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FOREWORD

This report is Volume 2 of six volumes of the final report on "Nuclear Rocket Shielding
Methods, Modification, Updating, and Input Data Preparation.” This work was performed for
the George C. Marshall Space Flight Center (MSFC), Huntsville, Alabama, under Contract
No. NAS-8-24919, Control No. DCN 1-X-80-00056. The technical monitor of this contrac}
was Mr, Henry E. Stern, Deputy Manager of the Nuclear and Plasma Physics Division of the
Space Sciences Laboratory, MSFC. A description of the compilation of neutron and photon,
cross section library data is presented in this volume.

In summary, the six volumes of the final report are as follows:
Volume 1:  "Synopsis of Methods and Results of Analyses" = A summary of the work performed

under this contract,

Volume 2:  "Comptlation of Neutron and Photon Cross Section Data” - A description of the
six Master Libraries of neutron and photon, cross section data,

"2' Volume 3: "Cross Section Generation and Data Processing Techniques® =~ A description
’ of the GAMLEG-W, APPROPOS, NAGS, and SATURN codes,

Volume 4:  "One-Dimensional, Discrete Ordinates Transport Technique" - A description
of the ANISN=W code,

Volume 5:  "Two-Dimensional, Discrete Ordinates Transport Techniques" - A description
of DOT-1IW, DOQ, ADOQ, and MAP codes, and

Volume 6:  "Point Kernel Techniques" - A description of the KAP=VI| and SCAP codes.
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ABSTRACT

This report is Volume 2 of six volumes of the final report on "Nuclear Rocket
Shielding Methods, Modifications, Updating, and Input Data Preparation”. This volume
describes the compilation of neutron and photon cross section data.

The compilation and preparation of neutron and photon cross section data are
subdivided into the following categories:

1} NMNeutron cross sections for the ANISN-W and DOT-IIW discrete ordinates
transport codes and their auxiliary codes;

2) Photon cross sections for the ANISN-W and DOT-1IW discrete ordinates
transport codes, the KAP-VI point kernei code, and the SCAP single- and albedo-scatter
code; |

3) Preparation of multigroup cross section sets (with upscatter removed, if desired),
using the WANL modified version of the ANISN code or the APPROPOS cross section prepara=-
tion code;

4) Basic, nuclear data for nuclear and radiation analysis of a nuclear system.

The multigroup cross sections described in this volume are applicable for the analysis

of graphite-moderated, nuclear reactor, rocket systems.

&p 37
Wiy g
| &L 4

Yo,
Oﬁ%z}v
57




Ao
i
N s

Astronuclear

Laboratory
TABLE OF CONTENTS

Section Page
1.0 INTRODUCTION 1-1
2.0 SUMMARY AND CONCLUSIONS 2-1
3.0 NEUTRON CROSS SECTIONS 3-1
3.1 Basic Library Dato 3-1

3.2 Method of Computation 3-6

4.0 PHOTON CROSS SECTIONS . 4--
4,1 Basic Library Data 4=

4,2 Cross Sections for Use in Point Kernel Codes 4-2

4.2.1 KAP-VI and MAP Total Photon Cross Sections 4-3

4,2,2 SCAP Total Cross Section Data 4-3

4,3 Discrete Ordinates Transport Cross Sections 4-4

5.0 PREPARATION OF MULTIGROUP CROSS SECTION DATA 5-1
5.1 Use of the ANISN-W Code to Provide Group-Collapsed Data 5~1

5,2 Use of the APPROPOS Code to Provide Group=-Collapsed Data 5-2

6.0 NUCLEAR AND RADIATION ANALYSIS BASIC DATA 6-1
6.1 Prompt Gamma Ray Energy Spectrum 6-1

6.2 Decay Gamma Ray Energy oectrum 6-1

6.3 Neutron and Gamma Ray Dose Conversion Factors 6-1

6.4 Capture Gamma Ray Energy Spectrum 6-2

6.5 Inelastic Gamma Ray Energy Spectrum 6-2

7.0 REFERENCES 7-1

Appendix PAIR-PRODUCTION AND PHOTO-ELECTRIC DATA

PRECEDING PAGE BLANE NOT FILMED

vii

[ e g e e e it oo e



S

LIST OF ILLUSTRATIONS

Figure Page
1~1 Flow Chart for Preliminary or Parametric Radiation Analysis 1-3
1-2 Fiow Chart for Detailed Radiation Analysis 1-4
4-1 Representation of K, L, M Election Shell Photoelectric Absorption

Cross Sections in Basic Library 4-6

viii



Table

4-2
4-3
5-1
6-1
6-2

. 6-3

6-4

6-5
6-6
6-7
6-8

@ Astronuclear
Laboratory

LIST OF TABLES

Summary of Master Libraries

Compilation of Neutron Cross Section Data by Element or Isotope

- Spectrum ldentification Number

Fifty-Two Neutfron Energy Group Structure (Fine~Group)
Element or Isotope Identification Number

Cross Section Type Identification Number

Transuort Corrected Cross Section Sets on Tape No. One
F, Cross Section Setfs on Tape No. 2

Nucroscopic Reaction Rate Cross Sections on Tape No, 3

Changes and Additions to GAMBIT Master Library Neutron Cross
Sections

Gamma Ray Cross Section Library Data Placed on Tape by
GAMLEG-W

Required Basic Library Data Format

Gamma Ray Energy Group Structure

"Few-Croup” Neutron Energy Group Structure

Prompt Gamma Ray Energy Spectrum

Decay Gamma Energy Releaue Rates as a Function of Reactor Run Time

Neuh'on Kinetic Energy Dose Rate Conversion Factors, (Dose Units/

(N/cm2-sec))

Gamma ng Energy Dose Rate Conversion Factors, (Dose Units/
(MeV/cm*“-sec))

Capture Gamma Ray Energy Spectrum

Basic Data Source for Capture Gamma Ray Energy Speciral Data
ideutron Inelastic Scatter Gamma Ray Energy Spectrum

Basic Data Source for Inelastic Gamma Ray Energy Spectral Data

ix

2-2
3-8
3-9
3-10
3-11
3-12
3-13
3-16
3-25

3-28

4-8
4-9
5-4
6-3
6-4

6-6
6-7
6~-10
6-11
6-19



Astronuclear
Laboratory

1,0 INTRODUCTION

This is Volume 2 of six volumes of the final report on "Nuclear Rocket Shielding
Methods, Modification, Updating, and Input Data Preparation”. This volume describes the
compilation of neutron and photon cross section data.

The neutron and photon cross section libraries are an integral part of both the pre-
liminary or parametric and the detailed design radiation analysis methods provided to MSFC
under this contract and the previous contractual work (NAS-8-20414). A schematic diagram
of each method is shown in Figures 1-1 and 1-2. Both methods are described in Volume 1 of
this report.

In the preliminary or parametric design method (Figure 1-1), the APPROPOS code
(Volume 3) is used to prepare neutron and phoion cross sections and other basic data for use
in the transport and data processing codes. The cross sections are input to the ANISN-W zode
(Volume 4). The ANISN-W code computes one-dimensional neutron and photon fluxes in the
reactor geometry. From the neutron fluxes, neutron and photon energy sources and distribu~
tions are obtained using the NAGS data processing code (Volume 3). The sources and distri~
butions are used as input to the KAP-VI point kernel code (Volume 6). The KAP-VI code
provides gamma ray and fast neutron radiation levels at locations external to the reactor.
Radiation sources, heat generation rates, and radiation environment, both internal and external
to the reactor as well as shield effectiveness, can be computed using the preliminary or
parametric design method.

In the detailed design method (Figure 1-2), the neutron and photon cross sections
prepared by the APPROPOS code (Volume 3) are used as input data to the DOT-IIW, two-
dimensional, discrete ordinates transport code. The DOT-IIW code (Volume 5) computes the
two-dimensional neutron and photon fluxes throughout the reactor geometry. The NAGS
data processing code (Volume 3) processes these fluxes and calculates neutron and photen
energy deposition and neutron and photon energy sources and distributions within the reactor
system. These sources and distributions are used as input to the KAP-VI point kernel code

(Volume 6). In addition, the surface leakage fluxes from the DOT-IIW problem geometry

1-1
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are used as input to the MAP radiation transport code (Volume 5). The MAP code compuies
the radiation environment at selected surfaces or points external to the DOT-1IW geometry
and includes provision for last-flight transport using optional, point kemel techniques. The
SCAP single- or albed: -scatter code (Volume 6) is used to compute extemal radiation
environment using, as source input data, the output from either the KAP=VI or the MAP codes.
Radiction sources, heat generation rates and radiation environment, both internal and
extemal to the reactor as well as shield effectiveness can be computed using the detailed
design method.

The SATURN (Volume 3), DOQ and ADOQ (Volume 5) codes are additional data
preparction and handling code:.  These codes are provided as convenient tools for manipulat-
ing large quentities of data or for providing selected input data.

Section 2. 0 summarizes the neutron and photon cross section data compilcd for the
Marshall Space Flight Center (MSFC). A brief description of each of the five MSFC Master
Library Tapes is included.

Section 3. 0 describes the basic neutron, cross section libraries provided under this )
Contract and the method of computation.

Section 4. 0 describes the basic photon cr:3s section libraries provided under this
Contract. A brief description of how these data are used in the respe~tive codes is provided.

Section 5. 0 describes two techniques for the preparation of few group cross section
data using the Master Libraries described in this volume.

Section 6. 0 describes the basic, nuclear data provided under this Contract and the
method of computation.

A tabulation of pair-production, photo-electric, and Compton absorption as well
as Compton scatter and the total gamma ray cross section by element is listed in the APPEN-

DIX. These data are provided from 0. 01 to 20. 0 iMeV.
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2.0 SUMMARY AND CONCLUSIONS

The compilation of neutron and photon cross section data for MSFC has generated
five Master Library Tapes and a deck of basic nuclear data. (See Table 2-1.)

Master Library Tape Mo. 1 contains 135 microscopic, transport corrected, neutron
cross sections sets for 36 elements for use in the ANiISN-W, DOT-IIW, and AFPROPOS
¢ sdes. These data are in a 52 energy group structure. Master Library Tape No. 2 contains
413 microscopic, F, (¢ <3) neutron cross section sets for 36 elements for use in the ANISN-W,
DOT-1IW, and APPROPOS codes. These data are also in a 52 energy group structure.
Master Library Tape No. 3 contains 134 sets of reaction rate cross section data for use in the
APPROPQOS code. The data on Master Library Tapes No. 1, 2, and 3 are averaged over four
representative, spatially dependent,neutron spectra obtained from current R-1 nuclear sub-
system design work. These first three tapes are obtained in a manner consistent with each
other and with the nuclear and radiation analysis procedures used in the radiation analysis
of reactors at the Westinghouse Astronuclear Laboratory (WANL).

Master Library Tape No. 4 contains 510 microscopic, B, gamma ray cross section
sets for 51 elements for use in the ANISN-W, DOT-1IW, and APPROPOS codes. These
data, which are in a 13 energy group structure, are averaged over a source spectrum of
prompt gamma ray energy emitied from the fission of 235Urcmiunn. Master Library Tape No. 5
contains the pair-production and photo-electric gamma ray cross section data used in the
KAP-VI, SCAP, MAP, and GAMLEG-W codes. Again, the data on Tapes 4 and 5 are
obtained in a manner corsistent with each other and with the radiation analysis procedures
used in the radiation analysis of reactors at WANL.

Finally, a basic set of nuclear data is generated for use in the complete package

of codes.
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TABLE 2-1

SUMMARY OF MASTER LIBRARIES

MSFC Master
Library Number

1

6*

* On Cards

e S o

DESCRIPTION

Microscopic, 52 Group, Transport Corrected,
Neutron Cross Section Sets for Use in the
ANISN-W, DOT-IIW, and APPROPOS Codes

Microscopic, 52 Group, P, Neutron Cross
Section Sets for Use in the ANISN-W,
DOT-1IW, and APPROPOS Codes

Microscopic, 52 Group, Reaction Rate Cross
Section Sets for Use in the APPROPOS Code

Microscopic, 12 Group, F,, Gamma Ray
Cross Section Sets for Use in the ANISN-W,
DOT-IIW, and APPROPOS Codes

Pair-Production and Photo-Electric Gamma
Ray Cross Sections for Use in the KAP-VI,
SCAP, MAP, and GAMLEG-W Codes

Gamma Ray Production Data Due to Thermal
Neutron Capture and Inelastic Scatter,
Selected Nuclear Parameters, and Other
Related Data.

