREDICTED VARIABLE:
Neutron and photon dose at various points on or outside a sphere, cylinder, slab, or disc.

OTHER PREDICTED VARIABLE:
Neutron and photon scalar flux at various points on or outside a sphere, cylinder, slab, or
disc.

EQUATIONS SOLVED:
To determine the scalar flux at a point some distance from the source, XSDOSE numeri-
cally integrates what appears to be the angular flux at that point:

¢p = [UQep)dQ .

BOUNDARY CONDITIONS:
It assumes that the outgoing angular flux distribution on the rectangle, cylinder, sphere, or
disc is independent of position and that the surrounding media is a void.

ANALYTICAL METHOD:

XSDOSE is typically used in conjunction with a |-D transport calculation (usually a fixed-
source XSDRNPM calculation for an infinite slab, cylinder, or spheze). [t reads the angu-
lar flux produced by the 1-D calculation (XSDRNPM or ANISN) and performs the
required numerical integration over a finite surface to obtain the actual scalar flux at those
points specified by the user. By integrating the source only over the desired surface, one
can propeily account for the finite dimensions of the system without the use of an isotopic
buckling connection. Using a direct line of straight integration of the angular flux over the
surface precludes the possibility of ray effects and other anomolies typical of discrete ordi-
nates methods in curvilinear geometries when the angular quadrature or spatial mesh is too
coarse.

FEATURES AND LIMITATIONS:

I. Unlike earlier point-kernel codes that divided the desired surface into many near-
rectangular finite elements, the numerical integration technique used in XSDOSE
integrates the angular flux along circular line contours described on the surface in a
fashion consistent with the angular quadraturc used in the discrete ordinates calcula-
tion. When the user is free to input the number of contours used in the numerical
integration, the scheme used is very insensitive to the number of intervals used and/or
the relative location of the detector point to the surface.



2. The surface source is restricted to a sphere, a circular disc, a finite cylinder, or a finite
rectangle.

3. Free-form input format.

RELATED PROGRAMS:
XSDRNPM is a onc-dimensional discrete ordinates code which may be used to determine
the neutron photon flux distribution within (and on the surface of) the given structure. It
produces the angular flux file for XSDOSE. Alternately, the ANISN code may be used for
that purpose. Interface and input sutomated in SCALE shielding sequences SAS1 and
SAS2.

LANGUAGE:
FORTRAN IV and FORTRAN 77 versions are available.

FUTURE DEVELOPMENT:
Extension of the code to interface with 2-D discrete ordinates codes would be useful.

INPUT DATA LIBRARY:
The code does not need cross-section data. Only the flux-to-dose conversion factors must be

specified. (Straker-Morrison or ANS! Standard flux to dose conversion factors for gamma
rays and neutrons.)

XSDOSE is designated to read any number of multigroup response functions off an AMPX
master library or an AMPX working library in order to compute the flux and other energy-
dependent response functions at various points of interest. This library may be a neutron
cross-section library, a gamma cross-section library, or a fully coupled n-vy library.

FORM OF OUTPUT:
Print or list format with no graphic output.

OPERATING SYSTEM:

XSDOSE is operational on all IBM computers. Few, if any, changes would be required for
UNIVAC, CDC, or CRAY machines.

CORE REQUIREMENTS:
The present release is for an IBM machine with a minimum of 50K bytes of storage.

TYPICAL RUNNING TIME:

On the IBM 360/91 and IBM 3033, it requires | second of CPU time for each detector
point specified by the user.

DOCUMENTATION:

1. J. A. Bucholz, "XSDOSE: A Module for Calculating Fluxes and Dose Rates at Points
Outside a Shield,” as contained in Section F4 of SCALE: A Modular Code System for
Performing  Standardized Computer  Analyses for Licensing  Evaluation,
NUREG/CR-020G (ORNL/NUREG/CSD-2), Vols, I, U, and III, April 1982,

2. N. M. Greene and L. M. Petric, "XSDRNPM: A Ciie-Dimensional Discrete Ordinates
Transport Analysis Code,” as contained in Section F3 of SCALE: A Modular Code
System for Performing Standardized Computer Analyses for Licensing Evaluation,
NUREG/CR-0200 (ORNL/NUREG/CSD-2), Vols. I, II, and III, April 1982.

3. W. W. Engle, Jr., ANISN. A One-Dimensional Discrete Ordinates Transport Code
with Anisotropic Scatiering, K-169), March 1967



122

PROGRAM AVAILABILITY:
XSDOSE is available from RSIC as part of the SCALE computer code package (CCC-
466). The FORTRAN 77 version is packaged as CCC-475. Requests can be made by writ-
ing to

Radiation S*iciding Information Center
Oak Ridge National Laboratory

P. 0. Box X
Oak Ridge, TN 3783]

or telephoned to:

615/574-6176 or to FTS 624-6176.
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XSDRNPM

CODE IDENTIFICATION:
XSDRNPM developed by:
Qak Ridge National Laboratory, Oak Ridge, Tennessee

SUMMARY:

This is a highly evolved one-dimensional discrete ordinates transport program which has a
wide varicty of features. Based on the ANISN program, XSDRNPM-S is capable of per-
forming neutron or coupled neutron-gamma calculations with the scattering anisotropy
represented to any arbitrary order. The primary emphasis in the solution algorithm is on
the accurate calculation of detailed spectral variations. However, with sufficient angular
quadrature and spatial mesh specifications, highly precise solitions to one-dimensional tran-
sport problems are obtained. The code is used for fixed source problems, evaluation of k-
effective, and spatial or spectrai weighting of cross sections. Alsag, a criticality search can be
performed on any one of several parameters.

MAIN PREDICTED VARIABLES:
Spatial, angular, and energy-dependent fluxes.
Region and system reaction rate distribution.

OTHER PREDICTED VARIABLES:
Responses and activities, including those for materials not actually in the system (e.g.,
detector materials).
Spatial and energy averaged multigroup parameters.
Transport cross section for each nuclide.
k-effective for criticality calculations.

EQUATION SOLVED:
The one-dimensional discrete spatial, energy and angular-dependent Boltzmann transport
equation, in either the forward or adjoint mode (see Sect. 3.1) Based on the calculated flux,
spatial or energy-averaged cross sections are evaluated in a manner that conserves reaction
rates.

FEATURES AND LIMITATIONS:
Same basic features and limitations of ANISN code. However, XSDRNPM has been
designed to be casier to use, provide for double-precision flux arrays, and have flexible
cross-section handling capabilities. Angular quadrature sets are generated automatically.
Flexible cross-section weighting and formatting capabilities.

BOUNDARY CONDITIONS:
Vacuum, periodic, white, or albedo bouadary conditions allowed for each of the two "out-
side” boundaries.

ANALYTIC METHOD - NUMERICAL ALGORITHM:
The transport equation is discretized into a set of coupled difference equations which are
then solved by iteration, starting from an initial flux guess, until an input convergence cri-
terion is reached. The diffusion term is written in spherical, infinite slab, or infinite cylindr-
ical coordinates. The inscattering integral is approximated by a summation. Anisotropic
scattering is included in a Legendre polynomial expansion of the multigroup cross-section
data.
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The finite-differencing in XSDRNPM-S s done with the weighted diamond-difference
model with weighting parameters chosen on the basis of experience with the DOT 1V code.
Angular quadrature sets are calculated automatically for each of the one-dimensional slab,
sphere, or cylinder geometries. Scattering expansion is treated to whatever order is provided
in the cross-section sets.

CONVERGENCE CRITERIA:
Convergence in XSDRNPM-S is determined by tests on several quantities. The point
values of the scalar fluxes must vary by less than a prescribed amount between outer itera-
tions. Also, the ratio of source terms and scattering rates (up and down in energy) between
outer iterations must converge. Provision is made for banding thermal groups and thereby
accelerating upscatter convergence.

PROGRAM INTERFACE AND AUXILIARY ROUTINES:
XSDRNPM is interfaced to other modules of the AMPX and SCALE system via standard
interface files that expedite use. It is used routinely in several shielding analysis modules of
SCALE.

LANGUAGE:
FORTRAN IV and FORTRAN 77 versions are available.

INPUT DATA LIBRARY:
XSDRNPM accepts cross-section libraries in the AMPX working library format. All input
is in the free-form FIDO format.

OUTPLUT:
All spatial mesh, group, and angular dependent fluxes are avaiiable as printed output or
they may be stored on tape or disk. Angular intergrated fluxes and responses are also listed
as well as the convergence and balance table information. Graphical output can be obtained
by post-processing the stored data sets via the DOGS system.

Cross-section output options to interface files are extensive. In addition to group collapsing,
spatial weighting can be performed by cell, zone, region, or "inner cell” prescriptions. Either
inscatter or outscatter formulations with an option of five current specifications may be used
to obtain transport cross sections. Cross-section libraries can be output in ANISN (BCD or
Binary), CCCC ISOTXS, or AMFX working formats.

COMPUTER:
IBM 360/370, IBM 3033, CDC 7600, CRAY. One direct access device is required.

TYPICAL RUNNING TIME:
Depends on angular quadrature set .elected, mesh spacing, and number of energy groups. A
typical calculation is on the order of a few minutes.

DOCUMENTATION:

1. N. M. Greene and L. M. Petric, "XSDRNPM-S: A One-Dimensional Discrete-
Ordinates Code for Transport Analysis,” Vol. 2, Sect. F3 of SCALE: A Modular Code
System for Performing Standardized Computer Analyses for Licensing Evaluation,
Vols. 1-3, NUREG/CR-0200, U.S. Nuclear Regulatory Commission {originally issued
July 1980, reissued January 1982, Revision | issued July 1982, Revision 2 issued June
1983, Revision 3 issued December 1984).
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2. L. T. Ingersoll and C. O. Slater, DOGS — A4 Collection of Graphics for Support of
Discrete Ordinates Codes, ORNL/TM-7188, Union Carbide Corp., Nuclear Division,
Oak Ridge Natl. Lab., March 1980.

