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ENDF/B-III SCATTERING LAW LIBRARY

The ENDF/B-III Scattering Law Library contains data S(a,P) for 10
materials: H2O, D2O,
H), ZrHx (for Zr).

Be, BeO, C, CH2, UO2, ZrHx (for

Table 1 presents information on temperatures given in the library and
methods used for S(a,(B) calculations.

This library is still in use for thermal reactor and shielding
calculations. It is processed by the module THERMR of the NJOY code up
to version of 1987. Later versions of NJOY do not process this data file
unless it were converted to ENDF-6 format.

The library has a size of 101.483 records.



Table 1

MAT Nr. Material Temperatures °K Methods of calculation of S(a,(3)

1002 H2O

1004 D2O

1064 Be

1099 BeO

296, 350, 400, 450,
500, 600, 700, 800,
1000

same as above

296, 400, 500, 600,
700, 800, 1000, 1200

same

1065 C

1095 C6H6

1114 CH2

296, 400, 500, 600,
700, 900, 1000, 1200,
1600, 2000

296, 350, 400, 450,
500, 600, 800, 1000

296, 350

1096 ZrHx 296, 400, 500, 600,
(for Zr) 700, 800, 1000, 1200

1097 ZrH.
x

(for H)

same

116 7 UO2 296, 400, 500, 600,
700, 800, 1000, 1200

Calculated with GASKET code using
incoherent approximation using Haywood
frequency spectrum (two discrete
vibrational modes and experimental
rotational band).

same

Calculated with GASKET code using
incoherent approximation with phonon
distribution from lattice dynamics of
Be (J.A. Young, Nucl. Sci. Eng. 19,
367, 1964).

Calculated using GASKET code in
incoherent approximation with weighted
frequency spectrum for Be and O
atoms. Spectra obtained from lattice
dynamical shell model after fitting
the frequencies to elastic Rahman and
neutron scattering measurements.
Coherent lattice component of
scattering calculated using HEXSCAT
code.

Calculated with GASKET code using
incoherent approximating with phonon
distribution from lattice dynamics of
carbon (J.A. Young, J. Chem. Physics
42, 357, 1965). Coherent component of
scattering computed using code HEXSCAT.

Calculated using code GASKET in
incoherent approximation, frequency
spectrum used from normal mode
calculations of C6H6 molecule
(GA8185).

Calculated for hydrogen component in
incoherent approximation with GASKET
code (Nucleonic 12, 87, 1969). Carbon
is treated as free gas with mass
12.011 AMU.

Calculated using code GASKET in
incoherent approximation. Generalized
phonon spectrum obtained from a
central force dynamical model
(Slaggie, GA8132).

same

Calculated using code GASKET with
frequency spectrum weighted for U and
0 atoms obtained from a lattice
dynamical shell model (GA8760).
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Introduction to Revised Edition

At the suggestion of Don Mathews (GA), the Reference Manual for

ENDF Thermal Neutron Scattering Data has been reissued by the National

Nuclear Data Center.

This edition (ENDF-269) contains additional and revised moderator

information, an expanded discussion of the GASKET Code; and other up-

dates provided by Don Mathews.

Philip F. Rose
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A. GENERALITIES AND COMPUTER CODES



A- 1 INTRODUCTION

This document is intended to serve as a general reference of in-

formation concerning the thermal neutron scattering law data submitted

by Gulf General Atomic to the Evaluated Nuclear Data File (ENDF)*1'

set up by the Neutron Cross Section Center at the Brookhaven National

Laboratory. The data submitted to ENDF refers both to inelastic and

elastic scattering. The inelastic scattering data, generally calculated

in the incoherent approximation, is stored in the form of the scattering

law S(Q, j3) related to the double differential cross section by the expres-

sion

A = V V ^ - e "' S(a,

where

a = 2MT

E - E
and 0 =

and where E , E denote the initial and final neutron energies, K is the

momentum exchange, a the bound scattering length of the scatterer and

T its temperature.

The elastic scattering data, either coherent or incoherent is

stored in the form of the Legendre moments P0 through P. .
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The report is divided into two parts. Part A includes informa-

tion on the ENDF system (Section A. Z) and a concise description of the

computer codes used to generate the scattering data (Section A. 3). This

description is not intended to replace the more complete discussion given

in the corresponding references, which are listed in Section A. 4, but it

permits an understanding of the source data as tabulated on the input

cards to each code. These codes have all been written in FORTRAN and

are available through the Argonne Code Center.

Part B contains the data corresponding to the different moderators.

These data are included in a loose leaf format similar to the Gulf General

Atomic Spectrum Book to facilitate revisions and updating. The in-

formation corresponding to each moderator is given in six sections as

follows: (1) A description of the model underlying the calculation, with

enough physical content to satisfy the casual user plus all pertinent ref-

erences; (2) following the description of those models wliich include a

continuum of vibrational modes, is a graphical illustration of the corres-

ponding frequency spectra; (3. 1) through (3. n) listings of the card input

to all the codes used to generate the ENDF data for the moderator under

consideration; (4) plots of the scattering law for several temperatures;

(5) tabulated values of various integral quantities of the scattering law;

and (6) miscellaneous information concerning the data and some quantities

directly derived from the model such as the Debye-Waller integrals and

effective temperatures. Comments as to the adequacy of the model and

comparison with available measurements will also be included. For the

convenience of easy updating pagination is by section in Part A and by

moderator (alphabetically) in Part B. An index of the moderators currently

included precedes the material of Part B.
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A. 2 THE ENDF SYSTEM

A. I. 1 EVALUATED NUCLEAR DATA FILE (ENDF)

The Evaluated Nuclear Data File, developed by H. Honeck, is

divided into two parts, ENDF/A and ENDF/B.

Specifications for ENDF/A are described in Ref. 1. The File pres-

ently contains UKAEA, KAPL, and GA data. Additions are made whenever

significant data are received in the ENDF/A format.

Specifications for ENDF/B are contained in Ref. 3. ENDF/B is a

cooperative effort among U.S. Laboratories organized by the USAEC Div-

ision of Reactor Development and Technology and coordinated by the Cross

Section Evaluation Center at BNL. It is the objective of the participants

(the Cross Section Evaluation Working Group) to assemble a library of

recent evaluations for materials of interest to reactor designers. The

materials presently included in the system are listed in Table 1 together

with the Laboratory responsible for the selection of data. New materials

will be added in the future.

Table 2 summarizes the characteristics of the Evaluated Nuclear

Data Files A and B.

A. 2. 2 AVAILABILITY OF ENDF DATA

ENDF material is available to U.S. users from the National Neutron

Cross Section Center (NNCSC) at BNL and to ENEA countries from the

Neutron Data Compilation Centre at Saclay. Others can receive data from

BNL provided bilaterial agreements exist for the exchange of neutron data

or USAEC approval can be obtained.

A. 2. 3 TESTING OF ENDF/B DATA

The ENDF/B Library was assembled to increase the amount of
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cross section data in a single format available to the reactor designer.

Due to the tight schedule for completing the File, the daîa may contain

errors and may not include the most recent evaluations. An iterative

philosophy is used concerning ENDF/B. Periodically (perhaps annually)

the File will be revised as errors become known and new data becomes

available. For some materials, several revisions, or several years, may

be necessary before ENDF/B will constitute a good set of data. In the

meantime, the completeness of the File suggests that it can be used as a

reference set of data for reactor calculations.
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OJ

Material

H-I

H2O*

D-2

D2O*

LI-6

Jk-I

Be

Be-metal*

BeO*

B-IO

C

Graphite*

CII2*

N - U

O-16

Na

Mf

AI-27

Tl

V

Cr

Mn-M

Fe

Nl

Zr-90

Zr-91

MAT

1001

1002

100)

1004

1005

1006

1007

106«

1008

1009

1010

1065

1011

1012

1013

1059

1014

I01S

1016

1017

101»

1019

1020

1021

1077

1078

Laboratory

BN

GA

BN

GA

LASL

LASL

GA

GA

GA

ORNL

KAPL

GA

GA

ORNL

KAPL

APDA

ANL

ORNL

ANL

ANL

WAPD

BNL

WAPD

WAPD

BAPL-KAPL

Table

ENDF/B

Material

it-It

Zr-9«

Zr-96

ZrH*

Nb

Mo

Xe-IJS

Sm-149

Eu-151

Eu-ISJ

Gd

Dy-164

Lu-175

Lu-176

IU-174

HI-176

Hf-177

IU-178

IU-179

Hf-ISO

Ta-IBI

W fl82

W-18J

W-1B4

W-186

MAT

1079

1080

1081

1023

1024

102S

1026

1027

1028

1029

1030

fOJl

1032

1033

1082

1072

1073.

1074

107S

1076

103S

1060

1061

1062

1063

1

DATA .

Laboratory

BAPL-KAPL

GA

GA

ANL

BN

BN

BN

BN

ANL

BM

BN

BN

BAPL-KAPL

GE

GE

Material

Au-197

Th-232

Pa-2)i

U-233

U-2JJ F.P.

U-23Î F.P.

U-ÎJ3 F.P.

U-234

U-23S

U-23S F.P.

U-2J5 F.P.

U- 2JS F.P.

U-2J6

U-2J8

Np-237

Pu-2J8

Pu-239

Pu-2 J? F.P.

Pu-239 F.P.

Pu-239 F.P.

Pu-240

Pu-241

Pu-242

Am-241

Am-243

Cm-244

MAT

1037

1038

10*0

1041

1042

1066

1067

104)

1044

104S

1068

1069

1046

1047

1048

10S0

1051

I0S2

1070

1071

1053

1054

1055

10S6

1057

1058

Laboratory

BN

BW

BAPL

GA-ORNL

BW

GA

KAPL

BW

GA

BW

ID

AI

GE-

BW

APDA

GA

Al

ID

ID

AI

•Thermal data only



Table 2

CHARACTERISTICS OF THE DATA FILES

Basic Storage
Unit

ENDF/A

Evaluated point cross sec-
tion data covering a parti-
cular energy range for one
reaction type and one mat-
erial. Highly flexible
f o rtnat.

ENDF/B

All evaluated point data
for one material needed
for a reactor calculation.
Simple format.

Type of Data
Included

Ordering of
Data

Selection and
Revision of
Data

Main Usage

All reaction types for all
incident and final particle
types.

Data stored in the order
received by the ENDF
center.

No selection is made. All
data is accepted and added
to the master files. Hence
many alternate evaluations
occur.

Storage of partial evalua-
tions and alternate or
older evaluations used as
building blocks to generate
complete evaluations.

Data for neutron-induced
reactions required for
reactor calculations.

Ordered by material
number, data type, and
reaction type.

One complete set of data
for a material will be
selected and stored.
These data will be up-
dated at regular intervals.

Complete sets of evalu-
ated point data used as
direct input to reactor
codes or codes to com-
pute multi-group sets.
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A.3 CODES

A.3.1 GASCTT

GASKET is a unified code which calculates the inelastic scattering law

for any material solid, liquid, or gas. The calculation is performed in

the incoherent approximation. This is generally a good approximation, since

even for coherent scattering most of the interference scattering is elastic.

The scattering law S( a , B ) , as is veil known, is defined by

c(E - E,6) •= cb J|_ e
0 TOT

-B/2
S(a,B) (D

where S ( a , B ) is an explicit function of only two variables a and B defined

as

fc2

2MT
6 •= e.

T
(2)

it and E being the neutron momentum and energy exchanges, M the atomic mass

of the main scatterer, T the temperature, and c, the bound atom scattering

cross section.*

One of the drawbacks of most of the previous codes (excepting the English

program LEAP) was that they ignored this explicit dependence of S on only two

variables and calculated O-(E- •*• E,6) for each set of values of E«, E and 6 of

We shall use a system of units in which Boltzmann's constant k_ and

the neutron mass are unity.
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a given energy and angular mesh. Instead, GASKET calculates S at points of

a two-dimensional a, S mesh. From this two-dimensional array of S-values

it is then easy to obtain the double differential cross section and the P
n

scattering kernels by interpolation and Integration in a- 6 space. This

last step is actually performed by an auxiliary code called FLANGE.

The advantage of this two-step scheme is twofold: First, the number

of S-values to be calculated is considerably reduced. Typically, for

H-O a mesh of 80 x 80 ( a> 6 ) points gives very satisfactory results in the

energy range 0-2 eV. The minimum number of points in E-., E, S space re-

quired for an equivalent accuracy would be of the order of 80 x 80 x 15.

For moderators with a lower cutoff frequency the savings would be even more

impressive.

The second important advantage is that it takes very little time to

recalculate a(E_ - E,9) for different angular and energy meshes, since most

of the computing time is spent in obtaining S( o, 6 ) , which has to be com-

puted only once. Furthermore, the scattering law shows most of its

structure at low B values, while i* is rattier smooth for large 6's (i.e.,

for 8»u where u is the cutoff frequency of the material in
max max H J

question). This permits one to use a very fine B-mesh near the origin and

a gradually coarser mesh as 6 increases. Clearly, such a fine mesh for

small energy exchange at all Initial energies between, say 0 and 2 eV,

would require a hopelessly large total number of points if 0"(E-. - E,9)

were calculated at each angle-energy mesh point as in previous codes.
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The keystone of GASKET is the use of numerical methods for evaluating

Fourier transforms. For most scattering systems occurring in practice the

Fourier transform x( a, t) of the scattering law can be expressed in a

relatively simple analytical form. GASKET evaluates this so-called inter-

mediate scattering function and does the Fourier inversion numerically.

Using conventional numerical integration schemes, one runs into the dif-

ficulty of rapidly oscillating integrands at large values of g. This

problem, however, is avoided by approximating X hy a piecewise linear

function and integrating analytically over each linear segment. Due to

detailed balance, the scattering law S( a, 6) is an even function of B ;

hence its Fourier transform

*sym <o-t}

/ •

e"iet S(a,6) de

is an even function of t. Although it would seem convenient to take ad-

vantage of this symmetry, it turns out that due to numerical problems

arising for large values of 6 it is necessary to work with the nonsym-

metric form defined by

X (o,t)

CO

de

w h e r e J C a , B ) - e ~ 8 / 2 S ( o , B ) .

(3)

(4)

A relatively small number of dynamical modes are sufficient for

characterizing the scattering from practically any material. The different
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dynamical modes which can be handled by GASKET are the following:

1. Free translation (low density monoatomic gas)

2. Diffusive or Browniau motion

3. Harmonic isotropic vibrations with continuous

4. Harmonic anisotropic vibrations with continuous
frequency spectrum

5. Harmonic isotropic vibrations with discrete frequency
spectrum comprising up to 2 oscillators.

Any one or all of these modes may be present simultaneously, the only

exception being that Modes 1 and 2 are mutually exclusive. At present the

code is operational for all modes except Mode 4 (anisotropic vibrations).

A common feature of all the listed modes, excepting anisotropic

vibrations, is that their intermediate scattering function is exponential

in a:

e a Gi ( t ) (5)

When more than one mode contributes to the scattering, the resulting x -

function is the product of the partial x-functions which are then com-

bined in the simple form

X - exp [a I W 1 G1 (t)] (6)

where the w.'s are weight factors normalized to one.

Wi « 1 (7)
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In order to use the code properly, it is convenient to have an idea

of how it works. The simplest vay of explaining this is by means of an

example. A convenient example is H-O because it is one of the most general

cases. Three dynamical modes contribute to the scattering lav of H-O computed

for the ENDF:

1. Free translation of E_0 molecule: w. —STT

2. Hindered rotations characterized by a continuous

frequency spectrum: w_ » •?

3. Internal vibrations with two discrete frequencies: w_ « •=••

Hence, the intermediate scattering function has the form

X3 XC
(8)

T h e c o d e s p l i t s X n - i n t o t w o p a r t s

X 1 3 ( t ) + X1(Ox3M (9)

where X 3C") « D is the so-called Debye-Waller factor. Thus the second

term of the preceding expression describes the zero-phonon or quasi-elastic

(2)

scattering. Its Fourier transform S^3'is done analytically. This

separation of the asymptotic value of x, considerably improves the con-

vergence of the Fourier transform of the first term, which is done

3.1.5



numerically by evaluating the Integral

s
13

(1) " e5/2P fàt [ Q(t) cos Xt + RCt) sin Xt] (10)

o

with
X - (g+w, a) T U 1 ;

Finally, tlie Fourier transform of the complete intermediate scattering

function X1O Xg is obtained by convolution with the two discrete oscillators

of Mode 5

S(ct,6) - JS13 (a,u)-6) S5 (u) du

This convolution is done recursively and by interpolation for S^, and

(2)
analytically as a double sum for Ŝ _ . The printed output of GASKET gives

the total S( a, B) as well as the components S and S . The punched

output is optional.

When the code is used for the first time for a new material, it is

necessary to establish a convenient time mesh and time cutoff for the

Fourier integrals. For this purpose, it is possible to print out the

functions Q(t) and R(t). A rule of thumb for a first trial is

t >20 ir / u .
TTiaT m i Ti

and (13)

A t < 2 it

max
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vhere to . is the lowest peak frequency and u) is the cutoff of the
TTTÏ Tl Tn^y

frequency spectrum.