2-2
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3.0 NEUTRON CROSS SECTIONS

A multigroup, microscopic library of neutron cross sections has been prepared for
use in the discrete ordinates transport codes, DOT-1IW and ANISN-W, Table 3-1 lists the
35 elements (or isotopes) for which cross section sets have been supplied. Transport
corrected® and tull P] scattering-approximation cross sections were generafe.d for the elements
(or isotopes) noted in the Table. Each microscopic cross section set was spectrally weighted
over four representative flux and current spectra. These spectra, as shown in Table 3-2, are
selected from the NERVA project analyses of the current R-1 nuclear subsystem design and
represent the spatially dependent neutron spectra in the R-1 reactor system. Full P3
scattering~approximation cross secticns for neutron energies greater than 1. 86 eV are supplied
for 16 elements, as specified in Table 3-1. These data are weighted over a 1/E spectrum.
In 2ddition, a vane prescription cross section set weighted over the R-1 reflector spectrum is
included to represent the NERVA reactor peripheral control drums containing ]OBoron. In
one-dimensional (ANISN-W) or r, z two~-dimensional (DOT-1IW) calculations, an annular
ring containing the vare prescription cross section set is employed to represent the control
drums.

All neutron cross sections are obtaired in a manner consistent with the nuclear and
radiation analysis procedures used in the radiation analysis of reactors at WANL. " is cross
section library is most applicable for radiation analyses of nuclear rocket reactors; however,

the 52 energy group data are considered to be adequate for parametric survey calculations of

other nuclear systems, as well.
3.1 BASIC LIBRARY DATA

The multigroup structure of the microscopic neutron library is shown in Table 3-3.

These 52 energy groups consist of 32 groups in the fast energy range (from 1.86 eV to

* The transport correction made in neutron cross sections involves the flux weighted Pg cross
sections, c(t;d the diagonal transport approximation using fhce; current weighted P] cross

P , , P
' ] . . 1
section, Z agg. , to obtain the correction term, 1/3 ggl agg , Where G is the total

number of neutron groups. The term is subtracted from the total cross section and the within
group scattering cross section agg.
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1.0 x 107 eV) and 20 groups in the thermal energy range (from 0.0 eV to 1.86 eV). The
probability of neutron upscatter or downscaiter is included in the thermal range data up

to the upper limit of 1. 86 eV; the probability of downscatter is included in the fast range
data from 1.86 eV to 10. 0 MeV. The group structure shown in Table 3-3 is chosen for the
following reasons:

1) Adequate high-energy group structure to provide reaction rates for heating
calculations, comparisons with activation measurements, and representation of anisotropic
scattering,

2) Adequate epithermal energy group structure to define the 235Urcmium cross
section in the resonance range (lethargy greater than 12),

3) Computer code storage limits,

4) Multigroup cross sections collapsible directly to few-group cross sections. This
means that every few-group break point must fall at a multigroup break point. The motiva-
tion for this criterion is that ANISN-W or APPROPOS can be used to perform the group
collapse,

5) Sufficient thermal energy range group structure to adequately define the down-
scatter-upscatter cross sections,

6) Adequate thermal energy range group structure to equalize the relative influence
of each thermal group in transport calculations, and

7) Reasonable computer running time.

Using this 52 energy group structure, 548 neutron cross section sefs and 134 reaction
rate sets are generated at room temperature (except where noted) for use in the ANISN-W
and DOT-1IW discrete ordinates transport codes. Each neutron cross section set consists of
52 groups and 34 cross section types for a total array size of 1768.

Each energy group contains 34 different types of cross sections as follows:

1) dgc, in position 1, the total absorption cross section, i.e., radiative capture,
(hi2n)*, fission, {n;p) 0, y), etc. For most elements, this cross section is the radiative
capture cross section.

2) & % , in position 2, the product of the fissioin cross section and the average

number of neutrons released per fission event.

* The (h, 2n) reaction is treated as a negative absorption cross section

3-2
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f ® 30 . L] .

3) Gg , in position 3, the total collision cross section. When transport corrected
cross sections are used, this table position contains the total collision cross section corrected
by the diagonal fransport approximation term. This correction term for anisotropic scattering

P P

P. scatter cross section, o, , toobtain the correction term 1/3 ] This
1 a=1 g'=» g=1 9->9

correction term has been subtracted from the total collision cross section ond the within-group

has been computed by the %agonol transport approximation using the current weighted total

scattering cross section, %9’ for the transport corrected data set.

4 to 13) ag'g for g' > g, in positions 4 to 13, inclusive, the upscatter transfer cross
section (always considered to be transfer into a group). The 13th position cross section in
group 1 would represent frc:nsfer from group 2 into group 1, for example. These transfer cross
sections are the sum of the elastic, inelastic, and where applicable (n;2n) reaction cross
sections.

14) %'g for g' =g, or simply, %q’ in position 14, the within-group transfer
cross section defined as:
_t a Z(:'; for a '
% %9 % T o=1 9'e org' £
15 to 34) ag'g for g'< g, in positions 15 to 34, inclusive, the downscatter transfer cross
section (@lways considered to be transfer into a group). For example, the 15th position in
group 2 would represent transfer from group 1 into group 2. These transfer cross sections are

the sum of the elastic, inelastic, and where applicable, (h;2n) reaction cross sections.

Impossible transfer elements, such as upscatter into group 52, are entered as a zero. The vane
prescription data set and each neutron cross section set are given a unique four-digit identifica-
tion number. The first two digits of the identification number denote the particular element

or isotope of the cross section library, the third digit denotes the spectrum over which the

cross section data is averaged, and the fourth digit denotes the cross section type (P 2,

P3, etc. ). Table 3-4 specifies the element or isotope identification number, Table 3 2

specifies the spectrum, and Table 3-5 specifies the cross section type.




The neutron cross section sets are contained on two library tapes; the first tape
contains only transport corrected cross-section data; the second tape contains the Ffe cross
section data, Table 3-6 lists the cross section sets on the transport corrected data tape.

This table lists the element or isotope and its identification number, the spectrum over

whicki it is averaged, and the sequence with which it is placed on tape. Table 3-7 lists the
cross section sets on the P, data fape. This table lists the element or isotope and its identifica-
tion number, the spectrum over which it is averaged, the Pz order, and the sequence with
which it is placed on tape. The P2 and P3 cross section sets for hydrogen are assumed
independent of temperature or the type of hydrogen so that all the P, data for hydrogen

are identical to one another as are the P3 data. The same assumption is used for the P2 or P3
data for any given element that appears more than once. By repeating the element in the
proper sequence, continuity of tape ID numbers and user convenience are achieved.

The 52 group, ring vane prescription is contained on both library tapes. The micro-
scopic cross section data on these two magnetic tapes are in a format consistent with the input
requirements of the ANISN-W and DOT-IIW discrete ordinates transport codes and of the -
APPROPOS cross section preparation code.

Fifty-two neutron energy group, microscopic, reaction rate cross section data are
also generated for 35 elements or isotopes, averaged over the same four representative R-1
spectra. These microscopic reaction rate cross sections contained on Master Library Tape
No. 3 are:

1) a;, the capture cross section which includes
o(n,y), ol;p,y), and o(n;a, y) reactions,

: f . . L] . . . . .
2) 9y the fission cross section for fissionable isotopes; non-fissionable elements

or isotopes contain zeros for this cross section,

3) o ol eff the "effective" energy deposition cross section which was computed by
el, eff  AEg 2A cm el
o ! = e—— X ] - X O
g 8g — as1y? ( Y9 ) g

3-4
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where:

AEg
aUg

is the average energy of group g,

2A
(A+1)

5 is the average energy loss per collision,

(1 - p;m) is the correction term for anisotropic scattering,

AEg is the energy width of group g,

AUg is the lethargy width of group g,

A is the atomic mass of the scattering nucleus,

pcm is the average cosine of the scattering angle in the center-
of-mass coordinate system for group g, and

Uge| is the total microscopic elastic scattering cross section for group g,

n,n' . . .
4) trg’ , the total inelastic scattering cross section for group g.

The use of an effective energy deposition cross section facilitates rapid computa-
tions of the direct neutron kinetic energy deposition due to neutron elastic scattering. The
effective energy deposition cross section is calculated in a consistent manner with the data
on Master Library Tapes No. 1 and 2.

The capture cross section is used in the calculation of the secondary gamma ray
source due to (n,y), (;p,y), and (n;a, y) reactions. The fission cross section is used in the
calculation of prompt and delayed gamma ray source due to the (n, f) reaction. The effective
energy deposition cross section is used in the calculation of neutron kinetic energy deposition
due to neutron elastic scattering. The inelastic scattering cross section is used in the calcu-
lation of the secondary gamma ray source due to the (n; n', y) reaction.

Table 3-8 lists the reaction rate microscopic cross sections contained on Master
Library Tape No. 3, the identification number, the spectrum over which the data are averaged,

and the order in which they are placed on tape. These data are used primarily by the
APPROPOS code.

1o
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3.2 METHOD OF COMPUTATION

A consistent, microscopic neutron transport library of cross sections in 52 energy
groups is generated for the Marshall Space Flight Center. These cross sections are obtained
in @ manner consistent with the nuclear and radiation analysis procedures used in the radia-
tion analysis of reactors at WANL,

The GAMp1TE: ! = 3+4)

This code provides group averaged, flux and current weighted, neutron cross sections based

code is used to generate the larger portion of the library.

on a thermal cross section Master Library consisting of 99 fine groups (0 - 2.38 eV), a fast
neutron cross section Master Library consisting of 68 fine groups (0. 414 eV - 10 MeV, 1/4
lethargy intervals), and a detailed set of element resonance parameters for the 68 fine groups.
The generation of basic neutron cross section data for the Master Libraries has been
carried out in recent years by the Reactor Physics and Mathematics Department of WANL.
Considerable effort is expended in preparing and evaluating basic neutron cross section datn

(i.e., smooth cross sections, resonance porameters, scattering kernels, inelastic matrices,

efc. ) for use in the GAMBIT code. The Mester Libraries for GAMBIT are based on the
GAM-1 and TNS libraries(3'5) and recent i raluations of neutron cross section data. (3.6-3.13)
The references for the changes and additions to these libraries, based on new measurements,
analytical models, and evcllu;:fions, is shown in Table 3-9 for the elements in the MSFC
library. These references detail the method of cross section evaluation and the basic data
source.

P, and P3 multigroup scattering matrices for 16 elements were generated using the

2
TRANSFER 3. 14)
generated only for the 32 fast groups (E >1.86 eV) as anisotropic scattering effects are most

code. These cross sections are weighted over a 1/E spectrum and are

significant for high neutron energies. Input to the TRANSFER code consists of the pointwise
total scattering cross section and the coefficients, fy(E), in the Legendre expansion of the

differential elastic scattering cross section . (€, 9):
. 4

o €)
% n(EO) = —— g (22 + 1) £,(E) P, (cos )

where fO(E) =1 @
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The required input data are obtained from References 3. 15 to 3.24. The punched
output from the TRANSFER code is input to an auxiliary code to (1) repunch the cards in a
format acceptable to the ANISN-W, DOT-1IW, and APPROPOS codes, and (2) perform
(3.25)

transfer matrices must satisfy. These conditions are:

P
1) The sum 2, ag?g ,for g < g' should equal the average (1/E weighting) of the
g

specific error checks. These checks

P2, and P3

tested for the integral conditions that the PO' P],

elastic scattering cross section over group g,

P P

2) The ratio Eog']g "guog = 2/A, forg<g',
g g
P P

3) The ratio Zag?g/zag.% =1.25for A=1, or
g g

. |
_—_-I/A2 [H E( ! 5 )]forA>l
n=1 \@2n~1)* 7A
P3
4) The sum Yo, =0
g 99

where A is the mass number of the scattering nucleus.

The above conditions are based on the assumption that:
1) The elastic scattering is isotropic in the center-of-mass coordinate system, and
2) The elastic scattering cross sections ure averaged over a 1/E spectrum.
The cross sections were then placed on Library Tape No. 2 for use in the ANISN-W,
DOT-1IW, and APPROPOS codes.