PROGRAM AVAILABILITY:
XSDRNPM is available from RSIC as a part of the SCALE system (CCC-466). The
FORTRAN 77 version is available as CCC-475. Requests should be made to RSIC by
writing:
Radiation Shieldiig Information Center
Oak Ridge National Laboratory
P. 0. Box X
Oak Ridge, TN 37831
of telephoned to:

$15/574-6176 or to FTS 624-6176.
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MCNP

CODE IDENTIFICATION:
MOCNP - developed at Los Alamos National Laboratory, Los Alamos, NM

SUMMARY:
MCNP is a continuous energy general-purpose coupled neutron gamma-ray radiation
transport Monte Carlo code. The cross-section treatment reproduces the basic data to
within 0.5% in most cases. Most problem types can be calculated from code input instruc-
tions alone, but the capability exists for user-supplied source and estimation routines. Many
standard variance reduction options are available, and a relative new feature is the
automatic generation of importance functions for splitting and Russian roulette parameters.

MAIN PREDICTED VARIABLE:
General phase-space-dependent flux and current.

OTHER PREDICTED VARIABLES:
Any response as defined by input data response functions.
kg for criticality calculations.

EQUATION SOLVED:
The forward time-dependent integral Boltzmann transport equation (see Sect. 3.1).

BOUNDARY CONDITIONS:
General - vacuum, specular reflections, periodic, albedo data, etc.

ANALYTIC METHOD - NUMERICAL ALGORITHM:

The Monte Carlo method is a machine-generated stochastic experiment in which the simu-
lated particles (neutrons or photons) are followed from birth to death (absorption or leak-
age) using randomly selected variables from the natural or biased distributions of position,
encrgy, direction, flight paths, collision mechanics, etc. Selection of biased variables
requires adjusiment of the mathematically simulated particle "weight,” which remains unity
for natural or unbiased calculations. The MCNP geometry is constructed from surfaces of
first and second algebraic order (a torus capability also exists) which may be used directly
or combined into spatial voiumes which 2re then joined combinatorially. Although MCNP
has many options for economizing both computer memory 2nd computation time, state-of-
the-art methods and capabilities exist at every level of the code.

CONVERGENCE CRITERIA:
Inherent in the Monte Carlo method is the statistical uncertainty of any calculated quantity
due to the random nature of variable selection. For shielding calculations an uncertainty of
10% standard deviation is generally acceptable. The uncertainty is approximately inversely
proportional to the square of the calculation time (i.c., to halve the uncertainty requires a
factor of 4 increase in running time).

PROGRAM INTERFACE:
The RSIC distributed version of MCNF has no coupling capability with other codes.

LANGUAGE.:
FORTRAN 77
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INPUT DATA LIBRARY:

OUTPUT:

Cross-section data for the MCNP code must be processed by a special module of the NJOY
code, th. basic data being from the latest available ENDF evaluations. In addition to the
true point data, a "discrete” set of data containing several hundred energy intervals is avail-
able, but may be inadequate if neutron resonances are important.

Standard output listing of results can become voluminous depending on the number of out-
put options used. Various graphical and other post-calculation forms of output are aiso
available.

RESTRICTIONS OR LIMITATIONS:

There are no code-related resirictinne 5y problem size.

OPERATING SYSTEM:

CRAY. CDC, IBM, YAX - a FORTRAN 77 compiler is necessary.

CORE AND DISK REQUIREMENTS:

Most calculations can be run with 500-1000K words, depending on the cross-section data.

TYPICAL RUNING TIME:

Running time varies from a few minutes 1o several hours, usually depending on the
geometric complexity of the problem, the degree of differentiality of results, and the
statistical uncertainty requirements. Use of the point data or discrete data will also alter
the running time.

DOCUMENTATION:

I. Los Alamos Monte Carlo Group, MCNP—A General Monte Carlo Code for Neutron
and Photon Transport. Version 3A. LA-7396-M, Los Alamos Natl. Lab., September
1986.

Thomas E. Booth, A Sample Problem for Variance Reduction in MCNP, LA-
103¢3-MS, Los Alamos Natl. Lab., October 1985,

3. B. L Kirk and J. T. West, Systems Guide 1o MCNP (Monte Carlo Neutron and Pho-
ton Transport Code). ORNL/TM-9123, Martin Marietta Energy Systems, Inc., Oak
Ridge Natl. Lab., June 1984.

4. S. N. Cramer, Applications Guide to the RSIC-Distributed Version of the MCNP
Code. ORNL/TM-9641, Martin Marietta Energy Systems, Inc., Oak Ridge Natl. Lab.,,
September 1985.

ts

PROGRAM AVAILABILITY:

MCNP is packaged by RSIC as CCC-200. Requests can be made by writing RSIC at
Radiation Shielding Information Center

Oak Ridge National Laboratory

P. O. Box X

Oak Ridge. TN 17831

or telephoned to:

615/574-6176 or to FTS 624-6176.
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MORSE-CGA

CODE IDENTIFICATION:
MORSE-CGA (Combinatorial Geometry Array) developed at
Oak Ridge National Laboratory,
Oak Ridge, TN

SUMMARY:
MORSE-CGA is a general-purpose coupled necutron-gamma-ray radiation transport Monte
Carlo code which utilized ANISN code format muitigroup cross sections. Any system for
which cross sections exist can be calculated in the forward or adjoint mode. Most realistic
usages of the code will reguire some amount of user-written programming. MORSE-CGA
is a new version of MORSE-CG revised to add 2 new array geometry module called MARS
{RSIC PSR-117).

MAIN PREDICTED VARIABLE:
General phase-space-dependent flux and current.

OTHER PREDICTED VARIABLES:
Any response as defined by input data response functions.
ke for criticality calculations

EQUATION SOLVED:
The general time-dependent multigroup integral Boltzmann transport equations in the for-
ward or adjoint mode (see Sect. 3.1).

BOUNDARY CONDITIONS:
General - vacuum, specular reflection, periodic, albedo data, ctc.

FEATURES AND LIMITATIONS:
Use of multigroup libraries common to discrete ordinates codes enables easy coupling with
discrete ordinates codes. It also allows comparison on a common basis (i.e., DOT-MORSE
comparisons with identical cross-section sets).

ANALYTIC METHOD-NUMERICAL ALGORITHM:

The Monte Carlo method is a machine-generated stochastic experiment in which the simu-
lated particles (neutrons or photons) are followed from birth to death (absorption or leak-
age) using randotnly selected variables from natural or biased distribution of position,
energy, direction, flight paths, collision mechanics, etc. Selection of biased variables
requires adjustment of the mathematically simulated particle "weight,” which remains unity
for natural. or unbiased, calculations. MORSE allows use of most of the standard biasing
or various reduction techniques either by input option or user-written routine. The physical
gecmetry must be described by combinations of any of the elementary geometric bodies
{combinatorial geometry) whose surfaces are described by first or second degree algebraic
cquations. The MARS Tarray of arrays” feature allows any repeating segment of the
geometry to be specified only one time and then moved about via input translation and rota-
tion instructions. The angular scattering treatment is created by discretizing a Legendre
polynomial expansion such that the N+ [ mathematical moments of the discrete distribution
are the same as those from the truncated polynomial. Isotropic or anisotropic scatiering up
10 a P 4 expansion of the angular distribution is allowed.
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Monte Carlo methods are used to solve the forward and the adjoint transport equations.
Quantities of interest are then obtained by summing the contributions over all collisions, and
frequently over most of phase space.

The MORSE code is organized into functional modules with simplified interfaces such that
new modules may be incorporated with reasonable case. The modules are (1) random walk.
(2) cross section, (3) gecometry, (4) analysis, and (5) diagnostic.

While the basic MORSE code assumes the analysis module is user-written, a general
analysis package, SAMBO, is included. SAMBO handles some of the drudgery associated
with the analysis of random walks and minimizes the amount of user-written coding. An
arbitrary number of detectors, energy-dependent response functions, energy bins, time bins,
and angle bins are allowed. Analysis is divided for each detector as follows: uncollided and
total response, fluence versus energy, time-dependent response, fluence versus time and
caergy, and fluence versus angle and energy. Each of these quantitics is listed as output.
The diagnostic module provides an casy means of printing out, in useful form, the informa-
tion in the various labeled commons and any part of blank COMMON. The module is very
useful to debug a problem and to gain further insight into the physics of the random walk.

CONVERGENCE CRITERIA:

Inherent in the Monte Carlo method is the statistical uncertainty of any calculated quantity
duc to the random nature of variable selection. For shielding calculations an uncertainty of
10% standard deviation is generally acceptable. The uncertainty is inversely proportioned to
the square of the calculation time; i.c, to halve the uncertainty requires a factor of four
increase in running time.

PROGRAM INTERFACING AND AUXILIARY ROUTINES:

A host of auxiliary codes has been developed for use with MORSE. As noted above,
MORSE-CGA interfaces in a modular fashion with the MARS (Mars Array System)
geometry package. In addition, there are three other useful codes: BREESE-{l (PSR-143),
DOMINO-II (PSR-162), and PICTURE. BREESE is used to produce albedo data for
MORSE, DOMINO couples MORSE to the DOT discrete ordinates code, and PICTURE
allows easy checks of the geometric model via printer plots of 2-D slices through the
geometry.

LANGUAGE:

FORTRAN-IV and FORTRAN 77 versions are available.

INPUT DATA LIBRARY:

OUTPUT:

Cross-section data must be in the ANISN code format multigroup structure. Computer
memory requirements will be reduced if this data is processed external to the MORSE code
execution by the XCHEKR module.