Is addition, the a and B meshes must be carefully chosen. À fine B mesh

is especially important for 8<<i>/T since in this region and for low a, the

scattering law shows most of its structure. À fine a mesh for small a's is

important in the case of non-solid moderators because of the singular be-

havior of the scattering law at a « 0. The code allows for either an

arbitrary input a, B mesh or else a regular mesh which is spaced arithmetically

for small a,B values and logarithmically beyond limiting values specified by

input.

Other important input numbers are the ma-gimiTm number of phonons to

be retained in the convolution with the discrete oscillators. A good

estimate is

N. > T B / u
i — max

Finally, it is worth mentioning that the code has the option of

evaluating x, in the short time collision approximation for a or B larger

than two input numbers o and B ( a " B • 100 if left blank). This

considerably speeds up the calculation, since in this case no time integrals

have to be performed. Of course it is clear that when w« » w. « 0, the

scattering law is calculated analytically over the whole o,B interval.

The following pages give the input instructions for GASKET.
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INPUT FOK GASKET

Item

I

2

Columns

1-72

1-5

6-10

11-15

16-20

21-25

26-30

31-35

Format

I2A6

15

15

15

15

15

15

15

Symbol

H0L

NT

NP

NC

NDAM

NGPRT

NCP

NMCSH

Description

Title Card

36-40

41-45

46-50

51-56

1-5

15

15

15

15

15

NREST

NCVP

NSEP

IPG

JS3

Number of time points. If NT> 0, NT values of T will be read.
U NT<0, |NT| sets of AT and T max will be read. (Note ))

Number of or values (NP S 80)

Number of /S values (NE i 150)

Damping option (Note 2)

G function print option. NGPRT = 0 to omit, = 1 to print.

Q and R function print option. NCP = 0 to omit, = 1 to print.

Mesh choice option. NMCSH = 0 to read Q and 0 meshes, = 1
to calculate meshes using subroutine MCSH, = -1 to read the
a mesh and calculate the fi mesh.

Restart indicator. NRCST = 0 for a new problem = the number
of the a value at which to begin for a restart problem. {Note 3)

Convolution print option. NCVP = 0 to omit, = 1 to pri^t.

Separate Sj , S .̂ output option. NSCP = 0 to punch combined
S. + S_t =1 to punch S. + S , S., and S-.

Precalculated H and F option. IPG = 0 to calculate H and F
functions (GC and GS In the code) from an input frequency
spectrum, = 1 to read already calculated values.

Number of points In distributed frequency spectrum. If JS3>0,
values of the frequencies will be read. If JSKO, the maximum
frequency is read and |JS3| evenly spaced values are calculated.
(JS3 S 100)



Item Columns

6-10

14-15

Code Report
Format Symbol Symbol

1-10

11-20

21-30

31-40

41-SO

51-60

61-70

15

15

ElO

JS4

JS5

4

5

1-50

1-50

51-60

5E10

5ElO

ElO

W1-W5

T1-T5

TEMP T

ElO AM M

ElO

ElO

ElO

DC

BETSW

ALPSW

d

U

a

CRIT 1

ElO CRIT 2

ElO CRIT 3

Description

Number of points in anisotropic part of the frequency spectrum.
JS4< 0 as for JS3. (JS4 S 100»

Number of discrete oscillator*. (JS5 S 2 if W1 / 0. JS5 £ 20
otherwise I

Weight of Mode 1-5. (not necessarily normalized)

Temperature of Mode 1-5. (eV)

Over-all temperature for all modes. If left blank or 0,
TEMP = max(Tl, . . . , T 5 ) .

Mass of scatterer. (amu) (The code divides this value by the
neutron mass. )

Diffusion constant.

B value above which short collision time (SCT) approximation
is used, if a s ALPSW. BETSW = 100 if left blank.

a value above which SCT approximation is used for all B.
(ALPSW = 100 if left blank)

Criterion used in recursive convolution of Sj with a delta line.
(CRiTl = 0. 001 if left blank)

Criterion used in analytical convolution of S, with delta lines.
(CRIT2 = 0.001 if left blank)

Criterion for truncating time integrals. (CRIT3 = 0. 00001
it left blank) (Note 4)



Item Columns

1-70

8 1-70

Code Report
Format Symbol Symbol

If JS3 = 0, Skip Cards 7 and 8
If IPG /* 0. Skip Cards 7 and 8

7E10 X3 ta)

If JS3< 0 and X3(|JS3|)< 0, Skip

7E10 Q3 f(u>)

If JS4 = 0, Skip Cards 9 and 10

9

10

11

12

13

14

1-70

1-70

1-70

1-70

1-70

1-10

11-20

21-30

7E10

7E10

If JS5 = 0,

7E10

7E10

7110

IfNMESH

ElO

ElO

ElO

X4 U)

Q4 f(w)

Skip Cards 1 1 - 1 3

X5 Wk

Q 5 afc

NPH0N

= 0, Skip Card 14

EMAX Emax

DALPHA Aa

ALPHAC a

Description

If JS3> 0, JS3 values of the frequency are read (eV).
If JS3<0, X3(|JS3|) is read, and X3(I) = (I-1)X3(|JS3|)/ |JS3|.
I=I |JS3|.

Card 8 (Note 5)

Distributed frequency spectrum, Mode 3. (Unnormalized)

As In Cards 7 and 3 for Mode X

Frequencies of delta l ines. Mode 5. («V)(W.<U) < . . , <W )
1 £ Job

Weights of delta lines, Mode S.

Maximum number of phonon terms calculated for the correspond-
ing delta lines. NPHQ)N s 20 for each line.

Maximum energy of mesh chosen. (eV)

a Interval, (a, = DALPHA, a , = 2- DALPHA Or = ALPHAC)

a value at which mesh spacing begins increasing geometrically.



Item Columns

31-40

41-50

Code Report
Format Symbol Symbol

15

16

20

21

22

1-70

1-70

17

18

19

1-10

1-80

1-80

1-70

1-10

11-20

!-10

ElO

ElO

DBETA A0

BETAC 0

If NMESH > 0, Skip Cards 15 and

7E10 ALPHA a

U NMESH < 0, Skip Card 16

7E10 BETA 0

If IPG = 0, Skip Cards 17-19

ElO TBAR T"

8E10 T t

8E10 GS. CC H, F

If NT < 0, Skip Card 20

7E10 T t

If NT > 0, Skip Card 21

ElO DT At

ElO TMAX

110 ID

Description

0 interval. O1 = 0. 0 = DBETA, 0 = 2 DBETA, . . . . / J = BETACJ

0 value at which mesh spacing begins increasing geometrically.

16

a mesh

0 mesh (02 0)

Effective temperature for Mode 3 (eV).

Integration time values (sec).

Values of the pre-calculated GS and GC functions, in the order
(GS(I), GC(I). I=I1 NT).

Integration time points (eV )

At |eV" ) for time mesh.

t max (eV*1) (|NT| sets, see Note 1)

Numeric identification for S(or, 0) deck.



Code Report
Item Columns Format Symbol Symbol Description

11-20 110 NPT S(a, P) output option. NPT = 0 to punch on cards , NPT = 1 to

write a binary output tape, NPT = 2 to do both.

21-30 ElG SIGF (T, Free atom cros s sect ion, (barns)

31-40 ElO E P S - Significance Criterion for S(ot, 0) output. (Note 6, Note 7) |

If NREST 2 0, Skip Card 23

23 S(Qr, 0) deck in ENDF/A format. (Note (J) |
Note 1. If |NT1 | < 0, t starts at 0 and increases by At until t i t max , then by At up to TMAX , and so on

up to T M A X . N T . . •

Note 2. If NDAM = 0, Parts 1 and 2 of S will be calculated if Wl H 0. If NDAM = 1 only Sl wilt be calculated,
arid the Mode 1 contribution (free gas) is only used to damp the Q and R functions.

Note 3. A tape containing S(a, 0) for a = a ( l ) , . . . , a (NREST-1) must have been saved.

i+19 i+19
Note 4. Time Integrals are cut off at t 1 if max) V * Q., V * R. ) /Q, S CRIT3.

Note 5. If JS3 < 0 and X3(|JS3|) < 0, a Debye spectrum, f(w ) = u , wi l l be calculated.
1 Rl 2 fl/2 -6

Note 6. If S(or, 0) x e < EPS- Max (S(a 0) x ep ), this (a, 0) point is not punched. EPS = 10 is an adequate

choice.

Note 7. If Card 22 ia blank, punching and error map printout are skipped and code returns to Card 23 for next input. |
Nota 8. If NREST < 0, a previously calculated S(q, 0) deck is read and alia points from |NREST| on are re- .

calculated. • • '



A. 3. 2 GAKER
(5)

The original version of GAKER was coded to compute the double

differential scattering cross section for Nelkin's discrete oscillator

model. This model allows for free translations, a hindered rotational

oscillator and several vibrational oscillators. The treatment of each .

oscillator depends on the initial neutron energy E and some input switch-

ing criteria E . In general, for E < E < E , , oscillator n is treated

° c en cn+1

exactly, oscillator n + 1 is treated with a two-term phonon expansion,

oscillators 1, 2 . . . n - 1 are treated in the short collision approximation

and oscillators n + 2, n + 3. . . are treated in the elastic limit. """ Each

oscillator has a frequency w with weight 1/M. The sum of the reciprocal

masses must be normalized to 1.

The double differential cross section is related to the scattering

law by:

The original GAKER was coded to read in a set of energies and scatter-

ing angles and to compute the double differential cross section and its

first three Legendre moments. A modified version computes a set of

a and /8 values and calculates S(a. j3). In this modified version the switch-

ing depends on £ rather than on the initial energy E. This is also an

option in the original code. The input for the modified version of

GAKER follows.

In its present version GAKER allows for a maximum of four oscillators.

3. 2. 1



INPUT FOR GAKER

Card Col Format Code Symbol

1 1-72 12A6 HOLREC

2 1-5 15 ID

6-10 15 NR

11-15 15 IBX

16-20 15 IZX

3 1-10 ElO.5 T

11-20 ElO.5 ECl

3 21-30 ElO.5 EC2

•Description

Comments

An identification
number (negative)

Number of vibrational
OSC.

Number of p mesh
points

Number of a rnesh
points

Temperature (T
ev/.0253)

First Switching Criterion
(ev/.0253)

Second Switching
Criterion (ev/. 0253)

31-40

41-50

51-60

61-70

1-10

11-20

21-30

31-40

1-10

11-20

ElO.5

ElO.5

ElO.5

ElO.5

ElO.5

ElO.5

ElO.5

ElO.5

ElO.5

ElO.5

SIGF

E P S

EMAX

AMASS

RT

MT

MR

WR

MVl

Wl

Free atom scattering
cross section (barns)

Punching Criterion
(-10-6)

Max. Energy Con-
sidered (ev)

Scatterer mass (AMU)

Temperature (ev)

Translational Mass

Rotational Mass

Rotational Frequency

Mass of F i r s t
Vibrator

Frequency F i r s t
Vibrator (ev)

3. 2. 2



Card Col

21-30

31-40

41-50

51-60

1-10

Format

ElO.5

ElO.5

ElO.5

ElO.5

ElO.5

Code Symbol
MV2

W2

MV3

W3

EMAX

Description

Mass of 2nd Vibrator

Frequency of 2nd
Vibrator (ev)

Mass of 3rd Vibrator

Frequency of 3rd
Vibrator (ev)

This card same as for
GASKET Card 14

11-20

21-30

31-40

41-50

ElO.5
ElO.5

ElO.5

ElO.5

DAJLPHA

ALPHAC

DBETA

BETAC

3. 2 . 3



A. 3. 3 HEXSCAT*7*

The HEXSCAT code calculates the Legendre moments P through

P . of the coherent elastic neutron scattering cross section for a polycrystal-

line scatterer with hexagonal structure. These moments rather than the

angle dependent elastic cross section are put on the ENDF/B tape. In order

to recover the angular dependence of the elastic scattering one must use

FLANGE II which gives the corresponding expansion in spherical harmonics.

The version of HEXSCAT used for computing the tabulated ENDF/B

data is slightly different from the one described in the reference. While

the original version computes group averages, the modified code gives

point values of the elastic cross section. The energy points are calculated

for E < EXACT and read in for E > EXACT(EXACT being an input quantity).

The calculated energy points are evenly spaced between Bragg peaks with

two points in the immediate vicinity of each peak, one just below and the

other just above the peak energy. The small energy difference between

the points adjacent to a peak and the actual Bragg energy is an input number

called ESEP in the code (see input instructions following below).

INPUT FOR MODIFIED HEXSCAT

Card

1

2

Col

1-80

1-10

11-20

21-30

31-40

41-50

Format

13A6.A2

ElO.5

ElO.5

ElO.5

ElO.5

E10.5

Code Symbol

HOL

SCOH

A

C

AMASC

EXACT

Description

Comments

Coherent Scattering Cross Seo
tion (barns)

Magnitude of base plane lattice
vector (cm)

Magnitude of lattice vector out
of base plane (cm)

Scatterer mass (AMU)

For ENDF data code computes
energy mesh fox E < EXACT
and reads in higher E (Ev),
see EIN

3.3. 1



Card Col
2 51-60

( c o n t ) 61-70

71-80

3 1-5

6-10

11-15

16-20

21-25

26-30

31-35

36-40

41-50

Format
110

ElO.5

E 1 0 . c

15

15

15

15

15

15

15

15

ElO.5

Code Symbol
ID

ZA

AWR

NES

NTS

NAV

NXAV

IP

NCOS

NPCH

NFORM

ESEP

4 1-70 7E10.5 EIN

5 1-70 7E10.5 WAL 2

6 1-70 7E10.5 TMP

Description

ENDF/B ID number

ENDF/B mass number identifi-
cation

ENDF/B mass value (neutron
mass units)

Total number of energy points
read in - see EIN

Number of Temperatures

Ignored for ENDF version

Number of energy points com-
puted between peaks

Must be nonzero for this version

Ignored for ENDF version

/ 0 to punch cards for ENDF/B

Code contains an expression
which is unique for each mate-
rial 1 = Be,2 = BeO,3 = C

Absolute value of smallest
energy difference (eV), between
calculated mesh points and
Bragg peaks

Energies: E 1 = E . , E =
pyif-T. TT V m l n r ù

are input energies (eV) for
E > EXACT

Debye-Waller Integral/AMSC;
NTS values

Temperatures, NTS values.

3.3 . 2



A. 3. 4 ZREND

This code calculates Legendre moments of the incoherent elastic

cross section and was written explicitly to compute the cross section of

hydrogen as bound in ZrH for ENDF/B. The Legendre moments are:

= rr- / P J u ) exp [ - • = = - {1 - u ] du, n = 0, 1, . . . 5 ,

where W is the Debye-Waller integral and A the atomic mass.

For high energies the moments are calculated recursively. For

low energies the recursive calculation of the integrals blows up numerically

and it is necessary to expand the exponential. Although the expansion is

good for all energies the code has incorporated the feature of switching
2EW

to the recursive method for—•— > E .. , .
A switch

INPUT FOR ZREND

Card

1

2

3

4

Col

1-80

1-5

6-10

11-20

21-30

31-40

41-45

1-70

1-70

Format

13A6.A2

15

15

E10.5

E10.5

ElO.5

15

7E10.5

7E10. 5

Code Symbol

COM

NT

NE

SB

SWITCH

E P S

NPCH

T

WP

Description

Comments

Number of temperatures

Number of energies

Bound atom cross section

switch
Criterion for expansion termin-
ation

NPCH / 0 for punching of a (E)

Temperature °K; NT values

W/A (eV"1);

1-70 7E10.5

NT values

Energies; NE values (eV)

3.4. 1
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B. MODERATORS
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MODERATOR INDEX (12/16/68)

Moderator

Be

BeO

BeO

C

<CH2>n

<CIVn

C 6 H 6

D 2 O

H 2 O

UC

Uo2

Z H
r n

Z Hr n

Page

Be - 1. 1

BeO - 1. 1

BeO - 1. 1
(Rev.-12/31/69)

C - 1.1

(CH2)n - 1. 1

(CH2)n - 1. 1
(Rev.-12/31/69)

C, H, - 1. 1o o

D2O - 1. 1

H2O - 1. 1

UC - 1. 1

UO2 - 1. 1

Z H - 1. 1
r n

ZrHn - 1. 1

Date
Submitted
to ENDF

4/66

9/66

9/68

4/66

9/66

6/69

3/68

8/66

4/66

6/69

9/68

8/66

3/68

Distinguishing
Characteristic

of Data

Central force model

Debye frequency spectrum

Shell model

Central force model

Discrete oscillators model

Model of noninteracting
infinite chains of CH2
radicals

Normal mode calculation
of frequency spectra

Torsionalfrequency band
plus discrete oscillators

Torsional frequency band
plus discrete oscillators

Central force model

Shell model

Debye acoustical band plus
Gaussian optical band
about O. 13 705

Central force model

M - 2
(Rev.-12/31/6?)