3-7




TABLE 3-1

COMPILATION OF NEUTRON CROSS SECTION DATA BY ELEMENT OR ISOTOPE

Cross Section Scattering
_Approximation*

Transport
Number Element or Isotope Corrected PO/P1  P2/P3
1 Hydrogen (20.4°K, Para) X X P
2 Hydrogen (20.4°K, Ortho) X X x
3 Hydrogen (300°K, Para) X X X
4 Hydrogen (300°K, Ortho) x X X
5 Hydrogen (2500°K, Gas Kernel) x X X
6 Carbon (296°K) X % X
7 Beryllium (296°K) X X X
8 Boron. X X X
9 1086r0n X X -
10 Aluminum X X x
11 Titanium X X X
12 Chromium x X X
13 Iron X X X i
14 Copper X X X
15 Niobium X X X
16 Molybdenum X X X
17 235 yraniym X X X
18 Uranium X X X
19 Nickel X X X
20 Manganese X X X
21 Tantalum X X -—
22 Gadolinium X X —
23 Tungsten X X X
24 Silicon X X ————
25 Oxygen X X —-—
26 Magnesium X X -
27 Zirconium X X —
28 Lead X X ————
29 SLithium X X —-—
30 7Lithium x X -
31 Lithium X X —-—
32 Indium X bs —-—
33 Gold X X -—
34 Cadmium X X —-—
35 Nitrogen X X — '
36 Cobalt X X -— .

*x indicates the data have been included; =~= indicates the data have not been
included.
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TABLE 3-2
SPECTRUM IDENTIFICATION NUMBER

1 - Core Center Spectrum
2 - Core Edge Spectrum
3 - Reflector Spectrum

4 - Shieid Spectrum
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TABLE 3-4

> Astronuclear
==/ Laboratory

ELEMENT OR ISOTOPE IDENTIFICATION NUMBER

01 = Aluminum

02 - Beryllium 296°K

03 - Boron

04 - 108oron

05 = Cadmium

06 - Carbon 296°K

07 = Chromium

08 - Cobalt

09 - Copper

10 = ‘Gadolinium

11 - Gold

12 - Hydrogen, para, 20.4°K
13 = Hydrogen, ortho, 20.4°K
14 - Hydrogen, para, 300°K
15 = Hydrogen, ortho, 300°K
16 = Hydrogen, gas kernel, 2500°K
17 - 113ndium

18 = Iron

19 - Lead

3-11

20 - Lithium

21 - SLithium
22 - 7Lithium
23 - Magnesium
24 - Manganese
25 = Molybdenum
26 - Nickel

27 - Niobium
28 - Nitrogen
29 - Oxygen

30 - Silicon

32 ~ Tantalum
33 = Titanium
34 - Tungsten

35 - 235Uranium
36 - 238ranium
37 = Zirconium

38 - Ring "Vane Prescription"



TABLE 3-5

CROSS SECTION TYPE IDENTIFICATION NUMBER

0 - Pg Cross Section Set

1= P] Cross Section Set

o

2 - P Cross Section Set
3 - P3 Cross Section Set

9 - Transport Corrected Cross Section Set

i
o
= 1
&
ke
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TRANSPORT CORRECTED CROSS SECTION SETS ON TAPE NO, ONE

INENTIFICATION NUMHER

1119
129
%139
"149
n21l9
nea2aq
n239
126
N3l
N329
n339
n364
Nnel9
re29
- 439
449
519
n$29
0539
nN%549
n6l19
0629
N639
nN669
r719
(729
"739
nT169
nglo
ne29
0839
(1849
0919
0929
N9 39
N949
1019
1n29
1039
1049
1119
1129
1139

*KFYe CC=CORE CENTERy CE=CORE EDGEs R=REFLECTORs SeSHIELD,

TABLE 3-6

ALUMINUM
ALUMINUM
ALUMINUM
ALUMINUM
BERYLL JUM,
BERYLLI[UM,
BFRYLL [i1Mg
HRERYLLIUM,
KORON
HORQON
BNRON
BORON
RORON=10
HORON=11D
BORON=1n
HORON=10
CANMIUM
CANMIUM
CANMIUM
CADMIyM
CARRON, 296
CARHON. 294
CARRON, 296
CARRONs 296
CHROMIUM
CHROMIUM
CHROMIUM
CHROMIUM
CORALY
COBALT
COBALT
coBaLT
COPPER
COPPE
COPPER
CNPPER
GANOLINTIUM
GADOL INI UM
GANOLINIUM
GANOLINTIUM
Goaln

GoLn

GnLD

MATFRIAL

296 DFG.
29+ DEG,
296 NEG,
296 DEG,

DEG,
DEG,
DEG,
DEG,

XRXXX

Ke
Ko
Ke
Ko

Astronuclear
Laboratory

*
SPECTRUM

ccC
CE
R
S
ccC
CE
R
S
cc
CE
R
S
cC
CE
R
S
cC
CE
R
S
cC
CE
R
S
cC
CE
R
S
cC
CE
R
S
cC
cE
R
S
ccC
CE
R
S
ccC
ct
R



TABLE 3-6 (CONTINUED)

vd

IDENTIFICATION NUMHER MATERTAL SPErTRUNM
1149 GoLD S
1219 HYDROGENs PARAY 20,6 DEG, K. (o
12249 HYDROGENe PARAY 20,4 DEG, K. cE
1239 HYNDROGENs PARAY 20,6 DEG, K, R
1249 HYNDROGENs PARAY 20,4 DEG, K, S
1319 HYNROGENe ORTHO, 2044 DFGe Ko cc
1329 HYDROGENs ORTHO, 20,4 DEGe Ko CE
1339 HYDROGENs ORTHO, 2044 NEGe Ko R
1349 HYNDROGEN, ORTHO, 2064 DEGs Ko S
1419 HYDROGEN,» PARAs 300 DEG, K, ccC
1429 HYDROGENs PARAs 300 NDEG, K, cE
1439 HYNROGENs PARAs 300 NEG, K, R
1449 HYDROGENy PARAs 300 DEG, K, S
1519 HYDROGEN, ORTHO, 300 DEG, K, cC
1529 HYDROGENs ORTHO. 300 DEG, K. cE
1539 HYNROGENy ORTHO, 300 DEG, K, R
1549 HYNROGENy ORTHO, 3n0 NEG, K, S
1419 HYDROGENs GASe 2500 NEG, K, cC
1629 HYNROGENy GAS, 2500 NEG, K, CE
1639 HYNROGENy GASs 2500 DEG, K, R
1644 HYDROGENy GASes 2500 NEG, K, S
1719 INDTUM=118 (of o
1729 INDIUM=115 CE
1739 INDIUM=115 R
1749 INDTIUM=115 S
1819 IRON cc
1829 IRON (of 2
1839 IRON R
1849 100N S
1919 LFAD cc
1929 LEAD CE
1939 LEAD R
1949 LEAD S
2019 LITHIUM ccC
2029 LITHIUM CE
2039 LITHIUM R
2049 LITHIUM S
2119 LITHIM=6 ccC
2129 LITHIUM=6 cE
2139 LITHIUM=S R
2149 LITHIUM=6 S
2216 LITHIUM=T (of o
2229 LITHIUM=7 CE
2239 LITHIUM=7 R
2249 LITHIUM=7 S
€319 MAGNES TUM ccC
‘2329 MAGNE S TUM CE
2339 MAGNE ST UM R
2349 MAGNE S TUM S



]

PN

Astronuclear

Laboratory
TABLE 3-6 (CONTINUED)

IDENTIFICATION NUMHER MATFRI AL SPFCTRUM
2619 MANGANE SE cc
2429 MANGANE SE CE
2449 MANGANE SF S
2519 MOL YBDE NUM cC
2529 MALYBDENUM CE
2539 MAL YBDENUM R
2549 MALYBDENUM S
2619 NTICKEL cc
2629 NICKEL CE
26139 NTICKEL R
2649 NICKEL S
2719 NTORIUM cc
2729 NTORIUM CE
2739 NTORIUM R
21749 NINRIUM S
2819 NITROGEN cC
2829 NI TROGEN cE
2839 NITROGEN R
2849 : NITROGEN ' 5
2919 OXYGEN ccC
2929 OXYGEN CE
2939 OXYGEN R
2949 OXYGEN _ S
3019 SILICON cc
3029 STLICON CE
3n39 STLICON R
3049 SILICON S
3219 TANTALUM cc
3229 TANTALUM CE
3319 TITANIUM cc
3329 TITANIUM CE
3339 TITANIUM P
3349 TITANIUM S
3449 TUNGSTEN S
3519 URANIUM=2135 ccC
3529 URAN[UM=235 CE
3619 URANIUM=>3R8 cc
3629 URANIUM=7>3R cE
3719 Z1RCONIUM cC
3729 ZIRCONTUM CE
3739 ZIRCONIUM R
3749 ZIRCONTUM S
3839 RING VANE PRESCRIPTION R
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IeDe NU

ollo
0111
0112
0113
0120
0121

0l22

0123
0130
0131
0132
0133
0l40
0141
0142
0143
0210
nell
02l1e
0213
0220
0221
0222
0223
0230
0231
0232
0233
0240
0241
0242
02473
0310
0311
0312

TABLE 3-7

P . CROSS SECTION SETS ON TAPE NO. 2

MRER MATERIAL CROSS SECTION TYPE  SPECTRUM®
ALUMINUM Po cc
ALUMINUM Py cC
ALUMINUM P2 1 /E
ALUMINUM P3 1/¢
ALUMINpM Po Ct.
ALUMINUM P1 Ck
ALUMINUM ' Py 1 7E
ALUMINUM ‘ P3 1/¢
ALUMINUM PO R
ALUMINUM Py R
ALUMINUM P> 1/E
ALUMINUM P3 1/E
ALUMTNUM Po S
ALUMINUM Py S
ALUMINUM Po 1/E
ALUMINUM P3 17
BERyLLIUM, 296 DEG, K, : PO cc -
BERYLLTUMs 296 DEL. K, Py cc o
BERYLLIUM P2 1/E -
HERYLL TUM P3 17E
HERYLLTIUMe 296 DEGs Ko P CE
BERyLLIyM, 296 DEG, K, P1 CE
BERYLLIUM P> 17E
BERYLLIUM . P3 1/¢
BERyLLTUM, 296 DEG, K, Po R
BERYLLTUMy 295 DEG, K, Pl R
BERyLLIUM P2 1/E
HERYLL [14M P 17E
HERYLLIUMs 296 DEGs Ko Po S
BERyLLIUM, 296 DEG, K, Py S
BERYLL JUM Po 17E
BERYLL UM P3 17
BORON Py cc
BORON g Py cc
BORON p2 17E

C"CORE CEMTFRe rE=rORE EDGE Y R=RpFLE; TORY S=SHTEL))s 17 =1/¢ SPECTRUM.

“KEY. C
)
P
T

NOTE »

0=P(0) CHOSS SECTION SETy PlaP(1) €v0SS SFOTION SET,
2=P(3) CROED SECTION SETy Py<P () CRUSS SECTION StT,
Re=TRANSPORT cORREcTED cRUSS SErTIAN SET.