Standard output listing of results can become voluminous depending on the number of out-
put options used. A history file (collision tape) permits post-processing of information
independent of the main calculation. Collision density and geometry plots are available in
several forms. The JUNEBUG-II module can be used to provide 3-D plots of the geometry.

RESTRICTIONS OR LIMITATIONS:

Due to variable dimensioning, there are no limitations except the maximum computer
memory available.




OPERATING SYSTEM:
The RSIC code packages include those for IBM, CRAY, CDC, UNIVAC, and VAX com-
puters.

CORE AND DISK REQUIREMENTS:
Most calculations can be run with 500 1o 1000K words, depending on the cross-section data.

TYPICAL RUNNING TIME:
Rugning times vary from a few minutes to several hours, usually depending on the
geometric complexity of the problem, the degree of differentiality of results, and the statisti-
cal uncertainty requirements.

DOCUMENTATION:

E. A. Straker, P. N. Stevens, D. C. Irving, and V. R. Cain, The MORSE Code—A
Multigroup Neutron and Gamma-Ray Monse Carlo Transport Code, Union Carbide
Corp., Nuclear Division, Oak Ridge Natl. Lab., 1970.

M. B. Emmett, The MORSE Monte Carlo Radiation Transport Code System,
ORNL-4972, Union Carbide Corp., Nuclear Division, Oak Ridge Natl. Lab., February
1975.

M. B. Emmett, The MORSE Monte Carlo Radiation Transport Code System,
ORNL-4972R1, Union Carbide Corp., Nuclear Division, Oak Ridge Natl. Lab.,
February 1983.

M. B. Emmett, The MORSE Monte Carlo Radiation Traasport Code System,
ORNL-4972R2, Martin Marietta Energy Systems, Inc, Oak Ridge Natl. Lab., July
1984,

M. B. Emmett, MORSE-CGA—A Monte Carlo Radiatios Transport Code with Array
Geometry Capability, ORNL-6174, Martin Marietta Energy Systems, Inc., Oak Ridge
Natl. Lab., April 1985.

J. T. West and M. B. Emmett, "MARS. A Multiple Array System Using Combina-
torial Geometry,” Vol. 3, Sect. M9 of SCALE: A Modular Code System for Perform-
ing Standardized Computer Analyses for Licensing Evaluation, Vols. 1-3,
NUREG/CR-0200, U.S. Nuclear Regulatory Commission (originally issued July 1980,
reissued January 1982, Revision 1 issued July 1982, Revision 2 issued June 1983, Revi-
sion 3 issued December 1984).

M. B. Emmett, DOMINO-II, A General Purpose Code for Coupling DOT IV Discrete
Ordinates and Monte Carlo Radiation Transport Calculations, ORNL/TM-7771,
Union Carbide Corp., Nuclear Division, Oak Ridge Natl. Lab., May 1981.

V. R. Cain and M. B. Emmett, BREESE-II: Auxiliary Routines for Implementing the
Albedo Option in the MORSE Monte Carlo Code, ORNL /TM-6807, Union Carbide
Corp., Nuclear Division, Oak Ridge Natl. Lab., July 1979.

M. B. Emmett, L. M. Petrie, and J. T. West, "JUNEBUG-II - A Three-Dimensional
Geometry Plotting Code,” Vol. 2, Sect. FI12 of SCALE: A Modular Code Sysiem for
Performing Standardized Computer Analyses for Licensing Evaluation, Vols. ]-3,
NUREG/CR-0200, U.S. Nuclear Reguiaiory Commission (originally issued July 1980,
rcissued January 1982, Revision 1 issued July 1982, Revision 2 issued June 1983, Revi-
sion 3 issued December 1984).
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10. Margaret B. Emmett, ‘PICTURE: A Printer Plot Package for Making 2-D Pictures of
MARS Geometries,” Vol. 3, Sect. M13 of SCALE: A Modular Code Sysiem for Per-
Jorming Standardized Computer Analyses for Licensing Evaluation, Vols. -3,
NUREG/CR-0200, U.S. Nuclear Regulatory Commission (originally issued July 1980,
reissued January 1982, Revision 1 issued July 1982, Revision 2 issued June 1983, Revi-
ston 3 issued December 1984).

11. S. N. Cramer, Applications Guide 10 the MORSE Monie Carlo Code,
ORNL/TM-9355, Martin Marietta Energy Systems, Inc., Oak Ridge Natl. Lab.,
August 1985,

PROGRAM AVAILABILITY:
MORSE-CGA is packaged by RSIC as CCC-474. Requests for the package can be made
in writing to:

Radiation Shielding Information Center
Oak Ridge Nationa! Laboratory

P. 0. Box X

Oak Ridge, TN 37831

or telephoned to:

615/574-6176 or to FTS 624-6176.
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MORSE-SGC

CODE IDENTIFICATION:
MORSE-SGC (Supergroup Combinatorial Geometry) developed by:
Oak Ridge National Laboratory.
Oak Ridge. TN

SUMMARY:
MORSE-SGC is a supergroup version of the MORSE-CG multigroup Monte Carlo code.
The supergroup feature allows use of the code in a restricted core memory computer envi-
ronment, at the expense of increased running time and 1/0. Cross-section data are moved
into and out of core memory a “supergroup” at a time instead of having all cruss sections in
core at ail times. MORSE-SGC uses the MARS geometry package and as such has identi-
cal geometry capabilities as in MORSE-CGA.

MAIN PREDICTED VARIABLE:
General phase-space-dependent flux and current.

OTHER PREDICTED VARIABLES:
Any respense as defined by input data response functions.
kq for criticality calculations.

EQUATION SO'.VED:
The general time-dependent multigroup integral Boltzmann transport equation (forward or
adjoint).

BOUNDARY CONDITIONS:
General - vacuum, specular reflection, periodic, albede data, etc.

FEATURES AND LIMITATIONS:
Use of multigroup libraries common to discrete ordinates codes enables easy coupling with
discrete ordinates codes. [t also allows comparison on a2 common basis (i.c., DOT-MORSE
comparisons with identical cross-section sets).

ANALYTIC METHOD-NUMERICAL ALGORITHM:

The Monte Carlo method is a machine-generated stochastic experiment in which the simu-
lated particles (neutrons or photons) are followed from birth to death (absorption or leak-
age) using randomly sclected variables from natural or biased distribution of position,
energy, direction, flight paths, collision mechanics, etc. Selection of biased variables
requires adjustment of the mathematically simulated particle "weight,” which remains unity
for natural, or unbiased, calculations. MORSE allows use of most of the standard biasing
or various reduction techniques either by input option or user-written routine. The physical
geometry must be described by combinations of any of the elementary geometric bodies
(combinatorial geometry) whose surfaces are described by first or second degree algebraic
cquations. The MARS “array of arrays™ feature allows any repeating segment of the
geometry to be specified only one time and then moved about via input translation and rota-
tion instructions. The angular scattering treatment is created by discretizing a Legendre
polynomial expansion such that the N+ 1 mathematical moments of the discrete distribution
arc the same as those from the truncated polynomial. [sotropic or anisotropic scattering up
to a Py, expansion of the angular distribution is allowed.
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Monte Carlo methods are used to solve the forward and the adjoint transport equations.
Quantities of interest are then obtained by summing the contributions over all collisions, and
frequently over most of phase space.

The MORSE code is organized into functional modules with simplified interfaces such that
new modules may be incorporated with reasonable ease. The modules are (1) random walk,
(2) cross section, (3) geometry, (4) analysis, and (5) diagnostic.

While the basic MORSE code assumes the analysis module is user-written, a general
analysis package, SAMBO, is included. SAMBO handles some of the drudgery associated
with the analysis of random walks and minimizes the amount of user-written coding. An
arbitrary number of detectors, erzrgy-dependent response functions, energy bins, time bins,
and angle bins are allowed. Analysis is divided for each detector as follows: uncollided and
total response, fluence versus energy, time-dependent response, fluence versus time and
energy, and fluence versus angle and energy. Each of these quantitics is listed as output.
The diagnostic module provides an easy means oi printing out, in useful form, the informa-
tion in the various labeled commons and any part of blank COMMON. The module is very
useful to debug a problem and to gain further insight into the physics of the random walk.

CONVERGENCE CRITERIA:
Inherent in the Monte Carlo method is the statistical uncertainty of any calculated quantity
due to the random nature of variable selection. For shielding calculations an uncertainty of
10% standard deviation is generally acceptable. The uncertainty is inversely proportional to
the square of the calculation time, i.c., to halve the uncertainty requires a factor of four
incruase in running time.

PROGRAM INTERFACE AND AUXILIARY ROUTINES:
MORSE-SGC is a module of the SCALE system and as such interfaces with several shield
ing analysis modules. Interfacing with the PICTURE module of SCALE also allows 2-.
printer plots of slices through the MARS geometry model.

LANGUAGE:
FORTRAN IV and FORTRAN 77 versions are available.

INPUT DATA LIBRARY:
Cross-section data must be in the AMPX-code working library multigroup format. The
data is processed in any of several modules external to MORSE-SGC.

OUTPUT:
Standard outpu* listing of results can become voluminous depending on the number of out-
put options used. Geometry plots are available in several forms. JUNEBUG-II provides
3-D plots of MARS geometry models.

RESTRICTIONS OR LIMITATIONS:

Duc to variable dimensioning, there arc no limitations cxcept the maximum computer
memory available.

OPERATION SYSTEM:
IBM

CORE AND DISK REQUIREMENTS:
Due to the supergrouping feature, calculations can be run on small computers, even PCs, at
the expense of running time and [/0O.
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TYPICAL RUNNING TIME:
Running times vary from a few minutes to several hours, usually depending on the
gcunstric complexity of the problem, the degree of differentiality of results, the statistical
uncertainty requirements, and the number of supergroups.