BERYLLIUM

1. Physics

Using the incoherent and isotropic approximations, one finds

that the scattering cross section for thermal neutrons depends solely

upon the phonon spectrum of the lattice vibrations. Thus the inelastic

scattering or the scattering kernel is determined once one computes

the phonon spectrum. The force constants of the beryllium lattice

dynamics have been measured by R. E. Schmunk, et al. upon the

assumption that the forces in beryllium are central and extend out to

fifth nearest neighbors. These force constants are measured in the

sense that the calculated dispersion curves were fit by a least squares

method to the experimental ones.. Using this force model the phonon

spectrum was calculated by the root sampling method. The computed

phonon spectrum gives good agreement with the measured specific

heat.

The elastic scattering cross section was computed from the

known lattice structure (hexagonal close-packed). Both infinite medium

and angular-dependent spectral comparisons show that the scattering

kernel computed by the above method gives good agreement with experi-

ment.

(DR. E. Schmunk, R. M. Brugger, P. D. Randolph, and K. A. Strong,
Phys. Rev. 128 (1962) 562.

Be - 1. 1



Z. . Frequency Spectrum for Be

3

0.01 0 02 0.03 0.04 0.09
Ul UV)

0.06 0.07 0.08 009

Be - 2. 1



3. 1 GASKET Input for Be at 296°K

The code GASKET is d i scussed in Section A. 3. The data tabulated
below follows the fo rmat of the code input ins t ruc t ions a lso given in Sec-
tion A. 3. The code symbols used below a r e defined in the code input
section. Ii' no value i s entered for a symbol the corresponding input
quantity was not r equ i r ed in the calculat ion.

CARD UO. FORMAT CODE SmBOLS AKD VAIUES

1 13A6,A2 CCM Be at 296°K

2 1115 HT _-_8_ HP 50 HE 80 HDAM 1 HGPRT

______ HSE?

' TPG_2

3 315

k 5EiO

5 6E10

6 7E10'

î 7E10

- 0.

0,

Q,

0

0

n

o

Be - 3. 1. 1



CARD N O . TQMPS! CODE SYMBOLS AND VALUES

8 7310 .00312

• 308

1.1482

3.2863

• 025

• 39

1.6233

3.7577

.06

.475

1.5653

4.4397

•115
• 595

1.7423

5.4924

• 1 7

.775

2.4289

6.3315

. 235
1.052

2.8072

7.6421

9.5339 12.1016 15.0553 22.0154 26.6382 29.3387

32.6036 35.777 37.6536 40.3845 37.1196 32.39

29.8269 21.2831 18.9488 13.0186 7.33848 12.5075

18.9031 23.5564 25.6923 25.5855 43.0544 17.8656

6.81975 3.98963 2.99184 1.6843 .65772 0.0

9
10

11

12

13 -

Ik

Cards

TElO

TElO

TIlO

5ElO

21

Cards 9 and 10 are not needed

X5

NPHON

EMAX 1 . 0 DALPHA . 2 5 ALFHAC 3 . 0 DESIA . 1 5 EETAC 4 . 0

15, 16, 17, 18, 19 and 20 are not needed

2E10

1.0

3 .0

IMAX . 1

10.0

1.0

10.0

pn. o

100.0

150.0

200.0

4000.0

22

23

2110
2E10 ID 24 TTPT

Card 23 i3 not needed

SIGF 6.10 EPS .000001

Be - 3. 1. 2



3.2 HEXSCAT Input for Be

The code HEXSCAT is discussed in Section A. 3. The data tabula-
ted below follows the format of the code input instruction also given in
Section A. 3. The code symbols used below are defined in the code input
section. If no value is entered for a symbol the corresponding input
quantity was not required for the calculation.

CAKD KO.

1 '

2

3

4

5

6

POïMAT

13A6,A2

5E10,

1110,

815,
IElO

TElO

7E10

7E10

HOL

SCOH

ID

KES
1NCOS

EIN

WAL2

TMP

CODE SYMBOLS ATO VALUES

HEXSCAT for ENDF Be

7.53 A

1064 ZA

32 HTS

0, NPCB

.00521943

.06899716

.07246580

.0776Ç249

.099

. 27 0

.800

3.16663

7. r>ru2

296.0

800. 0

2 .2856-8 C3.5832-8&MASC9.01 EXACT . 0625515

4009. AWB

8 WAV 0 ITCAV 2

i HFOHM 1 „ ESEP 1.0001

.0625515 .06256401 .0626268?

.06901096 .06943835 .06945224

.07298931 .07300391 .07634664

.07 803603 .08 .09 ..

.120 .130 .170

.325 .400 .475

1 .0

3.88842 4,-62944 5.40517

R. 63665 10. 2R65

400 .0 500.0 600 .0

1000.0 v J200.0

IP 1

.0626394;

.07245131

.0763619]

.0<=2

.220

.575

6.19880

700. 0

Be - 3. 2. 1



4. Plots of Scattering Law

& Values for Multicurve Plots

CURVE

1

2

3

k

5

6

T

8

9

10

11

12

13

Ik

15

16

IT •

18

19

20

INDEX

1

2

3

k

5

6

T

8

9

a

M

t

6

a

+

A

B

C

D

P(296K)

0.00

• 15

• 30

.90

1.50

2.10

2.70

3.30

3-90

t.55

5.33

6.27

. 7 . 1 *

8.8l

10 A9

12.52

1^.99

17.97

21.58

25.96

P(1200K)

0.00

.037

.07k

.222

.370

.518

.666

.812;

.962

1.12

1.31

1.55

1.83

2.17

2.59

3.09

3.70

k.k3

5.32

6.ko

Be - 4. 1
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IMTLGRAL DATA

TABULATION OF ENLRUY iu EV (E),THE TOTAL CROSS brcTiON IN

AND THt AVERAGE COSINE OF THE S .ATTERlNG AMGLt (*

DATA FOR BERYLLIUM AT 296 DEGREES K.

: SIGTOT MUDAR E SIGTOT

30
31

0Ui>99
0Go37

0uo52
0(Jbb6
0ObBl

1
2
3
4
5
6
7
6 .
9 .
10 .00b40
11 .01000
12 .01159
13 .01159
14 .01251
15 .01342
16 .01433
17 .01434
18 .01478
19
20
21
22
23
24
25
26
27 .01679
28 .01*55
<>9 .01956

,02000
,02044
,02U88

33 .02088
34 .02126
35 .02164
36 .02«i03
37 .02203
.JB .02218
39 .02232
40 .02247
41 .02247
42 .02348

,01522
,01566
.0l5b6
,01619
,01672
,01725
,01725
,01602

2.09751
1.9767U
1.87109
1.7764b
3.345O1
3.278U2
3.21390
3.15248
9.4954b
7.76246
6.5870b
5.73626
Ô.63154
6.17464
5.78029
5.43726
5.43625
5.28684
5.14714
5.01602
6.09893
5.91501
5.74261
5.5802a
,57927
,36105
,16105
,97695
,08442
,96103
.84321
,73055
,89413

5.79755
5.70463
5.61504
6.81143
6.77031
6.72975
6.68973
7.55533

5.
5.
5.
4,
6.
5.
5.
5.
5.

7.25669 -

.81057

.69936

.60405

.52160

.74685
,71002
.67484
.64132
.86119
.53268
.29863
.13183
.24923
.16392
.09097
.02803
.02764
.00U58
.02493
.04881
.13779
.10365
.07188
.04225
.04207
.00263
.03324
.06596
.12842
.10577
•.08419
•.06362
••08963
•.07196
•.05498
•.03867
'.20774
•.20037
-.19309
-.18592
-.27923
.22776

,02448
,02548

43
44
45 .02549
46 .O2BO7

.02666

.02725

.02725

.02016

.02908

.02999

.03000

.03,)23

.03U47

.03070

.03071

.03221

.03371

.03521

.03522

.03565

.03609

.03653

.03654

.03707

.03760

.03812

.03313

.03369

.03925

.03981

.03982

.04026

.04070

47
48
49
50
51
52
53
54
55
56
57
5b
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76 .04114
77 .04115
78 .04173
79 .04232
60 .04290
81 .04291
82 .04362

.04433
04^03

63
84

6.9E328
6.73219
6.8P446
6.74354
6.60905
O.4P062
6.6P300
6.48772
6.30518
6.13351
6.13242
6.0°011
6.04850
6.0n757
6.16935
5.91556
5.6e657
5.47933
5.85388
5.79242
5.7?249
5.67358
5.7B905
5.71869
5.65074
5.5e510
6.22625
6.14976
6.07595
6.0T471
6.0C371
5.9U974
5.BP725
5.84618
6.21271
6.14158
6.07298
o.00684
6.17455
6.09510
6.01978
5.94B42

-.18083
-.13790
-.15695
-.13301
-.11024
-.0RR57
-.11617
-.0*337
'.05289
-.02450
-.PP432
-.0173'+
-.0104H
-.00375
•.02991
.01193
.0493«
.03294
.01355
.02379
.0337<+
.04343
.02257

.04549

.0=635

.05257

.03939

.0?668

.01440

.01423

.00493

.00411

.01290

.04692

.03442

.02237

.01073

.03762

.02351

.01000

.00294

Be - 5. 1



DATA FOR bENYLLIUM AT 290 DEGREES K,

L SIGTOT MUBAR E SIGTOT MUPAR

a5
86
87
sa
89
90
91
92
93
94
95
96
97
98
99
IQO
101
1U2
103
104
10S
106
107
108
109
UO
ill
112
113

U5
U6
117
us
119
120
121
122
123
124
125
126

.04504

.04548

.04b92

.04636

.04o37

.04b57

.04o77

.04697

.04b98

.04751

.04tiC3

.04a56

.04657

.04934

.05UlU

.05087

.nbuae

.05170

.05252

.05.334

.05335

.054U6

.05476

.05547

.05548

.ObOlO

.05672

.05733

.05734

.05646

.05957

.06069
•06U70
.06090
.ObIlO
.06130
.06132
.06x55
.06176
.06201
.06203
.06220

6.17647
6.13152
6.08769
6.04493
6.11589
6.09629
6.07692
6.05777
6.19667
6.14598
6.09676
6.04902
6.04816
5.98148
5.91762
5.85645
6.20969
6.14123
6.07582
6.01429
6.22647
6.17402
6,12339
6.07453
6.07378
6.03253
5.99253
5.95374
5.98329
5.91556
5.85144
5.79076
5.90991
5.8989b
5.88812
5.87739
5.87674
5.86442
5.85223
5.84019
5.91557
5.9063b

-.03412
-.02587
-.01784
-.01001
-.02149
-.01769
-.01433
-.01002
-.03300
-.02363
-.01455
-.00575
-.00559
.00667
.01839
.02S58

-.02904
-.01614
-.00384
.00783

-.02653
-.01627
-.00641
.00307
.00321
.01117
.01885
.02627
.02121
.03413
.04624
.05760
.03626
.03835
.04041
.04245
.04257
.04491
.04721
.04949
.03610
.037ôo

127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168

.06238

.06255

.06256

.06263

.06264

.06900

.06901

.06944

.06945

.07245

.07247

.07299

.07300

.07^35

.07636

.07768

.07804

.08000

.08900

.10100

.11300

.12500

.13700

.15200

.16600

.18400

.20000

.22400

.24300

.27200

.29600

.321)00

.35500

.3S500

.41500

.44500

.47500

.50500

.53500

.56"30O

.59bOO

.62500

5.89727
5.B8823
5.92485
5.9P159
5.9O527
5.73915
5.ftf.711
5.83988
6.01438
5.89457
5.9O939
5.97920
6.0P213
6.00640
6.14487
6.09715
6.0S481
6.04036
6.06915
6.00351
5.97446
6.05891
6.02034
6.03409
6.05452
6.02036
6.03167
6.04859
6.05396
6.06504
'6.06304
6.05560
6.05836
6.06277
6.06751
6.06934
6.07004
6.07035
6.07008
6.06981
6.06318
6,06670

.0396I

.04133

.03490

.03552

.02280

.072Od

.05048

.05331

.02322

.04694

.02864

.03266

.01519

.03204

.00678

.01853

.02103

.03071

.03295

.04ft5fi

.05569

.P4620

.05572

.0541A

.05385

.05989

.0603«

.06292

.06327

.06393

.C6468

.06456

.06454

.0^630

.06677

.06726

.06765

.(••68 It)

.06360

.06910

.06956

.06999

Be - 5. 2



;, FO'? BErWLi_IUy AT £96 DEGREES K.

169
170
171
172
173

L

.6b50U

.6fab00

.7IbUO
•74b00
.77SUO

SIGTOT

6.0655b
6. 0t>476
b.06444
6.Ub4o3
6.0b55l

MUHAR

.07036

.07064

.07061

.07067

.070fi3

174
175
176
177

.80500

.85500

.90500

.95500

SIGTOT

b.06679
6. Of-962
6.06623
5.995ei

MUBA=*

.07070

.07021

.06021

.06371

THE ELASTIC CONTRIBUTION TO TH£ TOTAL CROSS SECTION WAS
CALCULATTD AT ALL OF THE TABULATED ENERGIES.THE INELASTIC
CONTRIBUTION WAS CALCULATED GN A COARSER MESH AND WAS
INTERPOLATED TO GIVE THE VALUES AT THE TABULATED FNERGIES.

THE FINAL ENERGY INTERVALS JSED FOR INTEGRATION OF
THE INELASTIC UATA AKE GlVEiJ

1

à
4
5 .
6
7

DtLTA E
.UU05
.1)01
.002
.004
.0Ub
.UOB
.01

UP TO
.004
.01
.03
.05
.14
.30
1.0

EV
EV
EV
EV
EV
EV
EV

Be - 5.3
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0.001

OO O
O o o

Bf at 296* K

<rT CALCULATED TOTAL CROSS SECTION

— - JI CALCULATED AVERAGE COSINE
o <rT MEASURED TOTAL CROSS SECTION

(BNL 325)

, , , I

-O.I

-.0.2

- 0 3

-0.4

Ui

13.

-0.5

-0.6

-0.7

-0.8

0.01 O.I 1.0
-0.9

ENERGY UV)
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6. Miscellaneous Notes on Beryllium

For temperatures other than 296 K the switching criteria for short

collision and the Oc,P mesh input for 296 K were multiplied by .
T°K

The only other changes made in the input for higher temperatures were

for obviou* items: T, ID number and comments.

Tabulated below are the temperature, Debye Waller integral, effec-

tive temperature and ID numbers of the scattering law data on file.

T(°K)

296

400

500

600

700

800

1000

1200

Debye Waller
Integral (eV1)

28.531

34.997

41.714

48.704

55.855

63.112

77.822

92.688

T(°K)

405.64

484.22

568.53

657.66

749.69

843.63

1035.0

1229.3

ENDF
ID No.

GA 0024

GA 0029

GA 0030

GA 0031

GA 0032

GA 0033

GA 0042

GA 0043

Be - 6. 1



BERYLLIUM OXIDE

1. Physics

Beryllium oxide is a crystal formed by two interpenetrating

lattices with hexagonal close packed structure, one corresponding to

the Be atoms, the other to the O atoms. There are four atoms in a unit

cell. The crystal has some properties of an ionic crystal and other

properties of a crystal with covalent bonding. It is probably less than

fifty percent ionic. "While more sophisticated models for BeO have been

tried, a scattering model has been made up based on the assumption of

complete isotropy of the crystal. While such an assumption is of course

unjustified, the resulting scattering kernel does predict neutron spectra

in fair agreement with experiment. A Debye frequency spectrum was

used assuming a Debye temperature of 1200 K and an average atomic

mass of 12.5. The scattering law was then calculated with the code

GASKET. Elastic coherent scattering for BeO has been calculated by

means of HEXSCAT using the known la-ttice structure, and assuming a

common Debye-Waller factor for both the oxygen and the beryllium

atoms.

BeO - 1. 1



2. Debye Frequency Spectrum for BeO -

0.011

0.010
f

0.009

0.006

0.007

- 0.006

0.005

0.004

0.003

0.002

0.001

I
I

/
/

y/
y/

0.01 0.02 0.03 0.04 0.0S 0.06 0.07 0.08 0.09 0.10 OH
m UV)

CU2

BeO - 2. 1



C.'.âl) WO. 1-1OIMAT COT)V. nVMl'OTfl /VTiI)

8 YElO Q3

9
10

11

12

13
Ik

Cards 9

7210

721Ô

7110

5Z10

and 10 a r e

X5

Q5

OTHON

EMAX 1.0 DALPHA .25 ALPEAC 3-0 DEETA .15 HETAC h,O

15, 16, 17, 18, 19 and 20 are not needed

21 2E10 OT .6 TMAX 3.0

1.2 7-5

1.8 30.0

3.0 320.0

6.0 600.0

8.0 1500.0

12.0 5000.0

22 2110
2S10 ID 57 ITPT 0 SIGF 9.86 EPS .000001

23 Card 23 Is not needed

BeO - 3. 1. 2



3. 1 GASKET Input for BeO at 296 K

The code GASKET is discussed in Section A. 3. The data tabulated
below follows the format of the code input instructions also given in Sec-
tion A. 3. The code symbols used below are defined in the code input sec-
tion. If no value is entered for a symbol the corresponding input quantity
was not required in the calculation.