]HEVP‘?) AND P(3) CROSS SETION SETS aRE NOT DEPEWDENT ON TEMPERATURE OR
HYRDROGEW TYby (Tepe rpnpe URTHOW GpS KERNgLye  TH REFCRpe ZLL THE P(2)
HYDROGE N RDSS SERTEON Se TS a8 TpENTICAL YO ONE aNOTHEKe oS ARF aLL THE
P(3) HYDROGEN cRNOSS SFEETION S0 TS,
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1.0e NiMBRER

0313
0320
0321
0322
0323
0330
033)

0332
0333

0340
0341
T 0342
0343
0410
0411
0420
0421
0430
0431
0440
0441
0510
0511
0520
ns21
0530
0531
0540
0541
0610
0611
0612
06117
0620
0621
0622
0623
06730
0631
0632
0633
06040
0641}
0642
0(1/03
0710
0711
0712
0713

Astronuclear

Laboratory
TABLE 3-7 (CONTINUED)
MATERIAL CROSs SECTION yYPE  sPECTRUM

BORON ' P3 1/E
BORON Po CE
BORON P CE
BORON P2 YAD
BORON ‘ Py S
BORON Pa , 1/E
BORON . P3 1/€
BORUN_L1Q Po ce
BORON= 9 Py cc
BORON=10 Po CE
BORON=10 P1 CE
BORUN=y g Py R
BORON'I 0 pl s
CADMIUM Po cc
CADMIUM . Py cC
CADMIUM Po cE
CADMIUM P . CE
CADMIUM Po R
CADMIUM Pi R
CADMIUM \ Po S
CADMIUM Py S
CARKONe 296 DEGe K. PO cc
CARBON, 296 DEG, K, P cC
CARBON P L 7E
CARYON P3 1/
CARBON, 296 DFG, K, Po CE
CARBONy >9¢ DEG. K, Py CE
CARBON P2 - 1/E
CARKON . P3 1/E
CARI3ONe 29¢ DEGe K Po R
CAnBON, 296 DEG, K, P R
CARKHUN P /E
CruluN, 296 NEG, K, Po S
CARHIN, 296 UEGe Ry , P) S
CARRBUN . p2 1/E
CHEOM UM Po cc
CH}'UM“JM Pl cc
CHHRUMIUM ) ) PZ }/E
CHROM] UM ) P3 /€
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- o 75 G0 *B 8 0 W @ W W

0720
0721
0722
0723
0730
0731
0732
0733
0740
0741
0747
0743
0810
0811
0820
0821
0830
0831
0840
0841
0%10
0911
0912
0913
0920
0921
0922
0923
0930
¢931
0932
0933
0940
n%4]
0942
0943
1010
1011
1620
1021
1030
1031
1040

1041
1110

1111
1120
1121
1130

TABLE 3-7 (CONTINUED)

MATERIAL CRUSS SECTION TYPE  SPECTRUM

CHROMIUM Po cE
CHROM UM Pi ct
CHROMIyM P2 1/E
CHROMIUM Py 1/E
CHROMIUM ' PO R
CHROMI UM P R
CHROMIUM Po \/E
CHROMIUM P3 1/€
CHROMI UM Po S
CHROMIUM ' Py S
CHROMIUM . P2 17E
CHROMIUM P3 1/€
coBaLT 29 cC
copaLT Pl cC
cOogal. T Po cE
CORALT Py ZE
COHALY e . Po R
COBALT Py R
CORALT Po S
coyal.T ' | P 5
COPPER Po cc
COPPER Py cc
COPFER P2 1 7E
COPPER P3 1/€
COPPER PO CE
COPPER Py Ct
COPPEN P> 17E
COFPER P3 1/E
COPPE R Po R
COPPER Py R
COPPER P> 1 7E
COPPLER P3 1/€
COPPER P S
COPPER P1 S
COPPER P2 1 /E
COPPFR P3’ 1/
GADOLINTIIM T Po cc
GADOL INT UM Py ce
GADOL INTUM Po CE
GANOLINTUM P ' ct
GADOL INTUM Po R
GADOLINIUM P, R
GADOL INTUM : Po S
GADOL INTUM . P S
6oL PO cc
GOLD P13 cc
GOLD Po CE.
GOLD . Py cE
GOLD ' Po R
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1¢0e¢ NUMBER

1131
140
14)

1210
2

HE

1213

1253

1222

1223

1230

123)

1232

1233

}2‘0
24\

1242
243
310

1311

1312

1313

1320

1321

1322

1323

{33
1332
1333
1340
134])
1342
1343
1410
1411
1412
1413
1420
1421
1422
1423
1430
1431

437

4«33
1640

144]

GOLD

GOLD

GOLD

HYDROGEN,
HYDROGEN
HYNROGEN
HYDROUGEN
HYNROGEN
HYDRUGFEN«
HYDROGEN
HYDROGEN
HYDRUGEN,
HYDROGF N
HYDROGFN
HYDROGEN
HYDRUGFN
HYDROGF N
HYDROGFN
HYNROGEN
HYpROGE N
HYDKOGEN,
HYDKOGEN
HYDROGEN
HYDROGEN,
HY)ROGF N
HYNROGFN
Hy DROGE N
PYNDKOGFE N 4
HYNKOGEN
HYDROGEN
HYDROGFN
HYPROGE N
HYDKOGE N,
HYDKRUGF N
HYDROGEN
HyDROGFN,
HYDROGEN 4
HYDROLFN
HYNDKOGFN
HYDROGEN
HYDHUGEN .
HYNHOGEN
HYDROGE N
HYHROGEN
HYD OGNy
HYOrUeEN
HYHUGEN
Hylimutr N,
HYPHRU G N

TABLE 3-7 (CONTINUED)

Mal

PARA,
PARA

PARA Y
PARA

PARA,
PARA,

PARA,
PARA,

ORTHO
ORTHO,

ORTHO,
ORTHO,

ORTHOD
ORTHO s

ORTHO
ORTHO,

PAKA,
PARA

PARAY
PARA Y

PaF A
PARA,

PARA,
PaFAs

ERIAL

20,4 DEG,
200‘ DEG.,

4 DEG,
4 DEG.

20,4 DEG,
20+4 DEG,

4 DEG,
4 DEG,

2044 DEG
20,4 DEG,

204 NEG.
20ee NEG

204 NEG .«
204 NEGe

2044 NFGe
(ﬂ.“ DEG,

300 DEG, *

Ke
Ke

Ke
Ke

300 DEG, Ko

300 DEG, Ke

300 DEGe *

300 DFEGe W
300 DEG, K

00 DEG K
390 PDibe B
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Astronuclear
Laboratory

SPEC TRUM

17E
1 /E
Ct
5% 3
1 /E
| /F

1/t
17+




1.0¢ NUMBER

1442
1443
1510
1511
512
513
1520
1521
1522
1523
530
1531
1532
1533
1540
154)
1542
1543
1«10
1611
1612
16113
1620
1621
1622
1623
1630
1631
1632
1633
1640
1641
1642
16613
1710
1711
1720
1721
173n
173
1740
174)
181n
1411
1812
1813
18212
1621
jH22

TABLE 3-7 (CONTINUED)

MaTERTAL

HYNROGEN
HYDROGEN

HYDROGEN ORTHO+ 300 DFGe
HYDROGEN, ORTHO, 300 DEG,

HYDROGEN
HYDROGEN

HYDROGEN, ORTHO, 300 DEG,
HYDROGENs ORTHOs 3090 DEG.

HYDKOGFN
HYNHOGEN

HYNROGEN. ORTHOW 300 DEG.
HYDROGFN, ORTHO, 300 DEG,

HYDROGEN
HYDROGEN

HYDRUGEN, ORTHO, 300 DEG,
HYHROGEN, ORTHO« 390 DEG.

HYDROUGEN
HYORUGEN
HYPDROGENS GASH
HYDRUGFN, GAS,
HYDROGEN
HYNDROGEN
HyDRVUGEN, GAS,
HYDROGENs GASH
HYDROGF N
HYDRUGEN
HYDRUGENs GASe
HYDROGENS GASY
HYDROGEN
HYDROGEN
HYDKUGENS GAS
HYDKRUGFN, GAS,
HYOROGEN
HYDROGEN
INDIUMLY 15
INDIUM=y 15
INpIUM=115
INDIUM=115%
INHIUM=115
INDIUMLZY1S
INNTIUM=y 1§
INpI'M=115
1HON

1RON

THON

1 FON

JRON

[RON

1RO

2400 DEG.
2500 DEG,

2500 DEG,
2500 DEGe

2500 DEG,
2500 DEG.

2500 DEG,
2500 DEG,

K
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CROSS SECTION TYrg

SPECTRUM

1/E
17E
ccC
ccC

/E

/E
CE
CE
17¢
1,E
4]

-
}/E
/€
S
S
1/7¢
17E
cc
cc
17E
17€
Cct
CE
1/F
17E
=

]

1/E
17E
S

S
1/F
17E
cc
ccC
Ct
Ct
R

8

S

S
€C
o o
1/7F
1/
Cr
Cv
175




TABLE 3-7 (CONTINUED)

1+D¢ NUMKJER MATERT L CROSS SECTION TYPf SPECTRUM
- - ..-.-..-.------.--.--.-.-.---.-o.. et eteemar et e~ Smesesee. .

2410 MANGANF SE Po cc
2411 MANGANE SF P (o
2412 MANGANE SE P 1 /7E
2413 MANGANFSE 3 1/€
2420 MANGANE SE Po cE
2421 MANGANE SE Py CE
2422 MANGANE SF P2 1 /E
2423 MANGANF SF Pl 17
2440 MANGANF SE Po S
2441 MANGANE SE “\ S

2442 MANGANF SE ' V2 17E
2643 MANGANE SE k2 17E
2510 MOL YHDENUM Po cc
2511 MOL YBUENUM Py c
2512 MOL YBDENUM P2 1 7E
2513 MOL YHUENUM P3 1/E
2520 MOLYHOEN M Po CE
2521 MOL YHOF NUM Py cE
2522 MOL YRDF NUM P> 1/E
2523 MOL yHOE NIM ' P3 )1/E
2530 MOL YBOENUM Po R
2531 MOL YHDE NUM Py R
2532 MOL YHODFNUM P> 17E
2533 MOL YRDENUM ?3 1/7€
2540 MOLYHOFENIM Po S
254 MOL YHDENUM P S
25472 MOL YHDENUIM P2 17E
2563 MOL YHUENUM P3 17
2610 NICKEL Po cc
2611 NICKEL P cc
2612 NICKEL P2 1 /E
26' 3 MICKEL P13 17¥
En20 NICKEL Po CE
262) NICKEL P Ct
2627 NICKEL P> 17E
2623 NICKEL P3 17E
26130 NICKEL 4 Po R
263) NICKEL Py R
2632 NICKEL Pa /E
2633 NICKEL P3 /E
2640 NICKEL Po S
2641 NICKEL P S
2647 NICKEL P> 17E
2643 NICKEL * P3 1/E
2710 NIOBIUM Yo ccC
2711 NIOKIUM Py cc
2N 2 NIOBIUM P> 17E
2713 NIOBIUM : P13 1 /E
2720 NIORIUM Pn CE
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!.o. NU"“ER

1823
1839
183)

832

833
1840
164

84
fus
1910
1911
1920
1921
1930
193
1949
1941
2010
2011
2020
2n2i
2030
203]
2040
2na)
2110
2111
212n
2121)
2139
2131
2140
2141
2210
2211
2220
2221
2230
27231
2241
224
2310
2311
232n
23
2331
233
2340
234

TABLE 3-7 (CONTINUED)

MATERTAL CROSS SECTIon TYpPE SPECTRUM

1RON P3 1/E
IRON Po R
1RON P R
IRON P> /€
IRON P13 /E
1 RON Po S
IRON P S
1RON S /E
[FON P /€
LEAD Po ccC
LEaD ‘ P cc
LEAD po CE
LEAD Py CE
LEAD Po R
LEAD Py R
LEAD Po S
LEAD P S
LITHIUM Po ccC
LITHIUM P cc
LITHIUM Po Ct
LITHIUM P Cct
LITHIUM po R
LITHIUM P R
LiTHIUM Po S
LITHIUM Py S
LY THIUM=6 Po cc
LITHIUM 4 P cc
LITHIUM=g Po CE
LITHIUM=g P Ct
LITHIUM=g Po R
LITHIUM=¢ ) %)
LITHIUM=4 Pn S
LITHIUM=6A P S
LITHIUMG? Po cc
LITHIUM=7 P ccC
LITHIUM? Po CE
LITHIUM=7 A Py CE
LITHIUM=7 Pn R
LITHIUM=7 P R
LITHIUM=T ) S
LITHIIMa7 P S
MAGNESTUM Po cc
MAGH! STUIM Py cc
MAGNE STUM Po Ct
MAGNE S71IM Py Ck
MAGNESTIIM . Po R
MAGNESTIIM P1 )
MAGNE ST UM Po )
MAGNE STU™ P S
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"REPRODUCIBILITY OF THE ORIGINAL PAGE IS POOR.