DOCUMENTATION:

1. J. T. West, T. J. Hoffman, and M. B. Emmett, "MARS, A Multiple Array System
Using Combinatorial Geometry,” Vol. 3, Sect. M9 of SCALE: A Modular Code Sys-
iem for Performing Standardized Computer Analyses for Licensing Evaluation, Vols.
1-3, NUREG/CR-0200, U.S. Nuclear Regulatory Commission (originally issued July
1980, reissued January 1982, Revision | issued July 1982, Revision 2 issued June 1983,
Revision 3 issued December 1984),

2. S. K. Fraley, Users Guide to MORSE-SGC, ORNL/CSD-7, Union Carbide Corp.,
Nuclear Division, Oak Ridge Natl. Lab., March 1976.

3. E. A. Straker, P. N. Stevens, D. C. Irving, and V. R, Cain, The MORSE Code - A
Multigroup Neutron and Gamma-Ray Monte Carlo Transport Code, ORNL-4585,
Union Carbide Corp., Nuclear Division, Oak Ridge Natl. Lab., 1970.

4. M. B. Emmett, The MORSE Monte Carlo Radiation Transport Code System,
ORNL-4972, Union Carbide Corp., Nuclear Division, Oak Ridge Natl. Lab., February
1975.

5. J. T. West and M. B. Emmett, "MARS, A Multiple Array System Using Combina-
torial Geometry,” Vol. 3, Sect. M9 of SCALE: A Modular Code System for Perform-
ing Standardized Computer Analyses for Licensing Evaluation, Vols. |[-3,
NUREG/CR-0200, U.S. Nuclear Regulatory Commission (originally issued July 1980,
reissued January 1982, Revision | issued July 1982, Revision 2 issued June 1983, Revi-
sion 3 issued December 1984).

6. M. B. Emmett, L. M. Petrie, and J. T. West, "JUNEBUG-II - A Three-Dimensional
Geometry Plotting Code,” Vol. 2, Sect. F12 of SCALE: A Modular Code System for
Performing Standardized Computer Analyses for Licensing Evaluation, Vols. 1-3,
NUREG/CR-0200, U.S. Nuclear Regulatory Commission (originally issued July 1980,
reissued January 1982, Revision | issued July 1982, Revision 2 issued June 1985, Revi-
sion 3 issued December 1984).

7. Margaret B. Emmeti, 'PICTURE: A Frinter Plot Package for Making 2-D Pictures of
MARS Geometries,” Vol. 3, Sect. M13 of SCALE: A Modular Code System for Per-
forming Standardized Computer Analyses for Licensing Evaluation, Vols. I-3,
NUREG/CR-0200, U.S. Nuclear Regulatory Commission (originally issued July 1980,
reissued January 1982, Revision | issued July 1982, Revision 2 issued June 1983, Revi-
sion 3 issued December 1984).
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SUMMARIES FOR CROSS-SECTION DATA LIBRARIES OF POTENTIAL
USE IN SPENT FUEL SHIELDING APPLICATIONS
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VITAMIN-C

DATA LIBRARY IDENTIFICATION:
VITAMIN-C: 171n.36g Cross Sections in AMPX Interface
Formats for Fusion and LMFBR Neutronics.
Available from RSIC as DLC-41/VITAMIN-C

CONTRIBUTOR:
Oak Ridge National Laboratory, Oak Ridge, Tennessee.

SUMMARY:
Background

The United States Energy Research and Development Administration (ERDA) Division of
Controlled Thermonuclear Research (DCTR) began in 1974 to sponsor ‘he Radiation
Shielding Information Center (RSIC) at Oak Ridge National Laboratory (ORNL) to pro-
vide nuclear data and other information to meet the needs of ERDA-DCTR contractors.
The VITAMIN-C project was the first special activity of RSIC in its role as the Nuclear
Data Center for ERDA-DCTR and involves the generation, packaging, distribution, valida-
tion, and maintenance of a general-purpose multigsoup cross-section library for neutronics
and other radiation transport studies. A single 171 neutron, 36 gamma-ray group cross-
section library useful for both CTR and LMFBR neutronics analysis was defined through
collakorative input from the user community, which also participated in a validation exercise
on the transportability of th: system. The master library was generated using the PSR-
105/MINX neutron processor and the photen processors from the PSR-63/AMPX system.
A preliminary release was made to stimulate implementation and testing at several installa-

tions to improve the quality of the library which was ultimately distributed as DLC-
41 /VITAMIN-C.

Scope

The MINX computer code generates multigroup neutron cross sections and self-shielding
factors from evaluated cross-section files in ENDF format. Group constants were generated
in the AMPX format by the IBM version of MINX. The Bondarenko method (narrow
resonance approximation) is employed to create group-dependent resonance self-shielding
factors to account for temperature and dilution effects. The evaluated data upon which
VITAMIN-C is based are primarily ENDF/B-1V, but a few from the LENDL and
ENDEF/B-III libraries were also used. The photon interaction data are based on DLC-
7/HPICE, designated the ENDF/B-1V photon data. The data are provided in the form of
AMPX master libraries for neutron, photon production, and photon interaction data.
AMPX master neutron, photon production, and photon interaction libraries are included for
the following elements or isotopes:

H-1, Li-6, Li-7, Be-9, B-10, C-12, N-7, O-16, F, Na, Mg, Al-27. Si, P-31, $-32, Cl. K, Ca,
Ti, V., Cr. Mn-55, Fe, Co-59, Ni, Cu, Zr, Nb-93, Mo, Sn, Ba, Eu-151, Eu-153, Ta-181, W-
182, W-183, W-184, W-186, Pb, U-235, U-238, Pu-239, and Pu-240.

For the [ollowing elements or isotopes, only neutron data are available because no photon
production data werc available on ENDF/B-1V: H-2, H-3, He-3, He-4, B-11, Ag-107, Ag-
109. Cd. Sm-149, Gd, Th-232, Pa-233, U-233, U-234, U-236, Np-237. Pu-238, Pu-241, Pu-
242, Am-241, Am-243, (m-244, and Zirc-2.
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Photon interaction data are provided for essentially ali elements.

DLC-41/VITAMIN-C was reorganized by removing the AMPX modules from the package.
Th: sample problems are designed to be executed using PSR-117/MARS (or PSR-
63/AMPX-II). The change was made to try to minimize the updating required when a
change is made to a retrieval code needed by a particular DLC. No retrieval codes are now
provided with the package.

Applications

VITAMIN-C was designed as a program for the development, generation, validation, and
distribution of a general-purpose Processed Multigroup Cross Section Library (PMCSL) for
use in controlled thermonuclear research (CTR) ncutronics studies. However, the group
structure and general flexibility of VITAMIN-C are such that it has served as the basis for
the derivation of broad group libraries for a wide variety of applications. It is likely to be
suitable for nearly all radiation transport applications where thermal upscatter is not impor-
tant.

The major drawback is that the user must make operational the cross-section manipulation
routines from the AMPX system. This feature is sometimes a problem for users with non-
IBM systems, although versions of most routines have been made operational on CDC and
UNIVAC systems and are available in RSIC package PSR-112/MAME.

RETRIEVAL CODE:

No retrieval codes are provided with the package but the user must have operational the
PSR-63/AMPX-II, PSR-117/MARS, or, for non-IBM applications, PSR-112/MAME.

TYPICAL RUNNING TIME:

Running times will vary, but the most significant time involves card image to unformatted
conversion of the neutron master libraries, which is typically | min per nuclide on an IBM-
360/91.

DOCUMENTATION:

1. R. W. Roussin, C. R. Weisbin, J. E. White, N. M. Greene, R. Q. Wright, and J. B.
Wright, The CTR Processed Multigroup Cross-Section Library for Neutronics Siu-
dies, ORNL-RSIC-37, Union Carbide Corp., Nuclear Division, Oak Ridge Natl. Lab.,
July 1980.

2. R. W. Roussin and D. B. Simpson, "Sample Problems for DLC-41/VITAMIN-C,”
presented at the RSIC Workshop on Multigroup Cross-Section Handling Codes, March
1978,
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CSRL

DATA LIBRARY IDENTIFICATION:
CSRL: A 218n Criticality Safety Reference Library for Cross-Sections
in AMPX Master Library Format for Criticality Safety Studies.
Available from RSIC as DLC-43/CSRL

CONTRIBUTOR:

Nuclear Engineering Applications Department at Oak Ridge National Laboratory, Qak
Ridge, TN

SUMMARY:
Background

The XLACS module of the AMPX modular code system was used to gencrate a P3, 218
neutron group cross-section library from the latest ENDF/B-IV data for fuel, structural,
and neutron-absorbing materials. The library is a data base for the generation of fine- or
broad-group cross sections for cask calculations and other criticality safety neutronics ana-
lyses using Monte Carlo codes such as KENO or MORSE, or ' sing one- or two-dimensional
discrete ordinates codes such as ANISN or DOT, respectiveiy. The data form the fine-
group master library from which the ENDF/B-IV-based libraries for the CCC-
466 /SCALE-3 system are derived.

The objective in the selection of the energy group boundaries for the library was to fit the
important cross-section structure of materials likely to appear in critica'ity safety problems.