:AJO SO. FORMAT CODE SYMBOLS AND VAIDES

1

2

3
h

5
6

7

13A6,A2

1115

315
5210

6zio
7E10

7210

COM

KT

NCP

IPG

JS3

Wl

T l

AM

CRTT2

X3

BeO Molecule a t

-7
1

0

-So

.001

.0255
12.5
0 . 0

- . 1OU

NP 5 0

BMESH 1

m

JSU O

W2 0.0

T2 0.0

DC 0.0

CRTT3 O.

296 K Debye Spectrum

NE 80

ITREST O

JS5 O

W3 1.00

T3 .0255

BETSW 0 . 0

O

NDAM

NCVP

WU

TU

ALPSW

1

O

0 . 0

0 . 0

0 . 0

NGPRT

NSEP

W5

T5
C R I T l

O

O

O

O

O

.0

.0

.0

BeO - 3. 1. 1



3.2 HEXSCAT Input for BeO

The code HEXSCAT is discussed in Section A. 3. The data tabula-
ted below follows the format of the code input instruction also given in
Section A. 3. The code symbols used below are defined in the code input
section. If no value is entered for a symbol the corresponding input
quantity was not required in the calculation.

CÀ3D BTO. FORMAT CODE SYMBOLS AND VAUJES

1

2

3

4

5

6

13A6,A2

5210,

1110,

815,
IElO

7E10

TElO

7E10

HOL ESXSCAT FOR

SCOH 1 . 0 A

ID 1 0 0 8 ZA

MZS 2 2 HTS

MCOS 0 | upcH

EHf 3-754475-3
•O5S35902

.08325706

.200

.800

WAL21.5862

3.2WO

TMP 2 9 6 . 0

800.0

EHEF BeO

2.695-8 c
2 0 0 . 0 AWE

8 KV\V

: 4 . 3 9 - 8 AMASC

0 NXAV

1 NFOEM 2 ESEP

.05

.06442

.09662996

.260

1.0

1.S857

3.9761

400.0
1000.0

.05280088

.07132077

.120

.300

2.2048

4.7161

500.0

3200.0

12.5 EXACT .05

2

1.0001

.05281143

.07543925

.130

.425

2.5423

600.0

IP 1

.05334735

-07526465

.150

.600

2.6913

700.0

BeO - 3. 2. 1
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4. Plots of Scattering Law

Values for Multicurve Plots

CURVE

1

2

3

4

V
Jl

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

INDEX

1

2

3

4

5

6

7

8

9

a

=
IT

•

Ô

a

+

A

B

C

D

^(296K)

0.00

.15

.30

• 90

1.50

2.10

2.70

3-30

3.9O

4.55

5.33

6.27

7.42

8.80

10.48

12.51

14.97

17.94

21.54

25.89

£(12OOK)

0.00

.037

.074

.222

• 370

.518

.666

.814

.962

1.12

1.31

1-55

I.83

2.17

2.58

3.08

3.69

4.42

5-31

6.39

BeO - 4. 1
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DATa1 FOR BEO AT 296 DEGREES K.

SIGTOT MUBAR E SIGTOT MUBAR

lt.9
170
171
172
173
17«*
175
17b
177
178
179
ICJO

lui

,15000
,2UUOO
.2240O
.2(+oOO
.27200
.29oOO
.32500
.35500
.3BbOO
.41500
.44500
.47500
.50500

10.05074
9.92318
9.95194
9.91640
9.90056
9.92454
9.94923
9.69624
9.88955
9.y2673
9.92932
9.9177b
9.92022

.02403

.04164

.04047

.04615

.04891

.04667

.04532

.04818

.049Ob

.05026

.05027

.05152

.05134

182
183
164
185
186
187
188
189
190
191
192
193
19<+

.53500

.56500

.59500

.62500

.65500

.6BbOO

.7IbOO

.74500

.77500

.80L)OO

.85500

.9ObOO

.95500

9.93824
9.91450
9.91411
9.9P088
'i. 90721
9.90546
9.9C319
9.8Q990
9.R9934
9.89678
9,fl°179
y.87097
9*7^098

.05159

.05200

.05201

.05242

.05265

.05278

.05296

.05323

.05322

.05340

.05359

.05375

•nszio

TrlE ELAbTIC CONTRIBUTION TO THE TOTAL CROSS SECTION WAS
CALCULATED AT ALL OF THE TABULATED EtJERGlES.THE IMELASTlC
CONTKIBUTIOU WAS CALCULATED ON A COARSER ME S H AND WAS
INTERPOLATED TO GIVE THE VALUES AT THE TABULATED FNERGIF.S.

THE FINAL ENERGY INTERVALS USED FOR INTÉGRATION OF
THE INELASTIC DATA ARE Gl1VEN BELOW.

1
2
3
4
5
6
7

DELTA E
.0005
.001
.002
.0U4
.006
.008
.Ul

UP TO
.004
.01
.03
.05
.14
.30
1.0

EV
EV
EV
EV
EV
EV
EV

BeO - 5.3



DAT.', FOR BtO AT 29b DEGREES K.

ao
67
à&
89
90
91

94
95
96
97
9»
99
100
loi

.030b3

.03101

.03150

.03199

.03200

.0.5259

.03319

.03378

.03379

.03414

.03449

.03484

.03485

.03bl8

.03bSû

105
106
107
lus

110
Hl
112
113
U4
115
Ub
117
Ho
119
120

.03o48

.0o713

.03779

.03779

.03767

.03795

.03803

.038U4

.03809

.03814

122
123

12b
126

.03820

.03V32

.04Û43

.04154

.04155

.04168

.04182

.04195
•0419b
.04239
.04282
.04325
.04326
.04328

SIGTOT

10.350B4
10.19729
10.04870
9.90482
9.90973
9.7402b
9.57710
9.4199b
10.02387
9.92763
9.83343
9.74122
9.7394U
9.65600
9.57420
9.49395
10.89890
10.71741
10.54256
10.37404
10.37213
10.35236
10.33268
10.31309
10.81480
10.80070
10.7ft663
10.77261
10.85389
10.56949
10.30156
10.04881
10.59007
10.55839
10.b2793
10.4971b
10,60123
10.50244
10.40577
10.31118
10.31730
10.31212

-.07060
-.05494
-.03979
-.04025
-.0224'f
-.00532
.01113
-.04933
-.03970
-.02980
-.02012
-.01993
-.ouia
-.00261
.00578
-, 12394
-.10495

-.06903
-.06836
-.066Û2
-.06477
-.06273
-.10621
-.10474
-.10328
-.10182
-.10851
-.07901
-.0ÏU29
-.02522

-.07134
-.06864
-.0&547
-.07462
-.06444
-.05448
-.04475
-.04530
-.04477

127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
15a
159
160
161
162
163
164
165
166
167
168

.04331

.04333

.04334

.04391

.04448

.04^,04

.04505

.04540

.04575

.04611

.04611

.04701

.04790

.04880

.04397

.04913
,04929
.04930
.04935
.04940
.04946
.04947
.04960
.04973
.049H6
.04987
.04991
.04996
.05000
.05280
.05281
.05835
.05636
.06442
.07132
.07549
.07626
.08326
.09663
.12000
.13(JOO

10
9

SIGTOT

10.30692
10.30174
1O.2R9H6
10.17377
10.06091
9.Q46P1
10.31045
10.23837
l0.1f750
10.09778

0O597
92332

9.7?-770
9.5^872
9.75546
9.7P71R
9.6r-908
9.67118
9.98703
9.Q7754
9.96,008
9.95863
Iu.27246
10.24832
10.22434
10.2C048
10.34845
10.34042
10.33239
10.32440
9.RF.173

10.55524
9.93095
10.51516
9.33257
9.45374
9.77650
9.53484
10.41946
9.7f-302
9.9P707
9.83537

MUPAi?

-.04423
-.04370
-.04251.
-.03107
•.01900
-.00727
-.04235

-.02054
-.02036
-.00270
.IU419
.03036
.01379
.01660
.01954
.02239
-.00997
-.00^00
-.PP803
-.00706
-.03740
-.03491
-.03244

-.04 384
-.Q43O1
-.0421*}
-.04130
.0073S
-.059ft2
.00822
-.04782
.02325
.05939
.02233
.04278
-.03688
.04043
.0P629
.04412

BeO - 5. 2



5. IfJTtGRAL DATA

TAriULATlÛN OF ENERGY IK EV (E) rTHE TOTAL CROSS SECTION IN B A W S
(SIGTOT) ANu THL AVtKAGL CObINE OF THE SCATTERING ANGLE

DATA FOH BEO AT 296 DEGREES K.

SIGTOT MUBAR SÏGTOT

1
2
3
4
5
6
7
B
9

10

H
12
13
1*
Ib
Ib
17

Io
19
20
21
22
23
2*
2b
26
27
26
29
30
31
32
^3
34
35
36
37
38
39
40
4l
42

.00375

.00392

.00408

.00424

.00424

.0041+3

.00462

.00461

.00462

.OùbfcJS

.00094

.OOoOO

.OuBOO

.00652

.00903

.00955

.00955

.Olol2

.01069

.01126

.01126

.01162

.01197

.01232

.01232

.01265

.01*98

.01330

.01331

.01388

.0144*+

.01501

.01502

.01518

.01534

.015bl

.01551

.01*70

.01589

.01608

.oiooa

.0lo38

5.3184b -.94536
5.10697 -.86620
4.91227 -.79358
4.73243 -.72673
7.52647 -.82825
7.21405 -.75142
6.92740 -.63102
6.66337 -.61631
9.99211 -.74420
8.2306© -.43509
7.00906 -.22240
6.11249 -.06732
7.69343 -.25976
7.24260 -.18618
6.84450 -.12131
6.48924 -.06377
6.48799 .-.06357
6.137b3 -.00723
5.62462 .04277
5.54380 .08739
9.17810 -.343M4
8.90766 -.30411
8.65326 -.26679
8.41363 -.23168
8.41204 -.23145
8.20277 -.2Q0ri3
8.0041b -.17IdI
7.81552 -.14426
J1.404&9 -.41380
10.94919 -.35687
10.52996 -.30456
10.14276 -.25632
10.71709 -.29612
10.60607 -.28260
10.49741 -.26937
10.39104 -.25644
12.62341 -.36795
12.47532 -.37151
12.33005 -.35549
12.1H979 -.33986
12.69525 -.36603
12.4b99i -.341Sd

43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
50
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
61
02
83
84

.01o68

.01698

.nio98

.01774

.01050

.01926

.01926

.01975

.02024
• 02i>73
.02073
.02076
.02078
.02U81
.02081
.02206
.02331
.02456
.02457
«02514
.02571
.02623
.02628
.02636
.02644
.02652
.02653
.02660
.02707
.02734
.02734
.02764
.02794
.02324
.02824
.02692
.02960
.03028
.03028
.03U36
.03044
.03052

12.25262 -.31802
12.04307 -.29532
12.05358 -.29502
11.55216 -.24166
11.09249 -.19208
10.66988 -.14654
11.06179 -.17675
10.79782 -.14857
10.5HtSeO -.12182
10.30772 -.09637
10.31971 -.09739
10.3C754 -.09610
10.29545 -.0°481
10.2P334 -.09352
10.28135 -.09331
9.7?273 -.03410
9.22509 .01R41
8.77934 .06^20

10.10913 -.07506
9.89120 -.05189
9.6P.334 -.02982
9.4P470 -.00*577
9.94616 -.05479
9.91712 -.05171
9.8fl«30 -.04865
9.R5962 -.04561
9.85776 -.04541
9.76407 -.03540
9.67229 -.02577
y.5£236 -.01626

10.00675 -.05801
9.90461 -.04720
9.80470 -.03664
9.70700 -.0?632
9.73859 -.02947
9.5?322 -.nof>76
9.31786 .01482
9.12206 .0353b
10.05828 -.06110
10.03379 -.05851
10.00944 -.0559^
9.9i-525 -.05337

BeO - 5. 1



6. Miscellaneous Notes on Beryllium Oxide

For temperatures other than 296 K the switching criteria for short

collision and the Cl,(3 mesh input for 296 K were multiplied by—• .
T°K

The only other changes made in the input for higher temperatures were

for obvious items: T, ID number and comments.

Tabulated below are the temperature, Debye Waller integral,

effective temperature and ID numbers of the scattering law data on file.

T(°K)

296

400

500

600

700

800

1000

1200

Debye WaUer
Integral (eV1)

19.827

23.571

27.560

31.779

36.141

40.600

49.701

58.951

T(°K)

504.37

565.00

636.40

715.83

800.43

888.55

1071.5

1259.9

ENDF
ID No.

GA 0057

GA 0058

GA 0059

GA 0060

GA 0061

GA 0062

GA 0063

GA 0064

BeO - 6. 1



BERYLLIUM OXIDE

1. Physics

The scattering law of BeO has been calculated using the incoherent

isotropic approximation.

Beryllium oxide consists of two interpenetrating hexagonal close-

packed structures with four atoms per unit cell.

The lattice dynamics has been developed on the basis of a shell

model, whose parameters have been chosen in such a way to give the best

agreement to the elastic constants data and to the measured Raman fre-

quencies.

Only the negative ions (oxygen) have been assumed to be polariz-

able. The effective charge on the ions has been taken to be 1. 1 electron

units, as derived from the Szigeti relation. The negative charge on the

shell of each oxygen ion has been taken as equal to 1. 2 electron units.

The isotropic elastic force constant connecting shell and core of the nega-

tive ions has been taken as equal to 3 x 10 dyn/cm. The long range

forces have been computed using the Ewald method.

Short range repulsive forces are acting among first and second

neighbors. These interactions take place between the positive ions and

the shells of the negative ions. Introduction of the second neighbors inter-

action was found necessary in order to fit the preliminary dispersion re-
(2)

lations measured by neutron scattering.

The frequency spectra weighted by the squares of the amplitude

vectors have been computed separately for beryllium and oxygen and have

been used to calculate the relative scattering laws using the code CASKET.

-G. Borgonovi, "Lattice Dynamics and Neutron Scattering of BeO, "
USAEC Report GA-8758, Gulf General Atomic Incorporated (1968).

R. M. Brugger, K. A.
Solids, 28, 249 (1967).

(2)
v R. M. Brugger, K. A. Strong and J. M. Carpenter, J. Phys. Chem.

BeO - 1. 1
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The two scattering laws have been combined and the total scattering law

is referred to the beryllium atom.

The elastic part of the scattering law has been calculated by the

code HEXSCAT using the average of the Debye-Waller factors for beryl-

lium and oxygen.

BeO - 1. 2
(Rev. -12/31/69)



2. Weighted Frequency Spectrum for Be in BeO

250
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Weighted Frequency Spectrum for Oxygen in BeO
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3. 1 GASKET Input for Be(BeO) at 296°K

The code GASKET is discussed in Section A. 3. 1. The data tabu-
lated below follows the format of the code input instructions also given
in Section A. 3. 1. The code symbols used below are defined on the code
input section. If no value is entered for a symbol then that datum was not
required.

CARD NO. FORMAT CODE SYMBOLS AND VALUES
1 13A6, A2 COM Be in BeO at 296 degrees K.
2 1115 NT -5 NP 50 NE 80 NDAM l NGPRT

NCP 0 NMESH_T_ NREST 0 NCVP Q NSEP"
IPG _ 0

3 315 JS3 -83 JS4 Q JS5 Q
4 5E10 Wl Q. QQI W2 Q. Q W3 1. 0 W4 ._ W5
5 6E10 Tl Q. Q255T2 0. 0 T3 Q. 0255 T4 T5
6 7E10 AM 9. Q13DC 0.0 BETSW 40.0 ALPSW 20.0 CRITl

CRIT2 CRIT3
X3 0. 1371

BeO - 3. 1. 1
(Rev.-12/31/69)



CARD NO. FORMAT CODE SYMBOLS AND VALUES
8 7E10 Q3 0.3

9
10
11
12
13
14
15,
21

Cards 9 and 10 are not needed

16,

7E10
7E10
7110
5E10

17, 18,
2E10

X5
Q5'

NPHON^
EMAX-Ij111O DALPHAO. 25 ALPHAC 2.95 DBETA 0. 15 BETAC 4. 0

19 and 20 are not needed
DT 0. 15 TMAX 6.0

60.0
300.0
2500. 0
5500.0

22

23

2110
2E10 ID 150 NPT

Card 23 is not needed

SIGF 6. 09 EPS 1. OE-6

BeO - 3. 1. 2
(Rev.-12/31/69)



3 . 1 . a GASKET Input for Q(BeO)

The code GASKET is discussed in Section A. 3. 1. The data tabu-
lated below follows the format of the code input instructions also given
in Section A. 3. 1. The code symbols used below are defined on the code
input section. If no value is entered for a symbol then that datum was not
required.

CARD NO.

1
2

3
4
5
6

FORMAT
13A6, A2
1115

315
5E10
6E10
7E10

COM
NT
NCP
IPG "
JS3 "
Wl Ô
Tl 0.
AM

Oxygen
-5 NP

CODE SYMBOLS AND VALUES
in BeO at 296 degrees K.