@ Astronuclear
Laboratory

TABLE 3-7 (CONTINUED)

1.De NUMRER MATERTAL CROSS SECTION TYPE  SPECTRUM
2121 N1ORIUM P1 CE
2722 NIOHIUM Py 1/E
el23 NIOK UM P3 1/€
2730 NIOBIUM Po R
273y NIOBTUM 1 R
2732 NIOHIUM P2 1/€
2733 NIOBTUM Py 1/E
2741 NIORIUM Po S
2741 NIC;TUM Pl S
2747 NIOpIUH P2 1/E
2743 NICKIUM ’ - P3 1/€
2811 NI TROGEN Po cc
2811 NI TROGEN P cc
2420 NI TROGEN Po CE
2821 NITROGEN P1 . CE
2830 NITROGEN Po R
2R3 NITROGEN Py R
2040 NITKUGEN Po S
2841 NITROGEN Py S
29190 OXYGF.N PO ccC
2511 OXYGEN P1 cC
2920 OYYGEN Po CE
2921 OXYGEN P1 CcE
2930 OXYGEN PO R
253 OXYGEN P R
2940 OXYGFN PO S
2941 OXYGEN Pl S
3010 SILICON Po ce
anli SILICON Py ccC
30720 SILICON Po CE
3021 STLICON Pl CE
3030 SILLICON PO R
3031 SILICUN P R
3040 SILICON Po S
34 SILICON Py S
3210 TANT AL UM Py - ce
321 TANTAILUM Co P cC
3220 TANTALUIM Po CE
azen ThT oLl P CE
3319 TITANIUM Po cc
3312 PITATUM P2 17E
3313 TITr:30M P3 1/7E
A3En TYTANT Po CE
A4 TIT, i Py CE
R TITAL LI \ P2 17E
344 111811 P3 1/7E
3530 TIv7 i Po R
I TIVgielnha P R
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10« NUMBER

3332
3333
3340
334)
33472
3343
3440
344
34472
3443
3510
3511
3512
3513
3520
3521
3522
35723
3610

6
361}
3613
3620
3621
3622
3623
371n
3711
3720
aran
373n
373
3740
374)
3839

TABLE 3-7 (CONTINUED)

MATERIAL

TITANIUM
TITANIUM
TITANIUM
TITANTUM
TITaNIUM
TITANIUM
TUNGSTFEN
TUNGSTEN
TUNGSTEN
TUNGSTEN
URANTUML 215
URANIUM=5135
URANIUM=2135
URANIUM=?2 35
URANTUM=2135
URANIUMe235
URANIUM=2135
URANTUM=235
URANTUM.?38
URANIUM=5437
UPANlUm-?gH
URANIUM<?3R
URANIUM=238
URANTUM=2138
URANIUM=238
URANIUM=?38
ZIRCONTUM
ZIRCONTUM
ZIRCONT UM
ZIRCONTUM
ZIRCONTL
ZIRCONTUM
LIRCONTUM
LIRCON] UM

RING VaANF PRE SCRIPTION

3-24

CROSS SECTION TYPE

P2

P3
PO
P

P3

SPEC TRUM

1/E
1/E
S

S
1/E
17E
S

S
17E
17
CcC
cc
1\/E
17E
CE
ce
17E
17¢
cc
ccC

1/
I/E
o 3
A 8
17E
1/7E
cc
cc
CE

DLV DO
™




MICROSCOPIC REACTION RATE CRCSS SECTIONS ON TAPE NO. 3

INENTIFICATION NUMHER

vll9
129

139
169
rele
0229
ue39
0249
0314
n329
1339
"349
n419
429
A‘JQ
469
‘919
nS29
nS139
NS4S
619
n629
N&39
n649
6719
0729
0739
nT749
"B19
0829
NR39
0849
0919
NQ929
n939
(1949
1019
1029
1039
1n4Q
1116
1129
1139

*KEYe CC=CORF CENTER+ CE=CORF EDGEs R-REFLFCTORs S=SHIELI),

TABLE

ALUMINUM
ALUMINUM
Al UMINUM
ALUMINUM
HERYLLIU

KRORON
HNORON
BRORON
KORON
RORNN=«1n
HBORON=]n
HORON=|n
HORON=10
CANDMIUM
canMluym
CANDMIUM
CANMIUM
CARRON,
CARRON
CARRON,
CARRON
CHRNOM]I UM
CHROMIUM
CHROMIUM
CHROMIUM
COBALT
CORALT
COBALTY
CORALTY
COPPER
COPPER
COPPER
COPPER

3-8

MATERTAL

My 296 DEG,
HERYLLIUMs 29¢ DNEG,
RERYLLTI My 298 DFG,
HERYLLIUMy 296 NDEG,

296 DEG,
296 DEG,
294 DEG,
296 LEG,

GANOL INTUM
GANDLINIUM
GANOL INIUM
GANOL INIUM

GoLn
GoLn
GoLn

3-25

K.
Ko
Ke
Ke

Astronuclear
Laboratory

SPECTRUM

cc
CE
R
S
cc
cE
R
S
cc
CE
R
S
ccC
CE
R
S
cc
CE
R
S
cC
CE
R
S
ccC
CE
R
S
cc
CE
R
S
cc
cE
R
S
cc
cE
R
S
cc
cE
]



TOENTIFICATION NUMKER

1149
1219
1229
1239
1240
1319
1329
1339
1349
1419
1429
1439
1449
1519
1829
1539
1549
1619
1629
1639
1549
1719
1729
1739
1749
1819
1B29
1839
1849
1919
1929
1939
19482
2019
2029
2n39
2049
2119
2129
2139
2149
2219
2229
2239
2249
2319
2329
2339
2349

TABLE 3-8 (CONTINUED)

GaLn
HYNROGEN»
HYNOLOGEN
HYNROGEN
HYNDROGEN
HYyNDROGFN
HYNROGE N
HYNROGEN
HYDROGEN
HYDROGEN
HYNDROGEN
HYNDROGF N
HYDROGEN
HYNDROGEN
HYNROGEN
HYNROGEN
HYDROGEN
HYDROGEN
HYDROGF N
HYDPOGEN,
HYDROGEN
INDIUM«115
INDIUM=]18
INDTUM=118
INDTUM=]118
IPON

InON

[QON

IPON

LEAD

LEAD

LFaAD

LEAD
LTTHIUM
LITHIUM
LITHIUM
LITHIUM
LITHIUM=6
LITHIUMaS
LITHIUM=6
LITHIUM=¢
LITHIUM=7
LITHIUM=7
LITHIUM=7
LITHIUM=T
MAGNES UM
MAGNESIUM
MAGNESIUM
MAGNESIUM

MoTERTAL

PARAe 20,4 DEG, X,
PAvAs 20,4 DEG, K,
PARAY 20,4 DEG, K,
PaRaes 20,4 NFG, K,
ORTHO ?0.6 DEGe K
ORTHO, 20,4 NEGe K
ORTHO, 20,4 NFGe K
ORTHU, 20,4 NFGe K
PARA« 300 NEG, K,
D‘Q‘. 100 nFGo Ko
PaARA+ 300 DFG, K,
PARAY 300 NDEG, K,
NRTHO, 300 NDEG, K,
ORTHO, 300 DEG, K,
ORTHO, 300 DFG, X,
ORTHO, 300 DEG, K,
GASe 2 00 DEG, K,
GA<s 25%00 DEG, K,
GASs 2500 NPEG, K,
GASe 2500 NEG, K,

3-26

SPE~ATRY -

<
EE
CE
w2
S
ccC
cE
2]
S
ccC
cE
(8]
S
ccC
ct
)
S
ccC
CE
Q
S
ccC
CE
R
S
cC
CcF
R
S
ccC
cE
R
S
cc
CE
R
S
cC
cE
H
S
cC
cE
R
S
4
4
R
S



TOENTIFICATION NUMKE ~

2419
2429
2849
2519
2529
539
549
2619
2629
26139
2649
2719
2129
2739
2749
819
2RB29
’839
849
2919
2929
2939
949
3nla
3c29
In3s
3049
326
3229
3319
3329
3339
3349
3449
3519
35,9
3619
1679
3719
3729
3739
1749

TABLE 3-8 (CONTINUED)

MANGANE SE
MANGANE SE
MANGANF SE

MOLYBRDFN

v

MNALYBRDENUM
MALYBDENUM
MALYBRDENUM

NTCKEL
NICKEL
NICKEL
NICKEL
NIOR]yM
NIORIUM
NIORIUM
NTIORTIUM
NITROGEN
NITROGFN
NT1T) 0GEN
NITROGFN
OxYGEN
OXYGEN
OYYGEN
OXYGFN
SILICON
<11 1CON
SILICON
ST1.1CON
TANTALIM
TANTALUM
TITANIUM
TITANIUM
TITANIUM
TITANTUM
TUNGSTEN

URANTUM=235
URANIUM= 34
URANTUM= )34
URANIUM=213R

Z1 CONITUM
ZIRCONTUM
ZTIRCONTUM
Z1RCONTUM

3-27
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SPECTRUM

cc
CE
S
ccC
CE
]
S
cc
CE
R
S
ccC
(of 3
Q
S
cC
£e
R
S
cc
CE
R
S
cc
CE
R
S
ccC
CE
ccC
(o1 3
R
S
|
cc
cE
cC
cE
ccC
cE
R
S



TABLE 3-9

CHANGES AND ADDITIONS TO GAMBIT MASTER LIBRARY NEUTRON
CROSS SECTIONS

Element or Isotope

Hydrogen
Carbon
Beryllium
Boron
Aluminum
Titanium
Chromium
Iron

Copper
Niobium
Molybdenum
235Uranium
238Uranium
Nickel

Reference

3.6, 3.8, 3.13
3.12
3.9, 3.12
3.9, 3.13
3.5
3.5
3.5
3.5
3.13
3.7, 3.11
3.5
3.6, 3.8, 3.13
3.6, 3.8
3.5

3-28

Element or Isotope

Manganese
Tantalum
Gadolinium
Tungsten
Silicon
Oxygen
Magnesium
Zirconium
Lead
Lithium
Indium
GCold
Cadmium
Nitrogen
Cobalt

Reference

3.11
3.5

3.5

3.10
3.13
3.5

3.13
3.11
3.11
3.13
3.11
3.13
3.13
3.13
3.13
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4,0 PHOTON CROSS SECTIONS

The point kernel and discrete ordinates transport codes of the MSFC code package
use the same basic, photon, cross section library data and techniques. A basic library of
energy dependent, photo-electric and pair-production data is used in the KAP-VI point
kernel code, the SCAP single- or albedo-scatter, point kernel code, the MAP radiation
transport code, and the GAMLEG~-W multigroup, cross section preparation code. These
codes calculate Compton scattering cross sections from the Klein-Nishina equation 4. and
absorption cross sections from the basic library data to provide total cross section data. The
numerical techniques used in the KAP-VI, SCAP, MAP, and GAMLEG-W codes are com~
pletely consistent; the final form of the data, however, is dependent on the code's individual
requirements. A discussion of the basic library data is presented in Section 4. 1; the genera-

tion of photon cross sections in each type of code is described in Sections 4.2 and 4. 3,

4,1 BASIC LIBRARY DATA

The KAP-VI, SCAP, MAP, and GAMLEG-W codes in the MSFC code package
accept the same basic pair-production and photo-electric cross section data. These data are
punched on data cards for input to the GAMLEG-W(4' 2) code. The GAMLEG-W code
generated Master Library Tape No. 5. This tape contains the cross sections to be used as
input to each of the codes (including subsequent use in GAMLEG-W).

The basic, pair-production and photo-electric data are obtained from Reference 4. 3.
These data are compiled in tabular form for the 51 elements shown in Table 4-1. Pointwise
data are provided at energy points in the range of 0. 01 MeV to 20.0 MeV. The number of
energy points for each element data is dependent on the number of points required to accurately
describe the variations of the data with energy.  For phofo-electric absorption, the presence
of a double valued function at the K, L, and M electron shell absorption edges is represented
in the library by the use of continuous data, i.e., values of the cross section at two energy

poinfs, EK + & and EK - &, as shown in Figure 4-1 (where 6 was on the order of 0,001 MeV).



A description of the format of the pair-production and photo-electric cross section
library tape is shown in Table 4-2. As indicated, each element requires that the data be in
order of increasing photon energy. Five binary records describe each element on the
magnetic tape. This magnetic tape contains a title record as the first record on fape. The

specific energy points and cross section values are listed in Appendix A.
4,2 CROSS SECTIONS FOR USE IN POINT KERNEL CODES

The MSFC codes, which apply the point kemel technique,obtain photon cross
secfions in a consistent fashion. These codes are:

1) KAP=VI - a revised version of the KAP-V point kemel code,

2) SCAP - a single- or albedo-scatter, point kemel code of similar geometry
capability to KAP-VI, and

3) MAP - a radiation transport code which includes point kemel techniques. The
MAP code uses the surface angular fluxes from the DOT-IIW code as angular dependent source

data.