Scope

The CSRL data are provided in the form of a 218 neutron group AMPX master library
with the following elements or isotopes:

H-1, H-2, He-4, Li-6, Li-7, Be-9, B-10, B-11, C, N-14, O-16, F, Na-23, Mg, Al-27, Si, P-
31,832, Cl, K, Ca, Ti, V, Cr, Mn-55, Fe, Co-59, Ni, Cu, Zr, Zirc-2, Nb-93, Mo, Ag-107,
Ag-109, Cd, Sn, Ba-138, Gd, Dy-164, Lu-175, Lu-176, Hf, Ta-181, W-182, W-183, W-184,
W-186, Re-185, Au-197, Pb, Th-232, U.-233, U-234, U-235, U-236, U-238, Np-237, Pu-
238, Pu-2139, Pu-240, Pu-241, Pu-242, Am-241, and Cm-244.

Applications

The energy group boundaries for the library fit the important cross-section structure of
materials likely to appear in criticality safety problems. Emphasis was placed on the reso-
nance and thermal energy ranges. The 218-cnergy-group structure includes 140 epithermal
groups above, and 78 thermal groups below, 3.05 ¢V.

Since no photon production data are provided, the data are not directly applicable for most
shielding problems.

RETRIEVAL CODE:
No retrieval codes are provided with the package but the user must have operational the
PSR-63/AMPX-II, PSR-117/MARS, or, for non-I BM applications, PSR-112/MAME.
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TYPICAL RUNNING TIME:
Running times will vary, but the most significant time involves card image to unformatted

conversion of the neutron master libraries, which is typically Im per nuclide on an IBM-
360/91.

DOCUMENTATION:
1. W_E Ford, IIl, C. C. Webster and R. M. Westfall, 4 2/8-Group Neutron Cross-
Section Library in the AMPX Master Interface Formai for Criticality Safety Studies,
ORNL/CSD/TM-4, Union Carbide Corp., Nuclear Division, Oak Ridge Natl. Lab.,
July 1976.

2. W.E Ford, III, R. M. Westfall, R. W. Roussin, B. R. Diggs, and J. B. Wright, "Sam-
ple Problems for a 218-Group Neutron Cross-Section Library in the AMPX Master
Interface Format,” Informal Notes from March 14-16, 1978, RSIC Seminar-Workshop
on Multigroup Cross Sections.
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VITAMIN-E

DATA LIBRARY IDENTIFICATION:
VITAMIN-E: 174n,38g Cross Sections in AMPX Interface
Formats for General Neutronics Applications.
Available from RSIC as DLC-113/VITAMIN-E

CONTRIBUTOR:
Oak Ridge National Laboratory, Oak Ridge, Tennessee.

SUMMARY:
Background

The successful application of DLC-41/VITAMIN-C, based on ENDF/B-IV, to a variety of
radiation transport problems led to the development of specifications for an ENDF/B-V
based cross-section Itbrary, denoted VITAMIN-E. A variety of small funding sources were
pooled to produce a general application-independent library from which application-
dependent cross-section libraries can be derived. These sources include the Department of
Energy’s Breeder and fusion programs, the Defense Nuclear Agency, and the Nuclear Regu-
latory Commission.

Scope

The erergy structure of VITAMIN-E contains 174 neutron and 38 photon groups and
includes the 171 neutron and 36 photon groups of VITAMIN-C as z subset. The group
structure has fine detail in the energy region where cross section minima occur for impor-
tant shiclding materials. The ENDF/B-V special-purpose dosimetry, activation, and gas
production files have also been processed into the VITAMIN-E group structure. The 174
neutron group data were processed with MINXIS; the 174 neutron, 38 photon group data
were processed with LAPHNGAS (AM.”" ""!); and the 38 gamma-ray group data with
SMUG (AMPX III) from DLC-99/HUGO.

The MINXIS computer code gencrates multigroup neutron cross sections and self-shielding
factors from ecvaluated cross-section files in ENDF-V format. The Bondarenko method
{narrow resonance approximation) is employed to create group-dependent resonance self-
shielding factors to account for temperature and dilution effects. The evaluated data upon
which VITAMIN-E is based are primarily ENDF/B-V, but a few data sets were generated
from LENDL and other special evaluations.

The data are provided in the form of AMPX master libraries for neutron, photon produc-
tion, and photon interaction data. AMPX master neutron, photon production, and photon
interaction libraries are included for the following elements or isotopes:

H-1. Li-6, Li-7, Be-9, B-10, B-11, C-12, N-14, O-16, F-19, Na, Mg, Al-27, Si, P-31, §-32,
Cl, Ar, K, Ca, Ti, V, Cr, Mn-55, Fe, Co-59, Ni, Cu, Ga, Zr, Nb-93, Mo, Cd, Sn, Ba, Gd,
Ta-181, W-182, W-183, W-184, W-186, Pb, Th-232, U-235, U-238, Pu-239, Pu-240, Pu-
241, Pu-242, Am-241, Am-242, Am-243, Cm-242, Cm-243, and Cm-244.

For the following clements or isolopes, only neutron data are available because no photon
production data were available on ENDF/B-V:
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H-3, He-4, Y-89, Cs-137, Hf-174, Hf-176-180, Re-185, Re-187, Pa-233, U-233, U-234, U-
236, Np-237, Pu-238, and Am-242.

Photon interaction data are provided for elements with Z=1 to 100.
Applications

The early phases of this cross-section library were focused on materials for fast reactor
applications and were applied to benchmark testing of ENDF/B-V. More recently, requests
have been made for additional materials to be added to the basic library for fusion, defense,
ani LWR applications. The library performs well for a variety of radiation transport prob-
lems where thermal upscatter is not important.

The user must make operational the cross-section manipulation routines from the AMPX
system. This procedure is sometimes a problem for users with non-IBM systems, although
versions of most routines are have been made operational on CDC and UNIVAC systems
and are availabie in RSIC package PSR-112/MAME.

RETRIEVAL CODE:
No retrieval program is provided. The PSR-117/MARS or PSR-63/AMPX code packages
are suggested for full implementation of the capabilities of VITAMIN-E. JCL and sample

input are provided to execute a ZPR-6/7 and a CTR standard blanket sample problem
using MARS.

TYPICAL RUNNING TIME:

The first part of the ZPR 6/7 infinite medium problem required 55,097 I/O’s and 8.3 cpu
min on the IBM 3033. This includes the 21,000 I/O’s and 6.6 cpu min required to convert
the formatted library to binary. The XSDRNPM run required only 37 cpu s and 6065
[/O’s, and the GIP/ANISN run took 10,060 I/O's and 38 cpu s. The first part of the
CTR standard blanket run required 58,066 1/O’s and 10.15 cpu min. The XSDRNPM
problem ran for 1.3 cpu min using 5147 1/0’s, but the GIP/ANISN run required 1.16 cpu
min and 9160 I/O’s.

DOCUMENTATION:

1. R. W. Roussin et al., Vitamin-E: A Coupled 174 Neutron, 38 Gamma-Ray Multigroup
Cross-Section Library for Deriving Application Dependent Working Libraries for
Radiation Transport Calculations, Draft ORNL-RSIC Report, August 1984,
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CSRL-V

DATA LIBRARY IDENTIFICATION:
CSRL-V: Processed ENDF/B-V 227-Neutron-Group and Pointwise Cross-Section Libraries
for Cnticality Safety, Reactor, and Shiclding Studies.

DATA RETRIEVAL PROGRAMS:
No retrieval program is included in the package; however, the following code systems, which
are distributed by RSIC, are available for retrieval of CSRL-V 227-Neutron-Group data:

PSR-63/AMPX-II: Modular Code System for Generating Coupled Multigroup Neutron-
Gamma-Ray Cross-Section Libraries from Data in ENDF Format.

CCC-466/SCALE-3: A Modular Code System for Performing Standardized Computer
Analyses for Licensing Evaluation.

CONTRIBUTOR:
QOak Ridge National Laboratory, Oak Ridge, Tennessee,

HISTORICAL BACKGROUND AND INFORMATION:
CSRL-V (Criticality Safety Reference Library based on ENDF/B-V) was prepared in sup-
port of the Office of Nuclear Material Safety and Safeguards, Office of Nuclear Regulatory
Research, U.S. Nuclear Regulatory Commission, Washington, D.C. 20555

APPLICATION OF THE DATA:
The CSRL-V 227-Neutron-Group Library is a pseudo-problem-independent library in the
sense that each processed cross-section data set for a material contains a broad range of
multigroup data that closely parallel data in the ENDF/B library. CSRL-V data are
intended for subsequent generation of problem-dependent fine- or broad-group cross sections
for a broad range of applications, including shipping cask calculations, general criticality
safety analyses, and reactor core and shielding analyses.

With CSRL-V data as input, the AMPX system can be used to generate problem-dependent
cross sections for use with transport codes such as ANISN, DOT-IV, MORSE, VENTURE,
KENO-1V, and XSDRNPM. Likewise, CSRL-V can be used as input to the SCALE sys-
tem to generate problem-dependent cross sections for use within the criticality safety ana-
lyses system.

The CSRL-V Pointwise Library contains data for selected materials and reactions. The
data can be plotted for comparison with multigroup data, used to generate w-ghting func-
tions for the subsequent generation of weighted multigroup cross sections, and, in the case of
the elastic scattering cross sections for resonance materials, used as input to the XLACS-II
module of the AMPX system for the generation of multigroup data.

SOURCE AND SCOPE OF DATA:
The CSRL-V 227-Neutron-Group Library, which is also identified as the CSRL-V General
Purpose Neutron (GPN) Library, is a P3 cross-section library in AMPX master format.
The library was generated with the NPTXS, XLACS-II, TABU, and UNITAB modules of
the AMPX system and the UNRESR and UXSR modules of the NJOY system.
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A CSRL-V GPN data set includes one-dimensional multigroup cross-section data, transfer
matrices for clastic and inelastic scattering reactions and for neutron producing reactions
with arbitrary orders of scatter for fast and thermal data where required, resolved resonasce
parameters for subsequent processing via the Nordheim resonance process, Bondarenko fac-
tors for unresolved resonance processes for a broad range of temperatures and potential
scattering cross sections, fission spectrum data, weighting function data, and the multigroup
energy structure. The CSRL-V group structure covers a range of 10-5 eV to 20 MeV,
including 79 thermal groups below 3 eV.