50 NE 80 NDAM 1
0 NMESH 1 NREST 0 NCVP

-83 JS4 Q JS5 Q
.001 W2 0.0 W3 1.0 W4
0255 T2
16. 0 DC

0.0 T3 0. 0255T4
0. 0 BETSW 40. 0 ALPSW

NGPRT 0
0

T5
20. C

_ NSEP 0

W5

) CRITl
CRIT2 CRIT3
X3 Q. 1371

BeO - 3. 1.3
(Rev, -12/31/69)



CARD NO. FORMAT CODE SYMBOLS AND VALUES

8 7E10 2.5

9
10
11
12
13
14
15,
21

Cards 9 and 10 are not needed

16,

7E10
7E10
7110
5E10

17, 18,
2E10

X5
Q5"

NPHON^
E M A X U DALPHA. 14CS ALPHACL6638 DBETA 0. 13 BETAC 4. 0

19 and 20 are not needed
DT 0. 15 TMAX 6,0

60. 0
300. 0

2500. 0
i50(

22

23

2110
2E10 ID 160 NPT

Card 23 is not needed

SIGF 3.76 EPS 1. 0E-6

BeO - 3. 1.4
(Rev.-12/31/69)



3.2 HEXSCAT Input for BeO

The code HEXSCAT is discussed in Section A. 3. 1. The data
tabulated below follows the format of the code input instruction also given
in Section A. 3. 1. The code symbols used below are defined in the code
input section. If no value is entered for a symbol the corresponding input
quantity was not required in the calculation.

CARD NO.
'l
2

3

FORMAT
13A6, A2
5E10,
1110,
815,
IElO

CODE SYMBOLS AND VALUES

HOL HEXSCAT for Borgonuuis shell model BeO
SCOH 1. 0 A 2.695-8 C 4.39-6 AMASC 12.5 EXACT 0. 05

ID 1108 ZA 200. 0 AWR 24. 7967
NES 22 NTS 8 NAV 0 NXAV 2 IP 1

NCOS 0 NPCH 1 NFORM 2 ESEP 1.0001
EIN3. 754475-3 0.05 0.05280088 0.05281143 0.05834735

7E10

7E10

0. 05835902
0. 08325706
0.200
0.800

WAL2 2. 153
4. 7164

TMP 296. 0
800. 0

0.
0.
0.
1.

06442
09662996
260
0

2.63 74
5. 8052

400.0
1000.0

0. 07132077
0. 120
0.300

3. 1348
6.9068

500.0
1200. 0

0.
0.
0.

07548925
130
425

3.6513

600.0

0.
0.
0.

07826-368
150
600

4.1798

700. 0

BeO - 3. 2. 1
(Rev. -12/31/69)



4. Plots of Scattering Law for BeO

Curve

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

BETA VALUES

Index

1

2

3

4

5

6

7

8

9

=
i t

i

6

a

+

A

B

C

D

FOR MULTICURVE PLOT

J3(296°K)

0.00

0. 150

0.300

0.900

1.500

2. 100

2. 700

3.300

3.900

4.5456

5.3273

6. 2738

7.4199

8.8078

10. 488

12.523

14.987

17.971

21.584

25.959

/3(1200°K)

0.0

0. 036992

0.073984

0. 22195

0.36992

0.51789

0.66586

0.81382

0.96179

1. 1210

1.3138

1.5472

1.8299

2. 1721

2. 5866

3.0884

3.6961

4.4319

5.3229

6. 4017

BeO - 4. 1
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I/-L.UL.ATIGN Or Li^ Jh c>/ (E)»THE T U T A L CROSS SECTION If. 1,'.!-Ni
CuSlUt OF THE SCATTERING ^MiLE (f.'un IO

SIGTOT

d t o »>T 29© LiLGKELS K.

1
•i
O
H

7
b

10
11
12
Io
IH

la
Io
17
Io
IS
(.U

il
2i
iJ
2*+
ia
ko
27
ic
29
JU

31
32
33
3H
35
3u
37
30
39
HU
Hl
••c

>UUj7b
>ou39i
•uOHOû
«00424

•00424

•UU44J

• OuHbi
. UL-HbI

• uOHb<^
• Ùiibbb
.Uub9H
• UObOO
.OlibuO

* ouob2
• 0ù9u3
.UL9bS
.ubS»bb
.UlLIi
.ulLb9
.Ollifc
.ull2o
.ullbi
.J1197
.ul£3i
.U123*
• ul2t>b
.Ul<i9a
.U1J30
.J1331
.Olibo
.01445
.Ulbul
.L)lb02
.ulblo
.0lb3H
•ul5bl
• Olbbl
.Ulb7u
.olbt.9

• olcoo
•UlbUO
.ulo3d

5.3H6bti -.93D6b
5.1397b -.85719
H.9H7cu -.78b2b
**.77diy -.71911
7.53724 -.82232
7.228C3 -.7HoOi
6.945OH -.67blb
b.bdbib -.bli9u
9.977jH -.74uûy
ti.i3or.tj -.H3J2o
7.03230 -.22300
t>.15OS>i -.'j7ill
7.7u32o -.ibtlôfe
7.261uu -.18o2b
o.o7ù30 -.122b*;
ti.o222h -.0bo5a
C.521L.7 -.Obolb
6.17097 -.01129
:>.u73b7 . J3/19
5.b9d5b .u8o2b
9.1HO1SSi -.33e9b
b.67597 -.29y89
b.o27b6 -.26324
8.39379 -.22d6u
e.^)9221 -.22B57
8.1btJ33 -.19t)5d
7.99bu9 -.17ul9
7.612bH - . 1 4 J 2 9
11.29H19 -.40/61
lu.65325 -.35150
10.44731 -.30004
10.07233 -.25*67
10.o272b -.29J.6H
10.51954 -.27o36
10.4min -.26538
10.31097 -.2bi69
12.Hobbo -.38167
12.322H -.36^69
12.18214 -.34992
12.04bso -.33453
12.b327i -.36u29
12.314bl -.33u2t

43
44
45
46
47
48
49
50
51
52
53
54
5b
5b
57
58
59
6u
61
62
63
64
6b
66
67
68
69
70
71
72
73
74
75
7o
77
76
79
60
61
62
83
84

.OlbbB

.01698

.01698

.01774

.01850

.01926

.01926

.01975

.02024

.o2o73

.02073

.02076
•02078
.02061
.02061
•02206
.02331
.02456
.02457
.02514
.02571
. 0 2 D 2 8

.02626

.02636

.02644

.02b52

.02653

.02bts0

.02707

.0273^

.02734

.02764

.02794

.02624

.02824

.02892

.029oO

.0302J
• u302ii
.O303o
.03044
.03052

12.10421
11.90140
11.91149
11.42562
10.98152
1'..57438
m.94937
10.69584
l-i.4b472
1 i.?25l3
1-1.23653
10.22466
10.21323
10.20162
10.19973
9.66122
9.182L2
R.7551b
10.01224
9.P.0427
9. 61)666
9.41793
9.05243
9.P?4fa9
9.79752
9.77032
9.7685b
9.67970
9.59270
9.50750
9.90612
9.80945
9.71495
9.e225n
9.C5217
9.4H876
9.25473
9.06999
9.943b5
9.92ObO
9.e97j>H
9.^7479

BeO
(Rev

-.313:-H
-.29073
-.291?1
-.23«!ic
-.1894?
-.1449(.
-.174If3
-.1466.5
-.12.-:5-
-.(•9h77
-.D9b7H
-.0954,-
-.11942.5
-.0929e
-.09^7^.
-.03529
.01544
.0603T,

-.07289
-.050Bb
-.02^3?
-.0091S
-.052Rt.
-.l!499r
-.0469f-
-.044ut
-.04387
-.(1343b
-.025Ob
-.Olb9b
-.05557
-.04521
-.03bln
-.02523
-.02523
-.00654
.014Ou
.0334^-

-.(••S74,-.

-.Ob49ir
-.05247
-.0500?

-5.1
.-12/31/69)



f-U<- AT 2*6 l;t(SPEES" K.

ob
bo
o 7

bo
SV
9<j

Vi
9«.
VJ

V*
VS
Vo
v /
Vo
VV
loo
X J l

lu*i

loJ
l v'4

l'jb

1,/
IvO

1-V
IiO
111
ii*
113
li.4

lib
ilo
11/
IiO
H V
I2u
li.1

\.££-
Ii. O
1**

XCt)

L.

.J3ob3

.03IuI

.03150

.U319V
•u3éU0
«03i:5y
•^3319
•u337b
.03379
• u3»+14
.u344V
•u34b4
.jO4bS
. OOl/io

• <j3bbo
.Uo^b*
.O 3bb3
• 03o4cJ

.03713

.03779
• ui/ 7V
• o 3 7 b 7
• O3 79'j
• u3bl>3

• u3bu4
•o3buy
• o3cl4
• o3c2u
.UOc^ O
.U39«J2

.u4o43

•041bb

• u4itio

«u4lb*
»04i9b
.u41Vo
«04^39
.u4^b^

• u43iib
» 04i«:c

SJIVTOT

10.21371
10.o7l4ti

9.V3190
9. 79 7(jC
9.bOisb

9.o4^9u
9.49o4tj
9.3439i
9, V02tiV

9.bl330
9.7iib7i

9.o40u7

V.o3bjV
9 *~É3 A

9.4<Jb£.i
9.4lO9i
10.7ub3t
10.53817
Iu.o7/b9
10.t23ub
10.ii21t:9
10 .£j3l9
lu.iôblt
10.1672^
10 .027U
10,ul4^i
lO.oOljj
Io ,bbiiHV
10,bb299
10.40297
Il;.l5<io7

10 »421tj4

10« 39ci74
10.364b4
10.33b74
10.431^7
10.3417i:

10.16861
10.17H17
10.16947

NUUAK

-.08173
-«06u24
-.05131
-.03u9o
-.03733
-•02u4i
-.00423
. 0113 O

—.0*303
-.03u24
-.02o8u
-.01774
-.01/56
-.O0V32
-.00126
•00o62

—.llolo
-.09/12
-.u7y8il
-.U6J21
-.UbJo2
-.Ublilb
-. :.5Vlb
-...5/^2
-.oOoUi:
-.u9o64
-.09b2b
-,^gjub
-,1UUl/
- . 0 7 C 3 J

-, (j4oju
-.02i9o
-.06017
-.o6blb
-.0621b
-,05V19
-.06770
-.05ola
-,U4ofa9
-.03v83
-.04u33
-.03V84

127
126
129
130
131
132
133
134
135
136
137
13d
139
140
141
142
143
144
145
14b
147
14b1

149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
16b
167
168

.04331

.04333

.04334

.04391

.1)4448

.04504

.04505

.04540

.04576

.04611

.04611

.04701

.04790

.04880

.04881

.04697

.04913

.04929

.04930

.04935

.U4940

.0494b

.04947

.04960

.04973

.0498b

.04987

.04991

.0499b

.05OuO

.05280

.05281

.05635

.05836

.06442

.07132

.07549

.07826

.0832O
•o96b3
.12OuO
.13000

SIoTOT

10.1647b
10.16009
10.15840
10.0*90*
9.9*332
9.8*066
10.1692*
10.10*7b
I'),n4l36
9.97905
9.97742
9.G2322
9.fc7545
9.53377
9.67397
9.64ti77
9.62375
9.59892
9.881(18
9.ë72fo4
9.H6421
9.e5bril

10.136I,6

1;1, ll4£'S
l n. (;932<2
10.07199
10.20*ui
I'i.l96â7
10.18973
l:i.16261
9.762b4

l.i, 285'JU
9.fl2993

10.3*113
9.736oâ
9.400fa5
9.b6037
9.4838B
10.14446
9.56344
9.697i,l
^.60319

i-'UHAf

-.03934
-.038««,
-.038nf
-.02712
-.01595
-.O')5l4
-.0373(.
-.03('4f,
-.0237t.
-.0171P
-.017Ul
-.00061
.01462
.02931
.0143P
.01701
.01961
.0221"

-.00702
-.0l>6l4

- • P r 4.7 7

-»O319(
-. (296;
-. Lt 73r:

-.02511
-. ()377,i

-. fJ3o9t"i
-, 03b2i'

-.0354Ç.

.0HP05
- • 0 *517 u

.00^09
-.040'Ih
.023h7
.115574
.U24ril

• 04£7;.%

-.0242?
.04310
.034Hl
. U4t'9i!

BeO - 5.2
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169
17«
171

17a
174
175
17b
177
17b
179
lbu
ItU
162

L«T,

C

•lbouo
.3UbLu
.4UbCO
•H2buU
•44500
.4b5uO
•48b00
•3050U
OibUU
.b4buu
•DbbuU
.bbbuO
.DUbuO
.Ô2b00

> F wr, DLO >

SIuTOT

9.74734
9.7lbbl
9.74b2<:
9.74604
9.74973
9.75211
9.7bb43
9.760u4
9.76261
9.76420
9.76622
9.76874
9.7 7062
9.77299

>T 2*o DtGREES

KULJAK

.03463

.u5368

.0547U

.05393

.05450

.05479

.05489

.05489

.05493

.05bl2

. 0 5 D 2 3
•U5b3u
.u5b41
•U5b46

183
164
185
186
187
186
189
190
191
192
193
194
195
196

E

.64500

.66500

.68500

.7ObOO

.72500

.74500

.76500

.78500

.60500

.65500

.88500

.91500

.94500

.97500

SIRTOT

9.77491
9.77725
9.77883
9.78061
9.78226
9.78363
9.78542
9.78675
9.78795
9.78938
9.78474
9.76238
9.71484
9.53559

KUPSi-

.0555h

.0556(

.0556Ç

.P5577

.055Bb

.05594

.0559fi

.05607

.05614

.05634

.05645

.0562ft

.05591

.C5l5f.

THt C-LMSTK (.OMKIuUTlCN TO THL TOTA. CROSS SECTION WAS
Coi-CUi-nTtD Al ALL OF ThE. TA.IULMTED ENERGIES.THE INELASTIC
CO"TMuUT10N WAS CALCULATED ON A COARSER MESH AND WAS
iNTfc.KPoL*TtU TO t l V L THt V«LUEb AT THt TABULATED ENERGILS,

THc. r lUAL tNtRbY lNTfRVrtLS USEU FOR INTEGRATION CF
Inc. INLLAbTIC DAlA AI<E GIVtN BELOW.

i
2
3
4
b
O

7

UtLT/V t
.GoOb
.UOl
.002
.0u4
• UOb
.CUB
.Oi

UP Tv
.004
.01
.03
.05
.14
.3U
.1.0

LV
LV
EV
LV
EV
LV
LV

BeO - 5.3
(Rev.-12/31/69)
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6. Miscellaneous Notes on Beryllium Oxide

For temperatures other than 296 K the switching criteria for

short collision and the a. 0 mesh input for 296 K were multiplied by -=g

The only other changes made in the input for higher temperatures were

for obvious items: T1 ID number and comments.

Tabulated below are the temperature, Debye-Waller integral and

effective temperature of the scattering law data on file.

T(°K)

296

400

500

600

700

800

1000

1200

Debye-Waller
Integral (eV* )
for Beryllium

19.339

23.191

27.200

31.4021

35.7334

40.152

49. 161

58.312

T(0K) for
Beryllium

596.4

643. 9

704.6

775.3

852.9
935.4

1109.8

1292.3

Debye-Waller
Integral (eV"1)

for Oxygen

34.568

43. 227

52.031

61.096

70.321

79.649

98.497

117.50

T(°K) for
Oxygen

427.8

502.8

584.3

671.3

761.6

854. 2

1043.7

1236.6

BeO - 6 . 1
(Rev. -12/31/69)



GRAPHITE

1. Physics

The scattering law data for graphite has been computed assuming

that the incoherent and isotropic approximations are valid, so that the

scattering depends solely upon the phonon spectrum of the lattice vibrations.

The force model used to compute the phonon spectrum contains four

force constants. One force constant is used to describe a nearest neighbor

central force which binds two hexagonal planes together, another describes

a bond-bending force in a hexagonal plane, the third is for bond-stretching

between nearest neighbors in the plane, and the fourth corresponds to a

restoring force against bending of the hexagonal plane. The force constants

have been evaluated numerically in this model by performing a very precise

fit to the high and low temperature specific heat, and to the compressibility

of reactor grade graphite. Calculations of neutron spectra using the phonon

spectrum based on the above calculation gives excellent agreement when

compared with experiment. The elastic scattering was evaluated using

HEXSCAT and the known lattice structure of graphite.

( 1 ) Nukleonik Band 1, 295, (1965). (J. A. Young, N. F. Wikner & D. E. Parks)
J. Chem. Phys. 42_, 357, (1965). (J. A. Young & J. U. Koppel)

C - 1. 1



2. Freauency Spectrum for Graphite-.

(TO) d

C - 2. 1



3. 1 GASKET Input for Graphite at 296°K

The code GASKET is discussed in Section A. 3. The data tabulated
below follows the format of the code input instructions also given in Sec-
tion A. 3. The code symbols used below are defined in the code input sec-
tion. If no value is entered for a symbol the corresponding input quantity
was not required in the calculation.