Each of the above codes use the magnetic tape library data as input to a separate subroutine

in each code. This subroutine calculates the absorption cross section, A (Ei)’ as the sum of

the photo-eleciric absorption ‘cross section, %e (E1), and pair production absorption cross section,
% Ei). The absorption cross section is then interpolated at specified energy point values,

E,.
K
section values with the logarithm of the energy for the two energy points bounding the input

The interpolation technique employs a linear variation of the logarithm of the cross

specified energy value, EK. Two special conditions of interpolation are included:

1) If either cross section value bounding the energy point is 0.0, then a linear
variation of cross section value with energy is assumed, and

2) If the energy value is outside the energy range of the pointwise library dataq,

then the value is set to the end point vaiue and no extrapolation is performed.

Total cross section data are obtained using different techniques in the KAP=VI, MAP and
SCAP codes. Each technique is described in the following paragraphs.




Astronuclear
Laboratory

4,2.1 KAP-VI and MAP Total Photon Cross Sections

The calculation of the total cross section is identical in the KAP-VI and MAP
codes. The two codes require total cross section data at input specified energy points only.
The interpolated absorption data, o (EK), described earlier are combined with the Compton
scatter cross section, ac(EK), to provide the total cross section o,f(EK)° The Compton cross
section in units of barns/electron is calculated from the Klein-Nishina equation for the

inelastic scattering of a photon of energy, EK’ with a free electron as follows:

(0+E,)
2 K K
ln(l+2EK) EK -2- T + 4+ TTE )2
3 K (
E€.) = (3) (0. 665) ‘ , E_ isin units of
¢ K 8 2 K
E K electron rest

masses.

The totul cross section, af(EK)' in barns, is then defined as,

o€ )= o €+ Z, * o (E)

where Z is the atomic number (electrons/atom) of the element. These data are converted
into mass absorphon data (cm /gm) for each element for use in the KAP-VI and MAP

calculations. A description of each code's use of these data is presented in Volumes 3 and 4.

4,2.2 SCAP Total Cross Section Data

In the single= or albedo-scatter code, SCAP, the numerical techniques used to

obtain the total cross section differ because cross section data for primary radiation of input

specified energy, E' K’ and the single scattered energy, E"K are required. For this reason,

the SCAP code computes the absorption cross sections at input specified energy values, ,EK,
as described earlier. These data are then interpolated during a SCAP calculation to the
required energy values, E and E" K Inferpolo'fed values are combined with calculated
values of the Compton cross sechon, A (E ) and A (E"K) to provide total cross sections for
the primary leg and single scattered Ieg aﬂenuaﬁon calculations. The detailed use of cross

section data in the SCAP code is described in Volume 4.



4.3 DISCRETE ORDINATES TRANSPORT CROSS SECTIONS

The same pair-production and photo-electric cross section tape that is used in the
KAP-VI, SCAP, and MAP codes is also used in the GAMLEG-W multigroup, cross section
preparation code. The GAMLEG-W code combines these data with the Compton absorption
cross section to obtain the total absorption cross section. The Klein=Nishina equation is
solved for the inelastic scattering of a photon with a free electron, The doubly differential
scattering cross section is then approximated with a truncated Legendre polynominal expan-

sion of the form:

Q -0

where Ho =

and Fk is a Legendre polynomial.

-

A generalized Legendre polynomial expansion is included in the GAMLEG-W code
so that any P, order may be generated.

A microscopic, multigroup, gamma ray transport cross section tape is generated in
13 energy groups using the GAMLEG-W code for the 51 elements shown in Table 4-1 using
a P9 Legendre polynomial expansion of the scattering cross section. These data are confained
on Master Library Tape No. 4. The multigroup structure of this library tape is shown in
Table 4-3. This tape format is compatible with the ANISN-W, DOT-~IIW, and APPROPOS
codes. The tape contains a lead title record of two words, followed by the P0 data for each
element, the P] data, etc. A 105 energy point, 235Ur<:nium, prompt fission photon source
spectrum is used for averaging these cross sections. This source spectrum is adequate for photon
transport analyses of graphite-moderated, nuclear rocket reactors. When used in the DOT-
IIW and ANISN-W discrete ordinates transport codes, these cross sections permit the calcula-
tion of energy fluxes in units of (MeV/cmz-sec) as opposed to particle fluxes in units of
(ohofons/cmz-sec). Energy deposition calculations are more conveniently calculated using

energy flux data.
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Each gamma ray cross section set consists of 13 groups and 16 cross section types
for a total array size of 208 pieces.

Each energy group coniains 16 different types of cross sections as foliows:

1) 0;, in position 1, the total photon absorption cross section (the sum of the pair-
production, photo-electric, and Compton-absorption cross sections).

2) ug ng, in position 2, zero for all groups.

f [ L) . . L3 L] . [
3) dg , in pasition 3, the total collision cross section, whi)ch is the sum of 0;

plus the total P0 component of the Compton scatter cross section °g,g , calculated from

P p
09 = Z".O forg'<g
dg G 99

4) ag'g’ for ¢ =g, orsimply %g’ in position 4, the within group scattering

t P0
o = o0 —aq-ng,g forg';ég

5 to 16) % g for g'<g, in positions 5 to 16, inclusive, the downscatter cross section

cross section defined as:

(always considered to be transfer into a group). For example, the fifth position in group two
would represent transfer from group one into group two. These transfer cross sections
represent the inelastic scattering of a photon with a free electron as computed by the Klein-
Nishina equation.

For the F, data (£>0), table positions 1, 2, and 3 are zero. Impassible transfer

elements, such as downscatter into group 1, are entered as zero.



g
pe,cm

PHOTON ENERGY, E

Figure 4-1. Representation of K, L, M Electron Shel! Photoeleciric
Absorption Cross Sections in Basic Library
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TABLE 4-2

REQUIRED BASIC LIBRARY DATA FORMAT
(Repeated for Each Element)

Punch Card Type

and FORTRAN Form Magnetic Tape** Required Data
1 (2,1ZA4) Record 1 Name of Element
2 (I3,2E12.5) Record 2 IA, number of energy points

Z, Atomic Number of element,
electrons/atom
AW, Atomic Weight of element

atoms/gram=-atom
3 (6E12.5) - . Record 3 E;,* IA point values of energy
describing the cross section
input, MeV
4 (6E12,5) Record 4 °pe(Ei)' IA values of photo-

electric absorption cross
sections at energy points,

(E;), barns

5 (6E12.5) Record 5 app(E;), IA values of pair-
production cross sections at
energy points, (E;), barns

* Values of E; must be in order of increasing energy.

** The lead record on the tgpe contains a title record. The MSFC tape contains

(56 x 51) + 1 records.




TABLE 4-3

GAMMA RAY ENERGY GROUP STRUCTURE

Group Number

N -~ O

€

4-9
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Energy Bounds (MeV)

7.50 - 9.50
7.00 - 7.50
6.00 -~ 7.00
5.00 - 6.00
4,00 - 5.00
3,00 -~ 4,00
2.60 - 3.00
2,20 - 2,60
1.80 - 2,20
1.35-1.80
0.90 - 1.35
0.40 - 0.90
0.10 - 0.40
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5.0 PREPARATION OF MULTIGROUP CROSS SECTION DATA

A 52 energy group, microscopic library of neutron cross sections is prepared for use
in the discrete ordinates transport codes DOT-1IW and ANISN-W. Frequently, however, the
use doesnot require this much detail or does not have enough computer core storage available
to use these data. For these reasons, the need to reduce the 52 energy group data into "few
group"” data is evident. In this section, two techniques for generating "few group" data

with the MSFC code package and libraries are presented.

5.1 USE OF THE ANISN CODE TO PROVIDE GROUP-COLLAPSED DATA

The ANiSN-W code (Volume 4) can be used to provide few group data by use of
the cross section weighting option to average the 52 group cross section data over the appro-
priate energy group limits. The averaging is done by using the average, region-flux spectrum
as the weighting function. The flux spectrum can be calculated using discrete ordinates or
diffusion theory by choosing the appropriate value of IDAT2 in the input data. The user also
has the option of using the flux spectrum in an infinite homogeneous medium containing a
spatially uniform source of arbitrary spectrum as the weighting function. Because this calcula-
tion is spatially independent, requiring only one mesh interval and one inner iteration per
group, very little computing time is required.

The technique of group collapsing has two requirements as follows:

1) The actual pointwise spectrum in the region must not differ appreciably from the
average region spectrum. |If the spectrum wviries rapidly with spatial position, multiple zones
should be used to describe the materia!.

2) The energy bounds of the faw group data must correspond to the energy bounds
of the 52 energy group data.

When microscopic weighted cross sections are requested, a set of cross sections is
produced for each component of each material in each zone. Since the mixing table is used
to determine the components of a material, MS in the input data must be greater than zero
when microscopic weighting is specified. When macroscopic cross sections are requested, a

set of cross sections is produced for each material in each zone.

5-1



If the cross section structure for the weighted cross sections will not accommodate
the complete multigroup scattering matrix, the "extra® transfer coefficients are placed such
that they transfer as far down (or up) as possible.

Upscatter removal is accomplished by zone by subtracting the reaction rate due to
o o from the reaction rate due to oi—>i' where | >i. Thus, the net transfer rate between
groups j and i is preserved.

The few group cross sections obtained from ANISN=-W can be used for subsequent calcu-
lations in the ANISN-W and DOT-IIW codes. The few group energy bounds should coincide
with the 16 energy group structure given in Table 5-1 if the data are to be used with the

gamma ray energy production data library prepared for the APPROPOS code.
5.2 USE OF THE APPROPOS CODE TO PROVIDE GROUP-COLLAPSED DATA

The APPROPOS code can also be used to provide few group data from the 52 group
cross section data. The use of the APPROPOS code instead of the ANISN-W code has the
following advantages: |

1) The APPROFOS code does not have the severe core data storage limitations
that the ANISN-W code has because the APPROPOS code processes the fine group microscopic
data one set at a time instead of all at once.

2) The APPROPOS code has the capability of generating coupled, neutron-photon,
cross section sefs.

3) With a set of region dependent spectra as input data or an ANISN-W flux output
tape, as many sets of cross sections may be generated, as desired. Any fine group cross
section set can be weighted over any input spectra.

4) Reciprocal weighting of transport corrected cross sections may be computed,
if desired.

In addition, the APPROPOS code has the following features in common with the
ANISN-W code:

5-2
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1) The flux weighting algorithm is identical,

2) Upscatter removal is identical, and

3) The group collapse algorithm is identical.

The APPROPOS code is limited in that only the region dependent flux spectra from
an ANISN-W calculation is calculated as a weighting function. However, the use of the
weighting function in the APPROPOS code is such that, if provided on cards or tape, the flux
and its higher moments can be used as weighting functions.

In general, the APPROPOS code will provide group-collapsed, upscatter-removed,

cross section data more conveniently and economically than the ANISN-W code.

LR



TABLE 5-1

"FEW GROUP" NEUTRON ENERGY GROUP STRUCTURE

"Few Group" Number Energy Bounds (eV) Lethargy Bounds
1 2,87 x106t0 1.0 x 107 0 to 1.25
2 1.35 x 106 t0 2.87 x 106 1.25 to 2.00
3 8.21 x 10910 1.35 x 10° 2.00 to 2.50
4 3.88 x 107 to 8.21 x 10° 2.50 to 3.25
5 1.11 x 10° t0 3.88 x 10° 3.25 to 4.50
6 150 x 10410 1.11 x 105 4.50 to 6.50
7 553 x 10310 1.50 x 10% 6.50 to 7.50
8 5.83 x 102t0 5.53 x 103 7.50 to 9.75
9 7.89 x 10! to 5.83 x 102 9.75 to 11.75
10 1.068 x 10! to 7,89 x 10! 11.75 to 13.75
1 1.86 x 109 to 1.068 x 101 13.75 to 15.50
12 3.0 x10"1t01.86 x 100 15.50 to 17.32
13 12 x10"t03.0 x 107! 17.32 to 18.24
14 60 x10"2%t01.2 x 107! 18.24 to 18.93
15 20 x1072t0 6.0 x 10-2 18.93 to 20.03
16 0.0 to 2.0 x 10-2 20.03t0 ©co
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6.0 NUCLEAR AND RADIATION ANALYSIS BASIC DATA

In the nuclear and radiation analysis of a nuclear system, certain basic, nuclear
data are necessary. In this section, the following basic data are described:

1) Spectrum of prompt gamma ray energy from the fission of 235Urcmium,

2) Spectrum of decay gamma ray energy from the fission of 235Uranium as a func-
tion of reactor run time,

3) Neutron and gamma ray dose conversion factors,

4) Spectrum of gamma ray energy due to (n,y), (n;p, y) and (n;a, y) reactions, and

5) Spectrum of gamma ray energy due to (n;n', y) reactions.