The 130-material GPN library includes processed data for ali materials in the ENDF/B-V
General Purpose File, several data sets prepared from LENDL data, hydrogen with water-
and polyethylene-bound thermal kernels, deuterium with D20-bound thermal kernels, car-
bon with a graphite thermal kernel, and special 1/V, dose factor, and lumped fission pro-
duct data sets.

DATA FORMAT AND COMPUTER:
EBCDIC characters; IBM 360/91, 3033, etc.

DOCUMENTATION:
W. E. Ford, III, B. R. Diggs, L. M. Petrie, C. C. Webster, and R. M. Westfall, CSRL-V:
Processed ENDF/B-V 227-Neutron-Group and Pointwise Cross-Section Libraries for Criti-
cality Safety, Reactor and Shielding Siudies, ORNL/CSD/TM-160 (NUREG/CR-2306),
June 1982.

CONTENTS OF THE LIBRARY:

The following materials arz included in the CSRL-V GPN Library: 1/V, H-1, H-2, H-3,
He-3, He-4, Li-6, Li-7, Be-9, B-10, B-11, C-12, graphite, N-14, N-i5, O-16, O-17, F-19,
Na-23, Mg, Al-27, Si, P-31, S-32, Cl, Ar, K, Ca, Sc-45, Ti, V, Cr, Mn-55, Fe, Co-59, Ni,
Cu, Zn-64, Ga, Kr-78, Kr-80, Kr-82, Kr-83, Kr-84, Kr-86, Zr, Zr-90, Zr-91, Zr-92, Zr-94,
Zr-96, ZIRC-2, Nb-93, Mo, Tc-99, Rh-103, Ag-107, Ag-109, Cd, Cd-113, Sn, Xe-124, Xe-
126, Xe-128, Xe-129, Xe-130, Xe-131, Xe-132, Xe-124, Xe-135, Xe-136, Cs-133, Ba-138,
Sm-149, Eu-151, Eu-152, Eu-153, Eu-154, Gd-152, Gd-154, Gd-155, Gd-156, Gd-157, Gd-
158, Gd-160, Dy-164, Lu-175, Lu-176, Hf, Hf-174, Hf-176, Hf-179, Hf-180, Ta-181, Ta-
182, W-182, W-183, W-184, W-186, Re-185, Re-187, Ir-191, Ir-193, Au-197, Pb, Th-232,
Pa-233, U-233, U-234, U-235, U-236, U-238, Np-237, Pu-238, Pu-239, Pu-240, Pu-241,
Pu-242, Am-24!, Am-242m, Am-243, Cm-243, Cm-244, Cm-245, Cm-246, dosc factors,
and lumped fission products.

The following materials are included in the pointwise library: Na-23, Cr, Mn-55, Fe, Co-59,
Ni, Cu, Kr-78, Kr-80, Kr-82, Kr-83, Kr-84, Kr-86, Zr, Zr-90, Zr-91, Zr-92, Z1-94, Zr-96,
Nb-93, Mo, Tc-99, Rh-103, Ag-107, Ag-109, Cd-113, Xe-124, Xe-126, Xe-128, Xe-129,
Xe-130, Xe-131, Xe-132, Xe-134, Cs-133, Sm-149, Eu-151, Eu-152, Eu-153, Eu-154, Gd-
152, Gd-154, Gd-155, Gd-156, Gd-157, Gd-158, Gd-160, Dy-164, Lu-175, Lu-176, Hf, Hi-
174, Hf-176, Hf-177, Hf-178, Hf-179, Hf-180, Ta-181, Ta-182, W-182, W-183, W-184,
W-186, Re-185, Re-187, Au-197, Th-232, Pa-233, U-233, U-234, U-235, U-236, U-238,
Np-237, Pu-238, Pu-239, Pu-240, Pu-241, Pu-242, Am-241, Am-242, Am-243, Cm-243,
Cm-244, Cm-245, and Cm-246.

HOW TO OBTAIN THE LIBRARY:
CSRL-V can be obtained from the Radiation Shiclding Information Center, located at the

Oak Ridge National Laboratory, Post Office Box X, Building 6025, Oak Ridge, Tennessee
37831,
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DATA LIBRARY IDENTIFICATION:
CASK: 22n,18g, P3, Cross Sections in ANISN Format for
Shipping Cask Analysis. Available from RSIC as
DLC-23/CASK and similar data in CCC-466/SCALE-3.

CONTRIBUTORS:
Oak Ridge National Laboratory, Oak Ridge, Tennessee.
Science Applications, Inc., Huntsville, Alabama.
Division of Material Licensing, U.S. Atomic Energy Commission, Washington, DC

SUMMARY:
Background

The cross-section data in CASK were compiled for the purpose of performing shielding cal-
culations for spent fuel shipping casks. The data and results obtained from their use were
described at the 1972 annual ANS meeting in Las Vegas.

Scope

This library of coupled neutron and photon cross sections was compiled for several clements
that are commonly used for shielding calculations. The coupled, P3, cross sections are
given in the ANISN format which permits their usage in the discrete ordinates codes and
the multigroup Monte Carlo code, CCC-203/MORSE. The SCALE version is in AMPX
Master Library format (no resonance data available on library).

The library contains data for:
H-1, He-3, Be, B-10, C, N, O, Na, Mg, Al, Si, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zr, Mo, Sm,
Ta, W, Pb, U-235, U-238, Pu-239, Pu-240.

The source of evaluated data for the neutron cross sections was primarily the ENDF/B-II
library, supplemented by other sources, when necessary. PSR-13/SUPERTOG was used to
generate resonance-corrected fine-group cross sections for 104 energy groups from the
evaluated data. Single-level Breit-Wigner or multilevel Breit-Wigner resonance parameters
were used by SUPERTOG to generate point cross sections for the resonance nuclides.
Approximately 100 points per resolved resonance were used to integrate the point cross sec-
tions for the fine groups. In the unresolved resonance region, 81 points per fine group were
used for the integration. A I/E spectral weighting function was used.

The muitigroup neutron cross sections in a 22-energy-group structure were obtained from
the 104 group cross sections by averaging the various elemental cross sections across a fine
group flux calculated by ANISN for a uranium-water mixture using fine group cross
sections.

The secondary gamma-ray production cross sections were calculated by PSR-11/POPOP4.
Gamma-ray transport cross sections were calculated for an 18 group gamma-ray energy
structure by the SMUG code. The multigroup neutron cross sections, the secondary gamma
production cross sections, and the gamma-ray transport cross sections were coupled to
form a 40-group set. This is the same 40-group structure as used by Straker for various
shielding calculations, particularly in air.

Calculations of the ncutron and gamma-ray fluence from several shiclding problems have
been performed. and some results of these calculations are discussed in the packaged
documentation.
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Applications

The data were designed for use in shiclding analysis of PWR depleted uranium water-
flooded shipping casks. The results of such an analysis can be found in the packaged docu-
mentation.

The data were collapsed from a fine-group structure using a weighting function representa-
tive of a water-uranium mixture. Thus, the application of these data for problems not simi-
1 lar to the <hipping cask type should be done with caution.

1.

RETRIEVAL CODE:

A simple rewrieval program is provided for conversion from card image the unformatted
form.

TYPICAL RUNNING TIME:

On an IBM 360/91 computer, it requires 23 s to read the CASK data from a card image
tape and rewrite it on an unformatied file.

DOCUMENTATION:
Included in the RSIC documentation:
1.

2.

R. W. Roussin, "Discussica of CASK Update,” Informal note, June 1981.

Robert W. Roussin, “Energy Absorption Cross Sections in Multigroup Libraries,” Infor-
mal note, April 1974.

Robert W. Roussin, "Changes to the DLC-23 Cross Sections,” Informal note, March
1974,

Robert W. Roussin, “Changes to the Gamma-Ray Production Cross Sections for Some
Materials in DLC-23/CASK," Informal note, October 1973.

G. W. Morrison, E. A. Straker, and R. H. Odegaarden, "A Coupled Neutron and
Gamma-Ray Multigroup Cross Section Library for Use in Shiclding Calculations,”
Trans. Am. Nucl. Soc. 18, 535 (1972).

G. W. Morrison, E. A. Straker, and R. H. Odegaarden, "The Use of the MORSE
Monte Carlo Code to Solve Shielding and Criticality Problems of Spent Fuel Casks,"
Trans. Am. Nucl Scc. 15, 547 (1972).

R. W. Roussin and J. B. Wright, "Contents, Energy Group Structure, and Weight
Function Used for DLC-23/CASK," Informal notes, March 1975 Rev.

Background information:

8.

E. A. Straker and M. L. Gritzner, Neutron and Secondary Gamma-Ray Transport in
Infinite Homogeneous Air, ORNL-4464, Union Carbide Corp., Nuclear Division, Oak
Ridge Matl. Lab., 1969.
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FEWGI

DATA LIBRARY IDENTIFICATION:
FEWG1: Coupled 37n, 21g P3, Cross Sections in ANISN Format for Defense
Nuclear Agency Radiation Transport Applications. Available
from RSIC as DLC-31/FEWGI-85.

CONTRIBUTOR:
Oak Ridge National Laboratory, Oak Ridge, Tennessee.