CAHD NO. FORMAT CODE SYMBOLS AND VAIUES

1 13AÔ.A2 COM ca rbon a t 296 K

2 1115 HT - 9 NP kO HE 80 HDAM 1 NGPRI

NSEP

IPC _ 0

3 315
k 5210

5 6EiO

6 TElO

7E10

0

0

0

0

.0

.0

.0

C - 3 . 1 . 1



-UO. FOIWAT CODE SYMBOLS AND VALUES

8

11

12

13

11+

15, 16,

21

2 ?

TElO

C.inh-.

7E10

7110
5E10

17, 18
2E10

2110
2E10

Q3

9 and 10 are

X5

«5
NPHON

EMAX

.^1+6613

^ .76^97

1+. 1+8287

5.53636

7.17251

1+.65109

5.19812

1.1+135 3.03321

4. 05025 4.84696
5.806I+2 4 . 63802

7.51076 5.31651

3.31813 4.50126

13.1324 7.25016

\ .457086

not needed

1.0

2
7
4

5
6

.25901

.35744

.28503

.40525

.04663

.5662

DALPHA .25 ALPHAC 2.0

, 19 and 20 a r e n o t needed

DT .001 TMAX «01

ID

.01

. 1

.25

•5
1.0

2 .0

4.0

6.0

31+ 1

. 1

3.0

6.0

9.0

22.0

24.0

100.0

3000.0

TPT 0 SIGF 4 .71 EPS

3.3o466

5.88224

3.92079
5.20376

4.2089

5.47181

DBETA

.000001

3
4
4

5

2

5

.48269

.63255

.91352

.3276

.91985

. 0 6 1 3 7

1 BETAC 4 .

Card 23 is not needed

C - 3. 1. 2



3. 2 HEXSCAT Input for Graphite

The code HEXSCAT is discussed in Section A. 3. The data tabu-
lated below follows the format of the code input instruction also given in
Section A. 3. The code symbols used below are defined in the code input
section. If no value is entered for a symbol the corresponding input
quantity was not required in the calculation.

CARD NO.

1

2

3

k

5

6

FORMAT

13A6,A2

5E10,

n i O , 2E10

815,
IElO

TElO

7E10

TElO

HOL

SCOH

ID

BSS

NCOS

EIN

WAL2

TMP

CODE SYMBOLS

HEXSCAJ f o i

S.SO A

IO65 ZA

k2 HTS

AND VALUES

:• ENEF carbon

2.4-57V8

•

C 6 .700-6 AMASC 1 2 . 0 1 1

6OOO.O AWR

10 WAV 0

0 HPCHl SFOIW 3

I.822378-3
.04064301

.oks. 99249

.04793252

.05910712

.06978710

.09663674

•32

.90

2.1997

4.9969

296.0

8OO.O

.04

.0424569

.04300109

.O5149859

.05915034

.07059208

.11

.40

1.0

2.7448

6.1624

4oo.o
1000.0

.04037961

.04246539

.04555034

.05392457

.05916216

.07302051

• 15

• 50

3.2912

7-3387

500.0

. 1200.0

HXAV 2

ESEP 1.0001

.0403876

.042697Ib

.04555945

.05704441

.06146790

.07592887

.19

.60

3.8510

9-6287

600.0

1600.0

EXACT .04

IP 1

.04063li68

.04270571

.04792294

.05909530

.06145019

.OtIOL

.25

• 75

4.4210

11.992

700.0

200c.0

C - 3.2. 1



4. Plots of Scattering Law

g Values for Multicurve Plots

CURVE INDEX P (296K) B (1200K)

1 1 0.00 0.00

2 2 .10 .025

3 i 3 .20 .049

4 4 .60 .148

5 5 1.00 .247

6 6 1.40 .345

7 7 1.80 .444

8 8 2. 20 .543

9 9 2. 60 . 641

10 B 3.00 .740

11 = 3.40 .838

12 " 3 .80 .937

13 « 4.21 1.038

14 6 4.76 1.175

15 a 5.56 1.372

16 + 6.72 1.657

17 A 8.38 2.067

18 B 10.79 2.660

19 C 14.25 3.514

20 D 19.25 4.748

C - 4.1
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b. INTtGRAL OATA

TAbULATION UF ENERGt IN EV (E).THE TOTAL CROSS SECTICM IM PARNS
(S15T0T) ANU THt AVENACJE COSINE OF THE SCATTERING AMGLE

37
38
39
*0
*1
42

DATA FOR SRAPHITE AT 296 DEGREE? K.

00034
00*10

00*24
0U438

.00*52

.00*67

.00*82

.00*97

.00*97

.00b43

0063*

1 .001Û2
2
3
*
b
6
7
8
9
10
11
12
13
14
15
Ib
17
18
19
20
21
22
23
24
25
26
27
28
29 .01139
30 .01153
31 .01167
32 .01180
33 .01181
34 .01239
35 .01*97
36 .01354

.01355

.01370

.01385

.01*00

.01*00

.H0b65

.00b97

.00729

.00729

.0U773

.00ol7
• Ooool
.00862
.00954
.010*6

.01**6

SlSTOT

7.6*83*
5,**835
*,2*816
3.*9297
3.49230
3.33*05
3.28267
3.18756
3.53391
3.42510
3.3231*
3.227*2
5.02176
*.61610
4.27360
3.9306b
*.39051
*.19120
*.01021
3.6*512
4.72471
4.46711
*.23772
*.03220
*.79308
*.3522*
3.9906*
3.6890*
3.6883b
3.6*768
3.60799
3.56926
3.722*8
3.56202
3.*16*o
3.2839b
4.2693g
*.22597
*.1835*
*.1*203
4.14127
*.02180

.972*3

.*0168

.09517
,09285
.09*02
.12071
.1*560
.16683
.05396
.08193
.10801
.13236
.27233
.17032
.08*32
.01131
.10372
.05*27
.00957
.03099
.16119
.09823
•.0*2*5
.00722
•.1528*
•,0*7*1
.03816
.10862
.10878
.11820
.1273o
.13629
.089*1
.12709
.16092
.19138
•.08392
•.07289
-.D6213
-.05101
•.051*2
-.02125

43
44
45
46
47
48
49
50

.01491

.01537

.01537

.01555

.01573

.Olb9O

.01591

.01o07

.01623

.01640

.01640

.016B2

52
53
54
55 .01723
56 .01764
57
58
59
60
61
62
63
64
65
66
67
68
69 .01989
70 .02020

.02052

.02083

.02084

.02086

.02(:89

.02091

.02G92

.02133

.02175

.02216

.02216

.02222

.02227

.02232

71
72
73
74
75
76
77
78
79
80
81
62
83
84

.01765

.01779

.01792

.01806

.01606

.01621

.01836

.01852

.01852

.01897

.01943

.01988

SIGTOT

3.90989
3.eC*91
b.40999
5.35240

5,
5.
5,
b,

5.
5.
5.
5.

5,
5.

5,
4.
5.
4.

b.
5.
5.

VUPAP

.0331J
-.27359
-.25969

5.24126
5.52492
5.47237
.42092
.37053
,61010
.4P151

5.3F934
5.2"309
,2*213
,2C488
,16-822
,13214

5.16963
5.13040
,09186
,0F394

5.27439
5.15867
,0*«68
,94 395
,00858
,93771

4.86912
4.60271
,77090
,76450
,75811

5.7F174 -
5.B1086 -
5.7P767 -
5.60R61 -
5.51339
5.67609
5.6*405
5.65206
5.64010

-.23292
-.?7223

-.?4769
-.235Bl
-.26837

-.2103f!

-.1B324
-.17*65
-.16621.
-.15790
-.16391S
-.15*9*
-.1*610
-.13740
-.173*2
-.14713
-.12219
-.09851
-.11011
-.09415
-.07873
-.C63B*
-.22095
-.21955
-.218If,

21677
-.22465
-.20223
-.18075
-.16015
-.18417
-.1BIbB
-.17OCl
-.1764*

C - 5. 1



DAT;» FOR GRAPHITE AT 29,, D L G R E E S K.

c. SIGTOT MUbAR E SIGTOT MURAK

*6
67

&a
90
91
92
93
94
95
y6
97
98
99
100
lui
102
103
io4
105
1U6
1U7
IQS
109
HO
Hl
U2
U 3

Hb
116
117
118
1A9
120
121
122
123
124
125
126

.02232

.02319

.02406

.02493

.02494

.02t>07

.02521

.02535

.02535

.02585

.0^634

.02oB3

.02684

.02761

.02o3B

.02915

.02916

.02925

.02935

.02945

.02945

.02962

.02976

.02994

.02995

.03050

.03105

.03IbO

.031Ol

.03176

.03191

.03206

.03207

.03252

.03297

.03343

.03343

.033Sl

.033b9

.03367

.03367

.03394

5.6390-5 -.17623
5.44763 -.13521
5.27074 -.09751
5,10691 -.06278
5.106Ou -.06259
5.08132 -.05737
b.0569b -.05223
5.03288 -.04715
5.07534 -.05510
4.98967 -.03710
4.90779 -.01908
4.6289b -.00341
4.94596 -.02700
4.82571 -.00186
4.71249 .02164
4.60573 .043&3
4.69557 .02364
4.66234 .02636
4.66921 .02909
4.65617 .03179
4.75553 .01020
4.73315 .01436
4.71101 .01946
4.68915 .02400
5.207U4 -.07790
5.12565 -.06064
5.04737 -.04411
4.97206 -.02827
5.00067 -.03382
4.98059 -.O29bO
4.96073 -.02544
4.94107 -.02132
5.11253 -.05414
5.05181 -.0413o
4,99291 -.02900
4.93577 -.01705
4.98823 -.02739
4.97846 -.02534
4.96875 -.02331
4.95908 -.02129
4.98456 -.02629
4.95228 -.01954

127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
1*3
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168

.03420

.03446

.03446

.03488

.03529

.03570

.03571

.03->76

.03581

.03566

.03587

.03621

.03D55

.03o90

.03t.90

.03757

.03fi23

.03689

.03890

.03927

.03963

.04000

.04039

.04039

.04063

.04064

.04246

.04247

.04270

.04271

.04299

.04300

.04555

.04556

.04792

.04793

.05150

.05392

.05704

.05910

.05911

.05915

4.9P054
4.8P932
4.91373
4.Bf-5l8
4.B1787
4.77178
4.91292
4.90712
4.90133
4.89556
4.RQU74
4.6f'662
4.81930
4.76273
4.7P195
4.71306
4.64682
4.58312
4.62284
4.58832
4.55453
4.52143
4.4P7K7
4.5^37O
4.52195
4.67044
4.56562
4.R39P1
4.fil9ni
5.09026
5.0630fi
5.16296
4.972P5
4.97219
4.79568
5.01332
4.7F590
4.62761
4.93436
4.82089
4.96463
4.9*205

-.01292
-.00642
-.01136
-.00127
.0PR53
.nieoR

-.01122
-.niooi
-.00880
-.00760
-.00743
.roo5o
.00R23
.0157Q
.03595
.03012
.C436D
.05659
,fi4749
.P5450
.06134

. .06601
.07474
.0614O
.06589
.03197
.05248

-.0071R
-.00276
-.05593
-.050OH
-.0&e44
-.01915
-.D2f>9n
.01040

-.03348
.0152c,
.04797

-.01817
. o of» i a

-.0229S
-.0223"

C - 5. 2



OAT* FuK GKAPHITE AT 296 DECREES K.

SIGTOT MUUAR SIGTOT

Ib9
170
171
172
173
17*+
17b
17b
177
178
179
IbO
loi
Id2
1*3
id1»
la5
166
187

.05916

.06147

.06148

.(16^79

.07059

.07302

.07593

.08101

.09oo4

.11UOO

.15000

.19000

.20000

.22400

.2<+aoo

.27200

.29o00

.32bOO

.3LbOO

b.oi"539
4.94147
5.07408
4.779o7
4.9895©
H. 90137
4.81431*
4.73567
4.66335
4.74B72
4.t>871l
4.O8832
4.68662
4.68899
4.D3606
4.6778b
4.63374
u. fc>323fa
4.67689

-.0327«
-.01546
-.04119
.0236b

-.01909
.00019
.01863
.03471
.04515
.02675
.04064
.04176
.04359
.04404
.04637
.04855
.04782
.04801
.04928

188
189
19U
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205

.38500

.4IbOO

.44300

.47SOO

.50500

.53500

.56500

.59Df)O

.62b00

.65'>00

.68500

.71300

.74b00

.77500

.80500

.85L)OO

.9ObOO

.95500

4.6*239
4.6P5K9
4.6R729
4.6P802
4.69016
4.69117
4.69090
4.69144
4.69286
4.69441
4,69523
4.6^620
4.69704
4.6^789
4,69813
4.6Q79B
4.69124
4.64078

.0<*90*

.04939

.04940

.049R',

.050OS

.05026

.0=5062

.05084

.05104

.05120

.05132

.05142

.0=153

.05164

.0517'»

.05201

.05233

.05?ll

TrIE MASTIC CONTRIBUTION TO THE TOTAL CR^S SECTION WAS
CALCULATtD AT ALL OF THE TABULATED ENERGIES.THE INELASTIC
CuNTSIBUriON WAS CALCULATED ON A COARSER MESH AHD WAS

INTERPOLATED TO GIVE THE VALUES AT THE TABULATED ENERGIES.

THE FINAL ENEROY INTERVALS USED FOR INTEGRATION or
THE INELASTIC DATA ARE bIVEN BELOW.

1
2
3

5
D
7

DLLTA L
.OUOS
.001
.002
.004
.006
.0Ob
.01

UP TO
.004
.01
.03
.05
.14
.30
1.0

EV
EV
EV
EV
EV
EV
EV

C - 5. 3
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6. Miscellaneous Notes on Graphite

For temperatures other than 296 K the switching criteria for

short collision and the «, |3mesh input for 296 K were multiplied by —

The only other changes made in the input for higher temperatures were for

obvious items: T, ID number and comments.

Tabulated below are the temperature, Debye Waller integral,

effective temperature and ID numbers of the scattering law data on file.

T(0K)

296

400

500

600

700

800

1000

1200

1600

2000

Debye Waller
Integral IeV 1 )

26.421

32.968

39.531

46.255

53.101

60.018

74.016

88.145

115.65

144.03

T(°K)

713. 39

754. 68

806. 67

868. 38

937. 64

1012.7

1174.9

1348.2

1712.9

2091.0

ENDF
ID No.

GA 0034

GA 0035

GA 0036

GA 0037

GA 0038

GA 0039

GA 0040

GA 0041

GA 0090

GA 0091

C - 6. 1



POLYETHYLENE

1. Physics

The frequency spectrum used for calculating the scattering law of

polyethylene is based on a model of infinite chains proposed by Lin and
(1) '

Koenig. The phase difference of the vibrations of corresponding atoms

in two neighboring CH- groups of the same chain is a different function of

frequency ior each one of the nine different modes. From Lin and Koenig1 s

calculated phase vs frequency crrves a weighted frequency distribution

was obtained by estimating the relative vibrational amplitudes from approxi-

mate physical arguments. This frequency spectrum was then lumped into

5 discrete lines with frequencies and weights given by the following table:
Frequencies (eV) Weights

0

.089

.14

.174

.360

.07144

.07746

.23200

.30960

.30960

The scattering law for this model was then calculated with the

modified version of GAKER described in Section A. 3.2. Only scattering by-

hydrogen is included in the tabulated data. Scattering by the carbon atoms

should be taken into account by adding to the data the properly weighted

S{a, /3) for a free gas of mass 12. 011. It is important to recall , however,

that the a values for the carbon must be 1. 008/12. 011 times the a values

( 1 ) Tung Po Lin and J. L. Koenig, J . MoI. Spectra. 9,228 (1962)

J .U . Koppel and J .A. Young, Nucl. Sci. Eng. 21, 257 (1965)

(CH 2 J n - 1.1



for the hydrogen data in order to correspond to the same neutron

momentum transfer K .

- 1.2



3. 1 GAKER Input for H(CH ) at 296°K

The code GAKER is discussed in Section A. 3. The data tabulated
below follows the format of the code input instruction also given in Sec-
tion A. 3. The code symbols used below are defined in the code input sec-
tion. If no value is entered for a symbol the corresponding input quantity
was not required in the calculation.

Z.\?D KO.

1

2

3

4

5

6

FOFMAT

12A6

TElO

4E10

6E10

5E10

HOLREC

ID

T

EMAX

RT

MVl

W3

EMAX

Poly

-72

1.0079

1.0

• Û255

h. 31

• 36

1.0

CODE SYMBOLS

S(a,p) (Gaker)

NR 3

i ECl 6.66667

AMASSl .006

MT 14.0

Wl . 1 4

ATrE) VALUES

296 K

IBX 120

EC2 12.941

MR 12.92

MV2 3.23

DALPEA . 0 3 ALPKAC . 4

IZX

SIG?

VR

W2

DBETA

60

20.36

.009

• 174

.05

EPS 1.