The above information is included in the basic datu library of the APPROPOS cross

section preparation code.
6. 1 PROMPT GAMMA RAY ENERGY SPECTRUM

Table 6-1 shows the spectrum of prompt gamma ray energy emitted from the fission

6. 1)

0 and 10-3 seconds after fission.

These data include the isomeric transition gamma rays emitted between

6.2) A total of 8. 178 MeV/Sec~-Fission is released. These

of 235Uranium.

data are used in the calculation of the prompt gamma ray distributed source due to (n, f)

reactions.

6.2 DECAY GAMMA RAY ENERGY SPECTRUM

Table 6-2 shows the spectrum of decay gamma ray energy as a function of reactor

run time from the fission of 235Ur<:mil.1m. Reactor run times from !O] to 108 seconds are

(6.3)

These data are used in the calculation of the decay gamma

included. These data were obtained from the S-4 code. The spectral dependence was

©. 4)

obtained from the 408 code.

ray distributed source.
6.3 NEUTRON AND GAMMA RAY DOSE CONVERSION FACTORS

Conversion factors for obtaining neutron kinetic energy dose rate from neutron
fluxes are shown in Table 6-3. Conversion factors for obtaining gemma ray dose rate from

photon energy fluxes are shown in' Table 6-4. The neutron dose conversion factors are



shown in Table 6-4. The neutron dose conversion factors are obtained from Reference 6. 5.
The gamma ray dose conversion factors are obtained by hand calculations using the GAMLEG-W

energy absorption data.
6.4 CAPTURE GAMMA RAY ENERGY SPECTRUM

The spectrum of gamma ray energy due to the (n, y) reaction as a function of element
(or isotope) is given in Table 6=5. For certain elements, as noted in the table, the spectrum
of gamma ray energy is due to (h;p,y), (ia,y) or (n;t, y) reactions. The basic data source
for each element or isotope is given in Table 6-6. Comparisons of the literature data are
given in Reference 6.6. These data are used in the calculation of the secondary gamma ray

distributed source due to (n,y), (;p,y), and (n;q, y) reactions.
6.5 INELASTIC GAMMA RAY ENERGY SPECTRUM

The spectrum of gamma ray energy due to (n;n', y) reactions as a function of
element (or isotope} is caiculated for use in the APPROPOS code and is shown in Table 6-7. -~
The basic data source for each element or isotope is given in Table 6-8. These data contain B
both continuum and discrete level data, where applicable. The yield data are given as a
function of two variables, the excitation neutron energy group, En' and the gamma ray energy
group, Ey.

The POPOP4 code(6' 7) is used to generate these data. The POPOP4 code is
modified to multiply the yield data by the average gamma ray energy of the respective gamma
ray group or by the discrete gamma ray energy. This modification is necessary to obtain the
gamma ray production data in the proper units. These data are used in the calculation of the

secondary gamma ray distributed source due to (n;n', y) reactions.
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Group
Number

o 00 N O O A ON —

W N = O

TABLE 6~-1

Gamma Ray
Energy (MeV)

7.50 - 9.50
7.00 - 7.50
6.00 - 7.00
5.00 - 6.00
4.0C - 5,00
3.00 - 4,00
2.60 - 3.00
2.20 - 2.60
1.80 - 2.20
1.35-1.80
0.90 - 1.35
0.40 - 0.90
0.10 - 0.40

PROMPT GAMMA RAY ENERGY SPECTRUM

Astronuclear
Laboratory

Energy Release Rate

(MeV/Sec~Fission)

Total

0.003
0.015
0.040
0.111
0.252
0.559
0.363
0.503
0.708
0.947
1.389
2.053
1.235

8.178
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AN

CAPTURE GAMMA RAY ENERCY SPECTRUM

Energy Bounds

(MeV)

7.50 - 9.50
7om - 7-50
6,00 - 7,09

.

2RE338888

-

338383888

[ N SR T S B RN BN B B

8

Total Energy Relecsed
Enargy Bounds
{MeV)

7,50 - 9.50
7.00 - 7.50

£88338888

NP WA G N
883888888

.- e ® e

~=NNWAGNO

& O
[~ -]
LIS S ]

53

.01~

Total Energy Released

Energy Bounds
—MeV)

7.50 - 9.50
7,00~ 7.50
6.00 ~ 7. 0C
5.00 ~ 6.00
4.00 - 5.00
3.00 ~ 4,00
2060" 3.w
2,20- 2,60
1.80 - 2.20
1,35 - 1.80
c”' 1035
.40~ ,90
.Ol ~ 40

Total Energy Released

TABLE 65

MeV/Peaction

Hydrogen Beryllium Boron! Corbon
0, 0. 0. 0.
0. 0. 0. 0.
0. 4, 279€+00 0. - 0.
0. 1,200€-01 0. 0.
0, 0. 0. 3. 375€+00
0, 1.571E+00 0. 1. 191E+00
0. 0. 0. 0.
2.225€+00 6., 278E-01 0. 0.
0, 0. 0. 0.
0. 0. 0. 0.
0, 0. o, 3. 744E-01
0. 2. 174€-01 4. 780€-01 0.
0. 0. 0. 0.
2.2258+00 6. B15E+00 4, 780€-0) 4, 940E+00
Aluminuni Titanium Chromium lron
1. 749€+00 6. 474E-02 4. 649E+00 3. 709E+00
9. 863E-G2 4, 637E-02 8. 673E-01 5.298E-01
4. 569E-01 4. 940E+00 7.791€-01 7. 160E-01
4, 097€-01 4. 896E-02 5.738E-01 7. 527E-01
1, 131E+.9 5. 471E-01 2. 293E-01 6, 597€-01
8.835E-0) 4,587:-01 2,882E-01 6. 493€-01
3. 842E-01 9. 359£-02 0. 2.273e-01
2. 039E-0! 6. 710E-02 9. 920E-(2 Q.
1.751€-01 5.388E-02 8. 03%€-02 9, 799€-02
2. 070E+00 1, 729E+00 7. 483E-02 3. 273E-01
6.875E~02 1. 049E~0] 8.3326-02 2.554E-02
3. 3376-02 0. 4, 578E-01 2.534g-02
S, G44E-? 9. 067E-02 0. 4, 674E-02
7. 725E+00 8. 245E+00 8, 182E+00 7.767€+00

T ! 235 .
Copper Niobium Molybdenum Uranium
3. 887E+00 4,700E-02 3. 441E-0! 0.
1. 104:+00 1.200€-01 9. 618E-02 0.
1. 069€+00 3, 180E-01 1. 556E+00 8. 493E-02
5. 435€-01 1, 188E+00 1. 077E+00 5. 182€-02
4, 009%-01 1.231E+00 8, 147€~-01 2, 031E-01
1.553€-01 1. 482E+00 6. 922E-01 - 4, 597€-01
6.2980-02 - 6.720€-07 4, 448€-01 3. 219€-01
4, 643E-02 6, 980€-01 3. 127e-01 4, 576€-01
3,762E-02 . 6, 980E~01 + 3. 898E-01 5. 744E-01
4, 043E-02 4, 000E-01 3. 872E-01 7. 870€-0!
5,047E-02 5+ 450€E-01 3. 600E-01 1. 159400
1. 587E-01 9. 300E-02. 2, 337E+00 1. 694E+00
1, 612€-=0) 1. 200E-01 5,411€-02 6. 0956-01
7.718E+00 7. 2126400 3, 868E+00 6. 409€+00

‘Splc'rum from {n;a, ) reaction,

Astronuclear
Laboratory

o = AN i o



Energy Bounds
(MeV)

7,50~ 9,50
7.00 ~ 7,50
6,00~ 7,00
5,00 - 6,00
4,00 - 5,00
3.00- 4,00
2.60- 3,00
2,20-2,49
1.80-2,20
1.35~ 1,80
L90~-1.35
040' .90
.01~ ,40

Total Energy Released

Energy Bounds
(MeV)

~

o

IS
t 1
N
vl Ly
oo

-

28323888

SN WA GO N
S83LT88838

4
-

3
—
.
)
w

.

040" 090
.01 - .40

Total Energy Released

Energy Bounds

(MeV)

7.50 - 9,50
7.00 - 7.50
6,00 -7.00
5.00- 6,00
4,00 - 5,00
3.00 - 4,00
2.60 - 3,00
2,.20- 2,60
1.80 -~ 2,20
1.35-1.80
.90-1.35
.40~ ,90
.01~ .40

Total Energy Released

TABLE 6-5 (CONTINUED)

MeV/Reaction
238Uranlum ; Nickel Manganese Tantajum
0. &, 304E+00 0. 0.
0, 8, 056E-02 2,285E+00 0.
0. 1, 135E+00 5, 976E-0] 1, 550E~-01
0. 4,776€E-01 1, 394£+00 1, 312E-01
1. 120€-01 1, 380€~01 6, 628E-01 1, 181E+00
4, 500€~01 ], 443E-01 4, 549E-01 9, 183E-01
1, 040E-01 1, 899€-01 1, 1936-01 7. 053E-01
2, 990E-01 4, 354E-02 2, 2156-01 6. 045€-01
6. 340E-01 9. 180E-02 ], 274E+00 6, 234E-01
7. 160E~Gi 6. 400E~02 7. 898E-02 6, 695E~01
6, 190E-01 3.517€-02 6, 333E-03 5, 126E-01
1, 069E+00 8, 763E~02 1, 400E-01 4, 248E-01
6, 260E~01 7.321E-02 3.323E~-02 1. 044E-01
4, 629E+00 8, B67€+00 7.270E+00 6, 030£+00
Gadolinium Tungsten Silicon Oxygen
6.575E-03 0. 2, 413e-01 5.854E-03
2, 267E-01 1, 444E-01 5, 156€E-01 3, 563E-01
6, 128€-01 1. 278E+00 8. 120€-01 4, 226E+00
5, 644€-01 1.572E+00 4, 637€-01 0.
1. 017€-01 1, 173E+00 3. 470£+00 0.
0. 9, 502E-01 2, 081E+00 0.
3, 7764E-02 2.527€-01 3. 089E-0! 2. 441E-02
8, 830€~02 2,761E-01 1. 400E-02 0.
3. 073e-01 1.257E-01 4. 612€-01 6. 448E-04
5,393E-01 2. 069E-01 7. 908E~02 1. 930E-03
3.382E+00 9. 032E-02 1. 687E~01 8, 342E-07
5,079E-02 * 7.708E-01 1, 737€-02 0.
7. 818E-0) 3, 902E-02 0. 0,
6, 699€+00 6. 879E+00 8, 633E+00 4, 615E+00
Magnesium Zirconium Lead 6Lifhium
4, 833€-01 1. 450E-01 0. 0.
1. 972e-02 5,500E-02 6. 930E+00 2. 541E+00
4, 673E-01 1, 383E+00 3, 397E-01 1. 966E+00
5, 080E-01 8,200E-01 0. 0.
4, 282E-01 1. 102E+00 0. 1. 670E+00
4, 599£400 1. 612E+00 . 0.
1. 084€+00 7.320£-01 0. 9. 400E~01
1. 949E-01 7.030E-~0) 0. 0.
3, 229E-01 9. 700£-01 0. 0.
0. 5.330€-01 0. 0.
5, 365E-01 4, 740E-0 0. 0.
4,519e-01 9. 500E~02 0. 1. 390E-01
5.975E-02 5.800E-02 0. 0,
9. 155E+00 8. 682E+00 7.270€+00 7. 256E+00

2Spechft.n'n from (n;p, y) reaction




Energy Bounds

Total Energy Released

Energy Bounds
(MeV)