SUMMARY:
Background

In the carly 1970s, a state-of-the-art cross-section library was developed for the Defense
Nuclear Agency (DNA) in a 37-neutron, 21-photon energy group structure that can be used
for radiation transport. It was the culmination of a vigorous program to provide Defense
Department contractors with muitigroup cross sections adequate to solve radiation transport
caiculations to an acceptable degree of accuracy. The program involved the sponsorship of
cross-section measurements, evaluation, and cross-section processing methods development as
well as integral experiment measurement and analysis. The evaluated library produced was
known as the DNA Working Cross-Section Library and was maintained at the Radiation
Shielding Information Center in the interim between released versions of ENDF/B.

Scope

The FEWGI fibrary, often called the "Few Group® library, was processed with the AMPX
system. Multigroup data are provided for 41 nuclides of particular interest to the defense
community. The library is based on cross-section data from the DNA Working Cross
Section Library and ENDF/B-IV and photon production is included for each ¢lement. The
37 neutron groups are tailored to allow for the major peaks and valieys in the total neutron
cross sections of nitrogen, oxygen, silicon, and iron, and the 21 photon groups are
tailored to allow accurate calculation of pair production, annihilation photon transport,
hydrogen capture, and backscatter photon transport.

A set of response functions useful in radiation transport applications is also included as
part of the library.

The materials included in the library are:

H, H-}, Li-6, Li-7, Be-9, B-10, B-11, C-12, N, O, F, Na, Mg, Al Si, C, K, Ca, V, Cr, Mn,
Fe, Ni, Cu, Mo, Ta-i81, W-182, W-183, W-184, W-186, Pb, U-235, U-238, Pu-239, Pu-
240, Ar, Ti, Gd, P-31, S-32, Ba.

Applications

The library can be used to solve typical calculations of interest to the DNA radiation tran-

sport community, particularly those for concrete and air. Since the library is now somewhat
dated, it is primanily a reference set against which other newer sets can be compared.
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RETRIEVAL CODE:
A simple conversion program is provided for conversion from card image to unformatted

form

DATA FORMAT AND COMPUTER:
Card image, ANISN format; IBM 37G/3033.

TYPICAL RUNNING TIME:
Conversion required 20 s on the IBM 3033,

DOCUMENTATION:

L.

D. E. Bantine, J. R. Knight, J. V. Pace, 111, and R. W. Roussin, Production and Tes:-
ing of the DNA Few-Group Coupled Neutron-Gamma Cross-Section Library,
ORNL/TM-4840, Union Carbide Corporation, Nuclear Division, Osk Ridge Natl.
Lab., March 1977.
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CLAW-IV

DATA LIBRARY IDENTIFICA1ION:
CLAW-1V: Coupled 30n, 12, Cross Sections Based on ENDF/B-1V for
Radiation Transport Calculations. Available from RSIC
as DLC-36C/CLAW-IV.

CONTRIBUTOR:
Los Alamos Scientific Laboratory, Los Alamos, New Mexico.

SUMMARY:
Background

The multigroup cross section data that have been in use for many calculations at Los
Alamos National Laboratory for a number of years were prepared in a 30-ncutron, 12-
photon energy group structure and were based in large part on LANL evaluated data. Cou-
pled sets for a number of important materials were produced by LaBauve and Seamon using
data from ENDF/B-III and IV and distributed via RSIC as DLC-36/CLAW. With the
compiete release of ENDF/HB-1V, and the development of the NJOY processing system, an
ENDF-based version of the 30n, 12g library was prepared.

Scope

The data in DLC-36C/CLAW-IV were prepared from ENDF/B-IV using the NJOY
118) processing system. The library includes prompt and steady-state coupled sets for neu-
trons and photons in FIDO format (similar to the ANISN format but not directly usable in
codes that accept that format), prompt and steady-state fission spectra for the fissionable
isotopes and a table of useful response functions including heating and gas production.
Basic radiation transport data are prcvided in the 30n, 12g structure for the following
materials:

H, H-Z, H-3, He-3, He-4, Li-6, Li-6A, Li-7, Be-9, Be-9A, 8-10, B-11, C-12, C-12A, N-14,
0-16, F-19, Na-23, Mg, Al-27, Si, C|, K, Ca, Ti, V, Cr, Mn-55, Fe, Co-59, Ni, Cu, Zirc-2,
Nb-93, Mo, Rh-103, Ag-107, Ag-109, Cd, Ta-181, W, Re-185, Re-187, Au-197, Pb, Th-
232, Pa-233, U-233, U-234, U-235, U-236, U-237, 1J-238, U-239, Np-237, Pu-238, Pu-239,
Pu-240, Pu-241, Pu-242, Am-241, Am-243, Cm-244, Cm-245, Cm-246, Cm-247, Cm-248,
Cf-249, Cf-250, Cf-251, Cf-252, STANLS, CONCRT.

Applicotions

This version, DLC-36C/CLAW-IV, is intended as a replacement for earlier versions of
CLAW ard represents a marked improve:;nent since there are many more materials and a
much more complete set of response functions. It is expected to do a reasonable job for
problems where self shielding is not important.

RETRIEVAL CODE:
None provided.
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TYPICAL RUNNING TIME:
Not applicable.

DOCUMENTATION:
1. R. J. Barrett and R. E. MacFarlane, Coupled Neutron and Photon Cross Sections for
Transport Calculations, LA-7808-MS, Los Alamcs National Laboratory, April 1979.
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BUGLE-80

DATA LIBRARY IDENTIFICATION:
BUGLE-20: Coupled 47n, 20g, P3, Cross Sections in ANISN Format for
LWR Shielding Calculations by the ANS-6.1.2 Working Group on
Multigroup Cross Sections. Available from RSIC as
DLC-75/BUGLE-80.

CONTRIBUTORS:

Qak Ridge National Laboratory, Oak Ridge, Tennessee.
ANS-6.1.2 Working Group.

SUMMARY:
Background

The 47-neutron, 20-gama-ray group, P3, cross-section library was developed at Oak Ridge
Nationa: Laboratory for LWR shiclding applications. It replaces DLC-47/BUGLE, which
was the first library prepared for use by the ANS 6.1.2 Working Group on Shiclding Cross
Sections for concrete shielding applications. Studies by members of ANS 6.1.2 and others
led to the specification and development of BUGLE-80. Sinc- it has a different group
structure, BUGLE-80 v as given a different DLC number to help minimize confusion with
the earlier version.

Scope

BUGLE-80 was derived by performing self-shiclding, combining of neutron, photon produc-
tion, and photon interaction data, and group collapsing from DLC-41/ VITAMIN-C using
modules form the PSR-63/AMPX-II system. Resonance zelf-shiclding was performed only
for concrete materials. The evaluated data that serve as a source of data for VITAMIN-C
(and hence BUGLE-80) are primarily ENDF/B-1V, but 2 few evaluations from LENDL
and ENDF/B-III were also used. This group structurc has been tailored to represent the
spectral phenomena of typical LWR shielding problems. The collapsing spectrum was typi-
cal of that in the concrete shicld of 4 typical LWR.

Covnpled neutron and photon data are included for the 19 clements used in the coucrete slab
and LWR model calculations used by ANS 6.1.2. The macroscopic cross sections for the
core, coolant, carbon steel, stainless steel, and concrete are also provided. Coupled cross
sections for an additional 24 elements or isotopes are also included, and all are listed below:

H-1, Li-6, Li-7, Be-9, B-10, C-12, N-7, O-16, F, Na, Mg, Al-27, Si, P-31, S-32, Cl, K, Ca,
Ti, V, Cr, Mn-55, Fe, Co-59, Ni, Cu, Zr, Nb-93, Mo, Sn, Ba, Eu-151, Eu-153, Ta-181, W-
182, W-183, W-184, W-186, Pb, U-235, U-238, Pu-239, Pu-240, LWR core, LWR coolant,
LWR low carbon steel, LWR stainless steel, and concrete.

An additional 23 elements and isotopes are also included, but only neutron data are pro-
vided because the evaluated data from which they were derived had no photon production
data. Those with neutron data only are as follows:

H-2, H-3, He-3, He-4, B-11, Ag-107, Ag-109, Cd, Sm-149, Gd, Th-232, Pa-233, U-233,
U-234, U-236, Np-237, Pu-238, Pu-241, Pu-242, Am-241, Am-243, Cm-244, and Zirc-2.
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Kerma factor data derived from DLC-60/MACKLIB-1V package are also included in the
47n, 20g structure (49 materizls) for the following materials:

H-1, He-4, Li-6, Li-7, Be-9, B-10, B-11, C, N-14, O-16, F, Na-23, Mg, Al-27, Si, C|, K,
Ca, Ti, V, Cr, Mn-55, Fe, Co-59, Ni, Cu, Nb, Mo, Ta-181, W-182, W-183, W-184, W-186,
Pb, Th-232, Pa-233, U-233, U-234, U-235, U-236, U-238, Np-237, Pu-238, Pu-239, Pu-240,
Pu-24], Pu-242, Am-241, Am-243.

Data sets that include delayed photons from fission product decay, based on CCC-
371/ORIGEN calculations for 10's irradiation time, are provided for U-235, U-238, and
Pu-239.

Applications

The BUGLE-80 package has all the components needed to repeat the benchmark calcula-
tions used by ANS 6.1.2 in developing the final version. This includes the input to the
AMPX-II modules, the input to ANISN for the beackms 'k runs, and the scalar flux out-
puts from the ANISN cakulations. The cross sections should be useful for shielding situa-
tions where resonance self shielding and temperature effects are not important. BUGLE-80
is likely to perform better for these types of problems than CASK, FEWGI, and BUGLE.

RETRIEVAL CODE:
A simple conversion program is provided for conversion from card image to unformatted
form. In addition, a SOURCE program is included which can calculate a fission spectrum
in arbitrary group structure.

TYPICAL RUNNING TIME:
Running time for the library conversion is less than 1 min on an IBM-360/91.