KV3 3-

BETAC 2

O-o

^ 3

••5

- 3 . 1 . 1



4. Plots of Scattering Law

Values for Multicurve Plots

CURVE

1

2

3

k

5

6

7

8

9

10

11

12

13

Ik

15

16

17

18

19

20

INDEX

1

2

3

k

5

6

7

8

9

=
It

- •

à

a

*

A

B

C

D

P(296K)

0 . 0

. .050

.100

.300

.500

.700

.çoo

1.10

1.30

1.50

1.70

1.90

2.10

2.30

2.50

2.72

2.99

3.32

3-7^

k.26

P(35O

0 . 0

. 0U22

.0814-5

.592

.761

.930

1.10

1.27

l.kk

1.61

1.78

l .S*

2.11

2.30

2.52

2.81

3.16

3.60

- 4. 1
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b. INTEGRAL UAIA

TABULATIOtJ OF ENEKGY I1, CV (E). THE TOTAL CRObS SECTION IN
AND THE AVCKAOL COSINE OF THE S1 ATTERlMG AMGLF ("URAP)

UATA FOK CH2 AT 296 DEGREES K.

1
Z
3
H
5
O

7
8
9

10
Il
Ii
13
14

16
17
18
19
20
21
^2
23
«i4
<ib
26
27
28
29
30

L

.0UU25

. 0L/U7b

. OulîS

.00175

.CU225

.00^75

.00325

.00375

. OO^bO

.OùbbO

.0OuSO

.007bÛ

.OOfabO

.nu9bo

.01100

.01300

.01^00

.017U0

.01900

.02100

.02500

.0^900
,03t.00
.04400
.Ob-JOO
.06bUO
.07700
.06900
.10100
.11300

SIGTOT

446.54392
280.QAbZb
232.25255
2IiOt b87o2
193.98197
184.0743Î
177.09HlO
171.19353
164.9284b
158.59541
153.«027f
150.0117»*
14D.959H2
144.20914
140.6121D
136.557Ob
133.1647b
130.1161b
127.32214
124.7365b
119.99739
115.b4337
109.U5349
102.258Ut!
95.55511
87.76438
81.2665c
7b.949B4
71.D1403
66.00960

MUBAK

.00667

.01213

.01871

.02570

.03194

.03775

.04419

.04733

.05489

.062Ob

.06607

.07344

.07872

.0B29o

.08864
, (j952ti
.10208
.10841
.11448
.12C34
.13157
.14191
.16157
.18225
.2055b
.23455
.26160
.28597
.30760
.32622

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
43
49
50
51
52
53
54
55
56
57
58
59
60

-

.12SOO

.13700

.15200

.I63OO

.10400

.20000

.22400
• ?.4{}00
.27200
.29600
.32-jOO
.35500
.38^00
.41500
.44<sno
.47500
.50500
.53'?00
.56500
.59^00
.62500
.65500
.68r)00
.71500
.74b00
.77-jOO
.80500
.85bOO
.90500
.95500

SIGTOT

65.02025
62.618fcO
60.46B2R
58.64099
57.37348
56.5P137
5b,C6429
54.6P317
53,S?3b4
52.37512
51.13421
bU,2°617

4s!8?713
4a.56203
4B.3C33R
4tt.0°713
47.9P123
47.77162
47,&40PR
47.52317
47.4?226
47.32754
47.24099
47.1605P
47.0R432
46.96680
46.84759
46.6-063

?UJRAi>

.3415?

..•»-5342

.36653
•37R43

.30^95

.40577

.414n

.''Sl 51

.4?A()1

.ii .1561

.44127
,14Uf-IO
, l+ = l?r
.4564. .J
.46173
.46662
.'»71?.^
. 4757V
,47986
.4837?
.48737
.40075
.4 939S
.4°700
.4P9E2
.50?b2
.5066"
.51041
.5132 '-<

(CH2)n - 5. 1



TnE TOTAL C K Q S S SECTlO;, INCLUDES A CONSTANT bCATTERItiO CROSS
StCTION UF <+.71 bARUS (SIGO) FOR THE. CAPiiON ATOM.ALSO FOR THL
CARBONrSIGl = .6b6*SIG0/V!.VJ5 WAS USED TO CALCULATE THE
CûSIijE OF THE SCATTEMhG A

TME FINAL ENERGY INTERVALS USEj pOR INTEGRATION OF
THE INELASTIC UATA ARE OIVEM BLLOW.

1
d
J

O
7

DELTA C
.0005
.001
.0O^
.0 01
.0Ub
.QUO
.01

UP TO
.00^
.01
.03
.05
.14
.30
1.0

EV
EV
EV
EV
EV
EV
EV

-5. 2
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I

Ul
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250

200

m
C
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O

m
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100

5 0
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i
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<TT

fi
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CH2 Ol 296* K

CALCULATEO TOTAL CROSS SECTION
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23 , 192,(1963)
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6. Miscellaneous Notes on Polyethylene

For temperatures other than 296 K the switching criteria for the

treatment of the different oscillator and the Ct,(3 mesh input for 296 K were
296®Kmultiplied by . The only other changes made in the input for higher
T°K

temperatures were for obvious items: T, ID number and comments.

Tabulated below are the temperatures, effective temperature and

ENDF ID numbers of the scattering law data on file

T°K

296

350

T(°K)

1222.

1239.

ENDF ID No.

CA 0072

GA 0073

(CH2)n - 6. 1



POLYETHYLENE

1. Physics

The scattering kernel of polyethylene has been calculated on the

basis of a model of noninteracting infinite chains of CH radicals origin-
(1)ally developed by Lin and Koenig. The lattice dynamics of polyethylene

shows that nine branches of the dispersion relation are present, the fre-

quency in each branch being a function of the phase difference of the vibra-

tion of corresponding atoms in neighboring CH units. For some normal

modes the ratio of the amplitude of the hydrogen atom vibrations to the

amplitude of the carbon atom vibrations also depends strongly on the phase

difference.

The neutron scattering has been computed from the weighted fre-

quency spectrum, which has been calculated exactly for the hydrogen
(2)

atoms using the computed frequencies and amplitude vectors. The

weighted frequency spectrum was first calculated in histogram form;

two modifications were then made. The low frequency part of the histo-

gram (u) < 0. 02 eV) was replaced by a Debye spectrum having the same

area. Furthermore, to avoid numerical difficulties, the histogram was

replaced by Caussian functions of area equal to the area under each step

and centered at the center of each interval in the histogram.

The inelastic scattering law was calculated using the code GASKET

and the distributed weighted frequency spectrum for hydrogen. The inco-

herent elastic scattering cross section for hydrogen was obtained by the

code ZREND. The contribution of the carbon atoms was taken into account

by adding the scattering from a free gas of mass 12. Oil.

*1JT. P. Lin and J. L. Koenig, J. Molec. Spectra, 9, 228 (1962).

(2)D. Sprevak and J. U. Koppel, Nucleonik, _12, 87 (1969).

(CH2)n - 1. 1 ^

(Rev.-12/31/69)



2.1 Frequency Spectrum for Hydrogen Bound in CHr

CH2 - 2. 1

(Rev.-12/31/69)



3. 1 GASKET Input for H

The code GASKET is discussed in Section A. 3. 1. The data tabu-
lated below follows the format of the code input instructions also given in
Section A. 3. 1. The code symbols used below are defined on the code in-
put section. If no value is entered for a symbol then that datum was not
required.

CARD NO. FORMAT CODE SYMBOLS AND VALUES

X 13A6, A2 COM
2 1115 NT

NCP
IPG

3 315 JS3
4 5E10 Wl
5 6E10 Tl . 0255 T2
6 7E10 AM 1. 008DC 0.0

CRIT2 CRIT3
X3. 001239 .002478

01487

Hydrogen in CK2 at 296 degrees K.
NDAM
0 NCVP

BETSW

1. Q W4
0255 T4

100. 0 Al-PSW

NGPRT
' 0 NSEp"

W5
T5
100.0 CRITl

01239
02726
04213

009914
02478
03965
05452
06940
08427

004957
0198301735

03222

.07435 .07683

.08922 .09170
1041 . 1066

. 1487

.1784 . 1809

. 1933 .1958
• 3544
.3693

2 - 3. 1. 1

(Rev.-12/31/69)



CARD NO.

8

FORMAT

7E10 Q3. 003977
.5 78936
.0363266
.0370908
.072237
.001547
.23387
.22868
.22229
.33729
.41046
1.4766
1.0720
.04206
.54649
1. 1421

CODE SYMBOLS AND VALUES

.015911

.813588

.0178047

.0257432

.07962
.000142
.38590
.18341
.18532
.40786
.41102
1.3670
1.4847
.003843
1. 1421
.54649

.063644 .14320
1.11421 . 142664
. 0225532. 0381478
.0412777.0618430
.06942 .04917
.000068 .001319
.43887 .42335
.16967 .18547
.16542 .16025
.32494 .23689
.43877 .60685
1.0876 .78606
1.5015 1.2084
.000178 .01371
1.8668 2.3868
.20453 .05987

.254602

. 123003

.0519083

. 0643644

.02643

.01442

.36435

.22267

.16723

.28456

.99469

.59386

.69678

.05987
2.3868
.01371

.398338

.0746544

.0538862

.0632159

.008721

.08034

.29421

.24696

.22006

.37861
1.3 731
.65628
.23548
.20453
1.8668

9
10
11
12
13
14
15,
21

16,

Cards 9 and 10 are not needed

7E10 X5
7E10 Q5"
7110 NPHON^
5E10 • EMAX J ^ j D A L P H A Q . QI ALPHAC Q. Q6 DBETA Q. 08 BETAC 2. 5

17, 18, 19 and 20 are not needed
2E10 TMAX 6.0

IS. 0
tfea, n

1368.0
4618.0

22

23

2110
2E10

Card 23 is

ID

not

210

needed

NPT SIGF 20.36 EPS l. 0E-6

2 - 3. 1. 2

(Rev.-12/31/69)



3. 2 ZREND Input for

The code ZREND is discussed in Section A. 3. 1. The data tabu-
lated below follows the format of the code input instruction also given in
Section A. 3. 1. The code symbols used below are defined in the code in-
put section. If no value is entered for a symbol the corresponding input
quantity was not required in the calculation.

CARD NO. FORMAT CODE SYMBOLS AND VALUES

1
2

13A6.A2
215
3E10,
15
7E10

7E10

7E10

COM
NT"

NPCH"

Incoherent elastic scattering for H(CH2)
2
1

NE 117 SB 162. 88 SWITCH 7.0 EPS 1.0-8

296.0 350

WP 34. 95 7 40.282

00064
00090
00145
00250
00380
0056
0080

2 - 3. 2. 1

(Rev.-12/31/69)



4. Plots of Scattering Law for H(CH )

BETA VALUES FOR MULTICURVE PLOT

CURVE

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

INDEX

1

2

3

4

5

6

7

8

9

a
=
it

•

5

a

+

A

B

C

D

J3(29fc

0.00

8.00

1.60

4.80

8.00

1. 12

1.44

1.76

2.08

2.40

2. 7425

3.2183

3.8924

4.8474

6. 2005

8. 1174

1.0833

1.4681

2.0133

2.7856

K)

- 02

- 01

- 01

- 01

+ 00

+ 00

+ 00

+ 00

+ 00

+ 00

+ 00

+ 00

+ 00

+ 00

+ 00

+ 01

+ 01

+ 01

+ 01

(3(350 K)

0.00

6. 7646 - 02

1.3529 » 01

4. 0588 - 01

6.7646 - J l

9.4704 - 01

1. 2176 + 00

1.4882 + 00

1. 7588 + 00

2. 0294 + 00

2.3190 + 00

2. 7213 + 00

3.2913 + 00

4. 0989 + 00

5. 2430 + 00

6.8639 + 00

9. 1604 + 00

1. 2414 + 0 1

1. 7024 + 01

2.3554 + 01

(CH2)n - 4. 1

(Rev. -12/31/69)
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U Â T A

Of- LNi-KGIf IN LV {c.)»THL ToTAL CROSS S E C T I O H IN fîAl r:f»
ANO THE AVfchAfct CuS lN t OF T H E SCATTtRlWG Af.-GLE ( N 1 U R A D

1
C

J
H

b
U

7
U

f

lu
11
Ic
IJ
IH

Ib
Io
1/
Io
Iv
£U

21
CC

cO

<£4

t O

CO

Ll
Lu
C*

3u
il
Zc
30

c

•uou2b
•uuo7b
» uol^b
•UCl7b
. uùé.25
.Uo27b
.Ut;3«.b
.Uui7b
•U04bO
.UObbu
.OUbbO
.U07bU
•uucbU
•UU9bO
.UlIjû
.ul3uU
«UlsUO
.U17uu
.Qlhuu
•OklbU
•u2buu
•U2vuU
.u3cuu
.U4HÙ0
•ubcûO
•06boo
.077oO
.ut9oO
• lOlûû
•llooO
>12buu
.I37uu
.15*00

'« FOH CH2

blbTOl

O11.J3799
£48.blo43
<;2b.74ûbù
4113.72123
*:U4.3334b
I96.cj49lk
i9u.395^h
184.B47O2
177.759U
it,9.b9l34
l62.i5lbO3
l5b.o5H5b
l5A.7533b
147.2107-i
i41.44lf:h
i3b.2u2o3
l30.«i7b9u
I26.ô3b9b
123.09931
120.33445
ilb.579Db
Ill.40o4h
XUb.ll3c35
99.09542
93.i71bb
B6.bl94û
60.97450
76.1663U
72.15747
66.b224b
6b.06l2h
63.80bbc
61.66796

AT 2*6 DcGRELS

MUoAR

».ù249b
- . U 2 H 2 4

-.01957
-.ulJfio
-.CJ77<5
-.UJ161
.Oû4bo
.Olu64
.0196*:
.031/97
.04178
•Obi7a
.0bil7
.00979
.08i5U
.09494
.10c2o
.Ilû9fc
•1245t
.13<:39
.14b3û
.I5o72
.17601
.19766
.2lai9
.24334
.26o47
.28721
.30580
.3222U
.33b39
.34021
.36uGl

34
35
3b
37
38
39
40
41
42
43
44

4b
46
47
46
49
50
51
52
53
54
55
56
57
5b
59
6Û
61
62
63
64
65
66

K

*
•
•
•
•
•

•
•

*
•
•
•
•
•
•
•
t

•

•

•

•

•

t

m

•

1.
1.
1.
1.
1.
1.

•

l6duO
184uO
20000
224i,0
24600
27200
29buO
32500
35bùO
3HbOO
41500
44500
47500
50500
53500
56500
59500
625ÛU
65500
66500
71500
74500
775C0
60500
85500
90500
955Û0
00500
10500
20500
305Ù0
40500
50500

SIGTCT

60.14679
59.20434
56.5737b
57.69464
56.58626
55.3241«
54.09b52
52.87445
51.Ç55bl
51.ul87'4
51,06172
50.706G4
50.324*0
49.94807
49.62847
49.28096
49.1R140
49.0OULb
48.E21fcO
48.640*11
4B.47474
48.326b8
48.19965
43.08537
47.90923
47.75075
47.61439
47.49697
47.30117
47.14741
47.02555
46.9l2fc5
45.81654

VUHAJ-

.3696'

.3772fi

.3842t

.39431

.40421

.41377

.4^27^

.43?3:

.440Of.

.44682

.4532b

.4 595b

.46541+

.4708t-

.4757^

.4801<r

.48H34

.4662^

.4919»,

.4953f

.49858

.50160

.5043=

.50703

.511Ot

.5147b

.51806

.52107

.52622

.53046

.534r;ç.

.53717

.53142

n - 5. 1

(Rev.-12/31/69)



w IÛIML C R U S S St-CIlOI. INCLOGtS A CONSTANT iCATTf.kINC- CF.0S5
uF H.71 tiAKr.S (SlGu) Ko« THE CARBON ..»TOM. ALSO FCfV

SlbA = .oob*SlOO/MAsS WAS USED TC CALCULATE THE
Of- THt SCATTthING A

7rtt K I M L ENERGY INItRVALS USEu FOR INTEGRATION
TMt INcLASTIi. D A T A AhE VsIVtN BELO*.

1
2

4

b
U
/

(JLLTH
• 00u5
.UUl
.0Ot
« OUH
. Ubb
.UbU
.01

L OP TO
.004
.Ul
• U3
.1)3
• It
• 30

l.b

EV
Lv
F. V
Ev
EV
tv

(CH 2) n - 5. 2

(Rev.-12/31/69)
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6. Miscellaneous Notes on CH2

For temperatures other than 296 K the switching criteria for short
o 296^K

collision and the a. /3 mesh input for 296 K were multiplied by — Q .

The only other changes made in the input for higher temperatures were

for obvious items: T, ID number and comments.

Tabulated below are the temperature, Debye Waller integral and

effective temperature of the scattering law data on file.

Debye-Waller

Integral (eV*1)

34.957

40.282

n - 6. 1

(Rev.-12/31/69)



BENZENE

1. Physics

The benzene molecule C,H, has a hexagonal planar structure with

symmetry D,, . Two parameters describe the geometry of the molecule,

namely the distance between two nearest carbon atoms, 1.39 A, 'ind tho

distance between a carbon and the nearest hydrogen, 1. 08 A.