7,50 - 9.50
7,00 - 7.50
6.00 - 7. 00

-

NN W Ao
S88888

- 1.80

Total Energy Released

TABLE 6-5 (CONTINUED)

@)

MeV/Reaction
7Liﬁﬂum Lithium Silver Indium
0. 0. 0. 0.
0. 1,885E-0) 2. 692E~01 0.
0, 1. 458E-01 8, 783501 8. 904E-02
0, 0. 2,217€150 8,727€-01
0. 1, 239€-01 1. 062E+00 8. 479E~01
0. 0. 5, 953E-01 4. 400E-01
0. 6, 970E-02 1. 83%E-0) 1. 167E-01
0. 0. 2. 0%0E-01 1. 286E~0)
1. 416E+00 1. 496E+00 3. 233E-01 1. 283E+00
0. 0. 2. 145E-01 3. 279€-01
4, 040E-01 3.740E-01 1.893E-02 1, B74E+00
0. 1. 030E-02 3.294E-01 5. 049€-01
0. 0. 6, 590E-01 2,205E-01
2, 020£+00 2. 408E+00 6. 954E+00 6, 725€+00
Goid Cadmium Nitrogen Cobalt
0. 3.773E-01 5. 1256-0] 0.
0. 0. 6. 993E-"1 6. 647E-01
2. 248E+00 2, 880£-01 1. 242E+00 1. 594E+00
1. 858E+00 1, 837E+00 3. 872E+00 1. 371E+00
1, 298E+00 6, 558E-01 7. 129€-01 4, 468E-01
2. 696E-01 9. 332E-01 9. 617E-0] 1. 858€-0)
6, 053E-02 7.014E-01 0. 1. 458E-02
7.319€-02, 7.699E-01 3. 424e-01 0.
4, 985E-02 3. 485E-01 7.307E-01 1, 3i8¢~01
1, 491E-01 6. 648E-01 1. 014€-01 1.596E-01
6. 483E-02 3.311E-01 0. 1,315€-01
4,571E-.02 2. 1396+00 2, 414E-01 2, 295€-01
0 LaGGE-03  A7ISE2 L3201
6, 1176400 9. 047E+00 9. 453E+00 5, 081E+00

Astronuclear
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TABLE 6-6

BASIC DATA SOURCE FOR CAPTURE GAMMA RAY ENERGY SPECTRAL DATA

Element or Isotope Reference Element or Isotope Reference
Hydrogen 6.8 Manganese 6. 12
Carbon 6. 12 Tantalum 6.14
Beryllium 6.12 Gadolinium 6.8
Boron 6.10 Tungsten 6.8
108500 6.10 Silicon 6.8
Aluminum 6,12 Oxygen 6.8
Titanium 6.11 Magnesium 6.8
Chromium 6.8 Zirconium 6.13
Iron 6. 11 Lead 6. 12
Copper 6.12 SLithium 6.8
Niobium 6.13 7Lithium 6.8
Molybdenum 6.12 Lithium 6.8
235Uranium 6.9 Silver 6.8
238Uvromium 6.10 Indium 6.8
Nickel 6.8 | Cadmium 6.8
Gold | 6.12 Nitrogen 6.8
Cobalt 6.8

6-10
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TABLE 6-8

BASIC DATA SOURCE FOR INELASTIC GAMMA RAY ENERGY SPECTRAL DATA

Element or Isotope Reference
Carbon 6.16
Aluminum 6.19
Titanium 6.15
Chromium 6. 16
Iron 6. 16
Niobium 6.8
235Ummium 6.16
238Lkonium 6. 16
Nickel 6. 16
Tungsten 6. 16
Oxygen 6. 20
Magnesium 6. 17
Zirconium .16
Lead 5.18
6Lithium 5
7Lithium 6
Lithium 6. 8
Nitrogen 6. 19

6-19




3.1

3.2

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

Astronuclear
Laboratory

7.0 REFERENCES

W. H. Gray and G. Collier, "GAMBIT Users' Manual,"” WANL-TME-175],
February 1968.

G. Collier and G. Gibson, "GAMBIT Program,” WANL=-TME=1752, April 1968,

G. Gibson and G. Collier, "The MOHYX Program; Neutron Scattering in
Molecular Hydrogen," WANL-TME-1908, March 1969.

G. Collier, et al., "Second Version of the GAMBIT Code," WANL-TME-1969,
November 1969.

G. D. Joanou and J. S. Dudek, "GAM=-1: A Consistent P; Multigroup Code
for the Calculation of Fast Neutron Spectra and Multigroup Constants,"
GA-1850, June 1961.

D. W. Drawbaugh and W. C. McCune, "Calculation of Resonance Integrals,
with Cmphasis on U233 and u238, Including Doppler Broadening, WANL=TMI=358,
1962,

M. M. Melnick and D. W, Drawbaugh, "Niobium Resononc':e Parameters and
Resonance Integral,"” WANL-TME-698, 1964,

D.w. quwb% h, G. Gibson, M. Melnick, "A New Cross Section Library
for the n + U™ Reactions, " WANL-TME-1028, 1964,

G. Gibson, M. M. Melnick, W. H. Gray, "Changes in the GAM-TNS Program
and Cross Section Library," WANL-TME=-1228, 1965,

G. Gibson, M. Melnick, "GAM-TNS Cross Section Library for the n + W
Reactions, WANL-TME=-1472, 1965,

M. J. Schneider, "Changes in GAM and TNS Cross Section Libraries: New
Activation Cross Sections," WANL-TME-1746, 1968,

L. L. Moran, G. Collier, A. S. Johnston, G. Gibson, "Thermal Range Library
for GAMBI1T Program," WANL-TME=-1830, 1968.

. M. J. Schneider, "New Cross Sections for GAM, TNS and BIT Libraries,"

WANL-TME=1920, 1969.



7.0 REFERENCES (Continued)

3.14 C. W. Craven, Jr,, and J. L. Lucius, "TRANSFER: A Program to Calculate
Pn Multigroup Scattering Matrices," ORNL-TM=1537, May 1966.

3.15 R. W. Campbell, et al., "Compilation, Evaluation, and Reduction of Neutron
Differential Scattering Data," Vol., IV, NAA=-SR-11980, April 1967.

: 3.16 J. J. Schmidt, "Neutron Cross Sections for Fast Reactor Materials," KFK=120
(EANDC-E-35U), December 1962, '

3.17 B. R. S. Buckingham, et al., "Neutron Cross Sections of Selected Elements and
Isotopes for Use in Neutronics Calculations in the Energy Range 0.025 eV -
15 MeV," 0-28/60.

3.18 John R, Stehn, et al., "Neutron Cross Sections," BNL-325, Second Edition,
Supplement No. 2, February 1965.

3.19 E. S. Troubetzkoy, et al., "Fast Neutron Cross Sections of lron, Silicon,
Aluminum, and Oxygen," NDA-2111-3, November 1959,

3.20 E.S. Troubetzkoy, et al., "Fast Neutron Cross Sections of Manganese, Calcium, ‘v
Sulfur, and Sodium," NDA-2133-4, January 1961. o

3.21 P. Stephenson, et al., "Evaluation of the Neutron Cross Section of Manganese
for the ENDF/B Library," BNL-50060(T-463), June 1967,

3.22 A. Prince, "Neutron Cross Sections for Tantalum and Tungsten," GEMP-388,
November 1965,

3.23 G. D. Joanou and C. A. Stevens, "Neutron Cross Sections for Aluminum," CA-5884
(NASA-CR-54260), November 1964,

3.24 G. D. Joanou and M. K. Drake, "Neutron Cross Sections for 235y,
GA-5944 (NASA-CR-54263), December 1964,

3.25 G. Gibson and L. Moran, "Tests of the GGC-3, GGC-4 Neutron Slowing
Down Codes and Comparisons with the Codes GAMBIT and TRANSFER,"
WANL-TME=1933, May 1969.

4.1 H. Goldstein, Fundamental Aspects of Reactor Shielding, Addison-Wesley
Publishing Company, Inc., 1959.

4.2 K. D. Lathrop, "GAMLEG=-~A FORTRAN Code to Produce Multigroup Cross
Sections for Photon Transport Calculations,” LA-3267, April 1965.

4.3 E. Storm and H. I. Israel, "Photon Cross Sections from 0.001 to iOO MeV for
Elements 1 through 100", LA-3753, November 1967.

7-2




6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6. 10

6. 12

6. 13

6. 14

Astronuclear
Laboratory

Herbert Goldstein, Fundamental ntal Aspects of Reactor Shielding, Addison-Wesley
Publishing Company, Inc., 1959.

Personal communication with A. Foderaro, PSU, Consultant for the Radiation
and Shielding Analysis Group at WANL,

R G. Soltesz and R. N, Nassano, Internal Memorandum, (NRD-67-111),
35U Fission Product Energy Release Rate (Program S-4),"April 1967,

M. R. Smith, "The Activity of the Fission Products of 235U, " XDC=-60-1-157,
December 1959,

B. J. Henderson, "Conversion of Neutron or Gamma Ray Flux to Absorbed
Dose Rate," XDC-59-8-179, August 1959,

5. A. Fody, "Progress Report on Generation of a New Photon Production
Library," WANL-TME-1946, August 1969,

W. E. Ford, Ill, and D. H. Wallace, "POPOP4, A code for Converting Gamma
Ray Spectra to Secondary Gamma Ray Production Cross Sections," CTC-12,
May 1969.

G. A. Bartholomew, et al., "Compendium of Thermal Neutron Capture Gamma
Ray Measurement,” Part I: Nuclear Data, A3, 1967; Parts |l and II: Nuclear
Date, éi, 1969.

J. Celnik and D. Speilberg, "Gamma Spectral Data for Shielding and
Heating Calculations,”" UNC-5140, November 1965.

R. G. Soltesz and R. K. Disney, "The POINT Program and Cross Section
Library," WANL-PR-(LL)-010, Vol. 2, June 1967.

L. V. Groshev et al., Atlas of Gamma Ray Spectra from Radiative Capture
of Thermq_! Meutrons, Pergamon Press, 1959.

N. C. Rasmussen, et al., "Thermal Neutron Capture Gamma Ray Spectra of
the Elements,” MITNE=-85, SR-2, January 1969.

Personal communication, N. C. Rasmussen, January 1970,

E. P. Blizard, Reactor Handbook, Vol. ll, Part B, Shielding, Interscience
Publishers, 1962,




6. 15

6.16"

6. 17

6. 18

6. 19

6.20

N. Tralli, E. S.Troubetzkoy, et al,, "Neutron Cross Sections for Titanium,
Potassium, Magnesium, Nitrogen, Aluminum, Silicon, Sodium, Oxygen, and

Manganese, " UNC=-5002, January 1962,

J. Celnik and D, Speilberg, "Gamma Spectral Data for Shielding and
Heating Calculations,”" UNC=5140, November 1965,

M. K. Drake, et al., "Neutron and Gamma Ray Production Cross Sections for
Sodium, Magnesium, Chlorine, Potassium, and Calcium," NDL-TR-89, Vol. IlI,
November 1967.

M. C. Bertin, ef al, "Neutrgn Cross Sech0ns of 238Uranium, 235yrq ium,
237Urc1n|um, 239 Uramum, Uramum, Uramum, 2 9Plufomum, 2 OPlufomum,
Tungsten, Lead, Nickel, Chromium, Carbon, SLithium, 7Lithium, and Titanium,"
UNC-5099, December 1964,

J. H. Ray, G. Grochowski, E. S.Troubetzkoy "Neutron Cross Sections of
Nitrogen, Oxygen, Aluminum, Silicon, Iron, Deuterium, and Beryllium"

UNC-5139, November 1965,

e

Personal communication W. E. Ford, I1l, ORNL.




Astronuclear
Laboratory

APPENDIX
PAIR-PRODUCTION AND PHOTO-ELECTRIC DATA

This Appendix presents a tabulation of pair-production, photo-electric, and Compton
absorption as well as Compton scatter and the total gamma ray cross section for 51 elements in
units of barns/atom (cm2 X 1024/afom). These pointwise data are provided from 0. 01 to 20, 0
MeV. The pair-production and photo-electric data are obtained from Reference 4.3 and
constitute the data on Master Library Tape No. 5. The Compton absorption and scatter are

analytically computed from the Klein-Nishina equations given in Reference 4. 1.
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