DOCUMENTATION:

1. R. W. Roussin, "BUGLE-80: A Coupled 47-Neutron, 20-Gamma-Ray Group Library
for LWR Shiclding Calculations,” Informal Notes, June 1980.
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FCXSEC

DATA LIBRARY IDENTIFICATION:
FCXSEC: 22n, 21g Cross Sections in ANISN Format for Nuclear Fuel
Cycle Shielding Calculations. Available from RSIC as DLC-85/FCXSEC.

CONTRIBUTOR:
Oak Ridge National Laboratory, Oak Ridge, Tennessee.

SUMMARY:
Background

The library once used for ANISN calculations for nuclear fuel cycle activities in the Chemi-
cal Technology Division at ORNL was an in-house, coupled 27-neutron, 20-photon group,
microscopic cross-section library. It had two deficiencies:

1. the source of the evaluated data and the methods for producing the library were
unknown, and

2. some of the cross-section data for key materials were apparently unknown.

To correct these problems, the FCXSEC libraries were created to

1. be based on “accepted,” currently available, pseudo-problem-independent, cross-section
data;

[P

include a v@.e variety of nuclides in a varicty of specified materials and concentrations;

3. have necutron and gamma-ray energy structures compatible with broad cases of radia-
tion transport calculations required in nuclear fuel cycle studies;

4. be available as fine-group and broad-group microscopic libraries in AMPX master for-
mat and broad-group microscopic and macroscopic libraries in ANISN format;

5. be tested for accuracy by checking for internal data consistency; and

6. be documented with respect to the sources of the evaluated cross-section data, the pro-
cessing of the data, and the results of the first-order check of the cross sections.

Scope

The FCXSEC library was derived from DLC-41/VITAMIN-C by performing self shielding,
combining of neutron, photon production, and photon interaction data, and group collapsing
using modules of the AMPX system. Macroscopic data in ANISN format were produced
using PSR-75/AXMIX. Microscopic cross sections are available with background cross sec-
tions of 0.1, 10°, and 10® b/atom as well as the appropriate values corresponding to each
mixture in which an element or isotope occurs.

Macroscopic cross sections are provided for water, stainless steel 304, spent U-fuel, air,
spent Th-fuei, Gd-203, Limonite concrete, type 2a concrete, boron in water, lithium, plu-
tonium oxide, curopium, boron in boral, and tungsten.

M- . roscopic cross sections for the constituents of the above materials are also contained in
the package.
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In addition, FCXSEC includes the following isotopes with background cross sections at 0.1,
10°, and 10* b/atom:

Be, C-12, Na, Al-27, Ti, V, Mn-55, Fe, Co-59. Cu, Zircalloy, Nb-93, Mo, Cd, Sn, Ta-181,
and Pb.

Applications

The library can be used for shielding design of fuel cycle facilities and is particularly suited
for use in situations where components of the facilities correspond to the specific materials
for which cross sections are provided.

RETRIEVAL CODE:
A simple retricval program is provided for conversion from card image to unformatted form.

TYPICAL RUNNING TIME:
On an IBM 3033 computer it requires less than Im to to perform the conversion.

DOCUMENTATION:

1. W.E. Ford, 111, C. C. Webster, B. R. Diggs, R. E. Pevey, and A. G. Croff, FCXSEC:
Muliigroup Cross-Section Libraries for Nuclear Fuel Cycle Shielding Calculations,
ORNL/TM-7038 (ENDF-287), Union Carbide Ccrporation, Nuclear Division, Oak
Ridge Natl. Lab., May 1980.



154

SCALE 27»-18¢

DATA LIBRARY IDENTIFICATION:
SCALE: 27n,18g Cross-Section Library in AMPX Format.
Packaged in CCC-466/SCALE-3.

CONTRIBUTOR:
Computing and Telecommunications Division
Martin Marietta Energy Systems, 'nc.
Oak Ridge, Tennessee

SUMMARY:
Background

This library is onc of the two “shielding” libraries that is part of the SCALE system (the
other is the 22n,18g CASK library). The 27-neutron groups (a rubset of the 218n fine
group library in SCALE) were selected using an exteasive validati>a procedure of the criti-
cality analyses of uranium and uranium-plutonium systems. The 18-photon-group structure
is the same as for the CASK library.

Scope

The data were generated using AMPX-II from ENDF/B-IV and are retained in the AMPX
format for further processing within the SCALE system. The XLACS-II module was used
for neutron cross-section processing using P3 scattering. The Nordheim treatment is
employed for the resonance region. Thermal upscatter is present for the 13 groups below
3.05 eV. Data for 73 isotopes or elements are provided.

The photon production processing was done using LAPHNGAS, and the photon interaction
data were gencrated using SMUG from the DLC-TE/HPICE library (the ENDF/B-IV
photon interaction library.

Applications

The library is designed to be used ia the framework of the SCALE system. The data are
suitable for the prediction of neutron and photon fluxes in U and Pu-U systems, against
which the 27n structure was beachmarked. The resonance and thermal treatments are supe-
rior to the typical lack of treatment provided in other broad-group libraries. Note that the
energy group structure is sparse in the high-cnergy (>6-MeV) region and might be dzficient
in predicting the transport of high-energy neutrons. However, for spent fuel applications,
this group structure should present no problem.

RETRIEVAL CODE:
A wide variety of manipulations are possible using the modules in the SCALE system. The

data are currently available only in that system.

TYPICAL RUNNING TIME:
The cross-section manipulation part of a typical SCALE run is a minimal portion of the

total CPU time.




DOCUMENTATION:

1. 1. A. Bucholz et al.,, Standard Composition Libraries, Sect. M8 in SCALE: A Modu-
lar Code System for Performing Standardized Computer Analyses for Licensing
Evaluation, Vols. 1-3, NUREG/CR-0200, U.S. Nuclear Regulatory Commission (orig-
inally issued July 1980, reissued January 1982, Revision | issued July 1982, Revision 2
issued Junc 1983, Revision 3 issued December 1984).
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MCNPDAT

DATA LIBRARY IDENTIFICATION:

MCNPDAT: MCNP Cross-Section Data Library Based on
ENDF/B-V. Available from RSIC as DLC-105.

CONTRIBUTOR:

Los Alamos Radiation Transpori Group (X-6), Los Alamos National Laboratory, Los
Alamos, New Mexico.

SUMMARY:

Background

The MCNP general-purpose Monte Carlo code, available from RSIC as CCC-200. has a
representative set of cross-section data as an integral part of the package. These data are in
two forms, *point” and “discrete”, and are in particular formats required by the MCNP code.

None of the data sets in MCNP are based on ENDF/B-V. Rather, the ENDF/B-V based
cross-section data for MCNP are collected as DLC-105/MCNPDAT. This scparation,
somewhat unusual for a data library that can only be used in a particular code, allows the
control of the ENDF/B-V based data without hampering the distribution of the MCNP
code itself.

Scope

The pointwise data, denoted RMCCS1 and considered to be the “recommended” set of neu-
tron, photon production, and photon interaction data to be used in normal applications, are
based primarily on ENDF/B-V data. A few exceptions are provided that are based on
evaluated data from Los Alamc: National Laboratory and Lawrence Livermore National
Laboratory. These are evaluated data that are improvements over data released as
ENDF/B-V or that provide photon production data not included therein.

Cross sections are provided for isotopes or elements covering much of the range from hydro-
gen to curium as follows:

H-1, H-2, H-3, He-3, He-4, Li-6, Li-7, Be-9, B-10, B-11, C, C-12, N-14, O-16, F-19, Na,
Mg, Al-27, Si, P-31, S-32, Cl, Ar, K, Ca, Ti, V, Cr, Mn-55, Fe, Co-59, Ni, Cu, Ga, Zr,
Nb-93, Mo, Rh-1i7, Pd-119, Cd, Sn, Ba, Eu, Gd, Ta-181, W, Pt, Au-197, Pb, Bi-209, Th-
232, U-233, U-234, U-235, U-236, U-237, U-238, U-239, U-240, Np-237, Pu-238, Pu-239,
Pu-240, Pu-241, Pu-242, Pu-243, Am-241, Am-242m, Am-243, Cm-242, and Cm-244.

The discrete counterpart of RMCCS]1 is denoted DRMCCSI. It divides the energy range
into discrete “"groups” over which reaction cross sections are averaged. The particles, how-
ever, are tracked with specific (not group) energies, and the scattering processes are treated
in the same fashion as for the RMCCS! data.

Both furms were generated at LANL using processing techniques, including the NJOY sys-
tem, that provide libraries in the formats required by MCNP.

Applications

The data are designed {or use in the MCNP Monte Carlo radiation transport system, which
can be used for three-dimensional radiation transport calculations for neutrons and sccon-
dary photons, or primary photons. The pointwise library, RMCCSI, provides a nearly con-
tinuous description of the cross sections over the energy range from thermal to 14 MeV.
The DRMCCS! form allows faster computational times, with some sacrifice in accuracy
depending on the particular problem.
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RETRIEVAL CODES:
PRPR: FORTRAN 77 preprocessor source.
MAKXSF: A program that can be used to transiate the data libraries

into binary format. The PRPR code will translate MAKXSF
to run on a particular hardware system.

TYPICAL RUNNING TIME:
Not available.

DOCUMENTATION:
Included in the RSIC documentation:

1. R. W. Roussin and B. L. Kirk, "DLC-105/MCNPDAT: MCNP Cross Sections Based

on ENDF/B-V®, [nformal notes, May 1984.
Background information:

2. Los Alamos Radiation Transport Group, MCNP—A Monte Carlo Code for Neutron
and Photon Transport, Version 2B, LA-1396-M, April 13, 1981,

3. J.T. West, "Cookbook for Installing MCNP Version 3," April 1983.
4. B. L. Kirk, "Addendum to J. T. West's Cookbook,” June 1983.
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