The following assumptions have been made in order to describe

the atomic motions in the benzene molecules:

1. There is no interaction between vibrational and rota-
tional states of the molecule.

2. The hindered rotations which describe the interactions
of molecules in the liquid are replaced by translations
of the whole molecule with an effective mass. The
effective translational masses associated with the hydro-
gen and carbon atoms are 20. 94 and 42. 2 respectively
(in atomic units).

Continuous frequency distributions weighted by the amplitudes of the polari-

zation vectors have been obtained for the hydrogen and for the carbon atoms.

Details of the normal mode calculation from which the frequency spectra

were obtained are given in Ref. 2. The cluster of frequencies closely

spaced around 0.38 eV was lamped into a single oscillator. The inelasuc

scattering laws for hydrogen and carbon in C. H, were calculated from
b t>

these weighted distributions by the code CASKET. The two scattering laws

were then combined with the final value being referred to hydrogen as a

primary scatterer.

(D

(2)

D. Sprevak, G. M. Borgonovi, J. M. Neill and G. W. Carriveau,
Nukleonik, JLl. 233 (1968).

D. Sprevak, G. M. Borgonovi, G. W. Carriveau and. J. M. Neill,
"Neutron Thermalization in Benzene, " USAEC Report GA-8185,
General Dynamics Corporation, General Atomic Division, August
1967.

C,H, - 1. 1
6 b
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0.02 0.06 0.10 0.14 0.18 0.22

Vibrational spectrum of the hydrogen atoms used to calculate benzene
kernel. (The set of frequencies about 0. 38 eV are not shown. )

C,H, - 2. 2



3. 1 GASKET Input for H(C, H, )
D D

The code GASKET is discussed in Section A. 3. 1. The data tabu-
lated below follows the format of the code input instructions also given in
Section A. 3. 1. The code symbols used below are defined on the code in-
put section. If no value is entered for a symbol then that datum was not
required.

CARD NO.

1
2

3
4
5
6

FORMAT

13A6. A2
1115

315
5E10
6ElO
7E10

CODE SYMBOLS AND VALUES
COM Sprevak's H(C6H6) at 296 degrees K.

W5. 29892586

NT -5 NP 80 NE 80 NDAM 0 NGPRT
NCP Q NMESH l NREST Q NCVP Q NSEP"
IFG Q
JS3 84 JS4 Q JS5 j
W1.04775436V2. 0.0 W3.65331978W4 0.0
T l . 0255 T2 0 .0 T3 .0255 T4 0. 0 T5 . 0255
AM 1. 008 DC Q. Q BETSW IQQ. Q ALPSW IQQ. Q CRIT1
CRIT2 CRIT3
X3.0210766 .0272756 . 0334746

0458726 . 0483522
0607502 .0632298'
0756278 . 0781074*
0905054 . 092985
105383 . 107863
116541 . 117781

• 127699

.0433930

.0582706

.0731482

.0880258

.102903

.115301

.12274

.137618
• T>2495
.1673 73

.197128

.212006

0359542
0508318
0657094
080587'
0954646
110342*
119021"
O179~

0384338 . 0409134
0533114 .0557910
0681890 .0706686
0830666 .0855462

10042
114062
1215
135138

0979442
112822
120261_

2659_
7536 . 150016

162414 .164893
177291 .179771
192169 .194649
207047_ . 209526
221924

C,H, - 3. 1. 1
D O



CARD NO. FORMAT CODE SYMBOLS AND VALUES

8 7E10 Q3 .657-4 .0557572 .162635 .46492
3.89790 5.62736 6.84881 7-.-02751
2. 79484 1.61186 1. 09722 1. 22166
4. 59136 6.66954 9. 11053 11.4021

10.5085 8.05225 6.37598 6. 566Sl'
16. 5438 18.9239 19.5314 19.4166
22. 5272 24. 1431 25.8155 27.3473
29.7608 29.3247 27. 8637 26.0197
22. 7183 23.3652 24. 2650 24. 1488
13.3792 9.87602 8.34718 8.45035
^JlUO-Jl 6.64683 5.86717 6. 25846.
9.60776 8.75109 6.87802 4.87321
3.64891 4.33341 4.70823 4.46195
1.51375 . 769813 .333320 . 122689

J2039.
6.08244

88249"
12.21.2

2119.
20.1650
28.5736
24.2628
22. 0091*
9. 02810*
7.62610*
3.54396*
3.63710

2.27607
4.4523
3.00571
12.3825
12.7375
21. 1560
29.3896
23.0276
17.9748
8.98379
9.07965
3.20771
2.53857

.0383350 .491124-2

9
10
11
12
13
14
15,
21

16,

Cards 9 and 10 are not needed

7E10 X5
7E10 Q5"
7110 NPHON"
5 E10 EMAX DALPHA

17, 18, 19 and 20 are not needed
2E10 DT TMAX

ALPHAC DBETA BETAC

22 2110
2E10 ID NPT

23 Card 23 is not needed

SIGF EPS

C6Hfe - 3 . 1.2



3. 2 GASKET Input for

The code GASKET is discussed in Section A. 3. 1. The data tabu-
lated below follows the format of the code input instructions also given in
Section A. 3. 1. The code symbols used below are defined on the code input
section. If no value is entered for a symbol then that datum was not required.

CARD NO.
1
2

3
4
5
6

-

FORMAT
13A6, A2
1115

315
5E10
6E10
7E10

CODE 55
COM Sorevak's C(Cf1Hf
NT -5 NP 80 NE

fMBOLS

,) at 296
• 80

NCP 0 NMESH 1 NREST
IPG 0
JS3 86 JS4 0 JS5
W1.2848568W2 0.0 1

Tl .0255 T2
AM 12. 01IDC
CRIT2 (
X3.0210766 .

.0384338 .

.0533114 .

.0681890 .

.0830666 .
•" .0979442 .

,112822 .
.127699 .
.141337 .
.156215 .
.171092 .
.185970 .
.200848 .
.214485 .
.229363 ^

0.0 T3

1

AND VALUES

degrees K.
NDAM o
0 NCVP

W3.6799013 W4 0
.0255

BETSW
:RIT3
024796 .
0409134 .
0557910 .
0706686 .
0855462 .
100424 .
115301 .
130179 .
143817 .
158694 .
173572 .
188540 .
202087 .
216965 .
231843

0272756
0433930
0582706
0731482
0880258
102903
117781
132659
146296
161174
176052
190929
204567
219445

T4 0.0
ALPSW

.0297552

.0458726

.0607502

.0756278

.0905054

.105383

.120261

. 135138

.148776

.163654

.178531

.193409

.207047

.221924

NGPRT 0
0 NSEP 0

. 0 W5 .03524188
T5 .0255

CRITl

.0322348

.0483522

.0632298

.0781074

.0929850

.107863

. 122740

.1363 78

.151256

.166133

. 181011

. 195888

.209526

.224404

.035954?

.05083

.0657094

.0805870

.0954646

.110342

.125220

.138858

.153735

.168613

.183590

.198368

.212006

.226883

C, H, - 3. 2. 1
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CARD NO. FORMAT CODE SYMBOLS AND VALUES
7E10 Q3 .0001394

2.37689 "
12.9363
12.08790"
15.6907 "
3.40532 "
10. 0043 ~
29.7227 ~
6.37869 "
1. 64964 ~
3.49435 "
11.4726 ~
27. 1901 "
3.22796
. 0014474"

.002276
4.82867"
9.57165
16. 9292~
13. 2922"

.0118288
8.26939
6.34166
20.4759
10.7283

3.83098 4.65451
14. 2772~
25. 4886~
4.87859
1.86803"
5. 23 719"
10. 2140"
27. 1773"
1.32526
. 000228"

—•—»i^™» ^

19.8946
20.0272
3.83559
2.21706
7.89931
10.6759
24.1861
.465514

.0518248
7ïï7938ïï~

4.55398
""2ÏT6053

.191408 .986323
14. 53T0 Ï4.9158
4. 947T7 7. 64850

~2TT. 4&T5 18. 1607
7. 9826"2 ST50S7Ï 3. 89351
5.43733 &Tl86~29 7.45024
25.6449"
14. 70ÏÏÏ"
2.97089
2.46529
10. 7300
13. 806T"
18.4339
.139718

~~2T. 9T97J 31.4131
12. 39"6l 8. 76491

~2T24ÏÏT7 L 76195
2. 55TB! 2. 73752
12. 59360 12. 7343
19.0333 24.3230

~ . 03~54 5. 73345
~TÔ"35??64 .00780317

.

9
10
11
12
13
14
15,
21

16.

Cards 9 and 10 are not needed

7E10 X5 .3798541
7E10
7110 NPHON
5E10 EMAX 2. '0 DALPHA . 0041967 ALPHAC . 041967 DBETA . 08 BETAC 2. 5

17, 18, 19 and 20 are not needed
2E10 DT . 1 T M A X 6. 0

2.0
272.0

1072. 0

22 2110
2E10 ID 96 NPT

23 Card 23 is not needed

SIGF 4.71 EPS 1.0-6

- 3. 2. 2



4. Plots of Scattering Law for C.H.
b o

BETA VALUES FOR MULTICURVE PLOT

CURVE
1

2

3

4

5

6

7

S

9

10

11

12

13

14

15

16

17

18

19

20

INDEX
1

2

3

4

5

6

7

8

9

Ô

=

M

i

ô

+

A

B

C

D

/3(296 K)
0. 00

0. 0800

0. 160

0.480

0.800

1. 120

1.440

1. 760

2. 080

2.400

2. 745

3.239

3.963

5. 022

6.573

8. 843

12.168

17. 035

24. 162

34. 600

/3(1000 K)

0.0

0. 0237

0. 0474

0. 1421

0. 2368

0.3315

0.4262

0.5209

0.6156

0.7103

0.8123

0.9586

1.173

1.486

1.945

2.615

3.601

5. 042

7. 151

10. 239

CH, - 4. 1o 6







DATA

1AUO..A1IOU OJ- £MCH(JY Ih EV (E) t I H E TOTAL CKuSS SECTION Ir;
ANU THL AVtKAbE CuSlNE CF THt SCATTERING Ar.GLE

r S

L A T M F U K C0H6 AT *9to DEGREES K.

M J D A R SIGTOT " U1

1
£.

O
H

3

U

7
O

Io
Ii
12
IJ
14

Iu
1/
Io
1*
da
21
dd

LJ
Ct)

«7
«:&
c^
00

Jx
it.
3J
JH

3o

.JOu2bl2Gl.U24(,0

.ui>075

.uO125

.ULl7b
• u u^i: 5
•UU27S

.UU.}75

• UùisSO
. UL)D5U
.0u750
. (Jùb5U
.ouybO
• UlIuO
•ulduU
•ulbuO
•U17oU
.JlSuU
•U^iuU
. Li2bU0
. J2S>oÙ
• u3o(jU

. Ub3uO
•UbbuU
tu77uU
.Ut9uU
.iUlOÙ
.iliOU
• îabuu
.137UO
.Ib^uU
• lbbuû
.16^0 U
.<iUuOO

779.b3bbL
o61.71bl7
bO3.795i.l
b70.ob4t,7
5*+B.od0i.fe
b30.J813b
blo.<i3a59
D02.1b7o{j
4&5.b81b2
«+7U.U8b94
^63.12952
45J.9?;ii
HUb.^Soii
437.U0513
425.btUt>P
414.3Ul^S
H03.79bm,
i93.9o2lt
345<+.fc>10t33
J67.232HU

j2b.9**«b7
Jt>3.962bb
»:82.H79uO
^59.855b2
<j«tl.o7b3i:

<:27.567^7
217.U20t9
*09.bbbiiû
tOt.blObi

i9d.5«*2uo
i95.d8ttC7
I92.93tfao
189.831bb

-.0C72d
-.00*+9b
.00264
.01029
.Ul76b
.U242H
.02y9a

.U4212

.04904

.Ubb4d

.06Ut)U

.U6431

.(i6S»'+7

.0779b

.U879U

.09577

.10322

.11044

.1174d

.13064

.1412U

.16H17

•lS77b
.21<i29
.24169
.26o77
.28733
.30J25
.31481
.32289
.J20Û4
.33467
.34213
.J5ul9
.35e29

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
5fc
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

1
1
1
1
1
1
1
1
1
1
2

.224uO

.24800

.27200

.29bOU

.32500

.355UO

.36500

.41500

.44500

.47500

.50500

.525CO

.566CO

.595DU

.625CO

.655DO

.60500

.7150U

.74bOO

.775CO

.80500

.85500

.90500

.95500

.0ObOO

.10500

.20500

.305UO
,4ObOO
.50500
.60500
.70500
.605UO
.9ObIlO
.00500

185,33761
181.47426
178.2313b
175.42£h2
172.49613
169.76271
167.67l5d
166.149bti
164.88797
163.676*3
Ib2.tl5i.3
161.S0374
161.11257
160.49148
159.93046
159.1+3954
15fl.98Cbb
15fi.5b7fci4
158.1870«
157.82625
157,U65b6
156.974fcl
156.523<;4
156.11275
155.74192
155.12044
i54.e.oyib
154.17801
153.bO699
153.4b6C6
153.1b5£6
152.fc7450
152.593El
152.253lfc
148.062^9

.3695t

.27902

.3869T

.3929«

.40036

.407Iv

.4123?

.41H9Ç,

.4245b

.4296^

.43431

.**3fr6j

.4427(

.4465;

.450OK

.4524c

.4565f

.45947

.46221.

.4647^

.46722

.47097

.4743h

.4775?

.48041

.48551

.4fi9Bn

.49367

.49701

.500Ui

.hO53c

.507bf

.5P99h

.5C52t-

CfeH6 - 5. 1



I n t . r l i w L Llii .KviI I n l f f - v ^ u S W C L rOK Lt, i Lun
i f i w L M I A AKb val VtM

UtLT/. t JP Ivy
1 .UUUD «UU't UV
e. . u u l «01 LN-

O
7

. U O H

.U^o

. U OO

. U l

. UtS

. 14

..JU
I.U

E.V
tv

C 6 H 6



n
Ct-X
ct~

I

Ul

7 0 0

6OO -

500 -

c 4OO
a

ir 3 0 °

200 -

100 -

I I I I

V*- \«b

-

-

-

1T" i i i

I

I

i i i i i

cr, CALCULATED

- — Ji CALCULATED

o MEASURED TOTAL
JUSAFC REPORT

i i i i

TOTAL CROSS SECTION

AVERAGE COSINE

CROSS SECTION
GA-BIBS)

y

V

y
y

• i i i I i I I I

I

-

-

-

-

EQMftXtAjO

I
0.001 0 01 O.I

ENERGY



6. Miscellaneous Notes on Benzene

Q

For temperatures other than 296 K the switching criteria for short
o 296^v

collision and the a, 0 mesh input for 296 K were multiplied by • • .

The only other changes made in the input for higher temperatures were

for obvious items: T, ID number and comments.

Tabulated below are the temperature, Debye Waller integral and

effective temperature of the scattering law data on file.

T(0K)

296

350

400

450

500

600

800

1000

Debye Waller

Integral (eV"1)
for Hydrogen

9.3536

9. 7064

10.093

10.530

11. 009

12. 070

14.471

17.096

T(°K)
for Hydrogen

1165.9

1177.8

1191.4

1207. 7

12.2b. 0

1268.7

1373.4

1497. 7

Debye Waller

Integral (eV'1)
for Carbon

10.730

11.315

11.927

12.593

13.304

14.831

18.165

21.720

T(°K)
for Carbon

685.54

712.02

738.97

768.10

799. 22

866.63

1017.3

1182.3

C,H, - 6 . 1
O D



1. Physics

Whereas hydrogen is nearly a completely incoherent neutron

scatterer, the scattering from deuterium is largely coherent. Although

it would appear that due to this fact a treatment of D?O analog to the one
(1) c

used for H-O would be inadequate, calculations have shown that because

of a great deal of cancellation between inter and intra- molecular inter-

ference scattering, integral quantities like the total cross section or thermal

neutron spectra can actually be predicted quite accurately with an incoherent

model.

The scattering law for D-O calculated for the ENDF using the code

GASKET is based on a model quite similar to the one used for H,O. The

internal modes of vibration are represented by oscillators having the

measured frequencies of 0. 142 and . 305 eV (approximately \//Z times the

corresponding frequencies for H-O as expected from the mass ratio) and

the weights l/6 and l/3 respectively. The torsional oscillations are

represented by a broad band of frequencies extending from 0 up to 0. 127 eV

and peaking at about 0. 05 eV as shown in the figure of Section 2. 1. Their

total weight is 9/20. This torsional band was taken from the work of

Haywood although here.as well as in the case of H-O, the low frequency

range of his spectrum was replaced by a parabola cui smoothly joining the

rest of the torsional band at about 0. 025 eV. Haywood1 s original spectrum

showed several peaks in this low frequency range, corresponding to

translational vibrations of the D2O molecule as a whole. These modes

{1)J.U. Koppel and J. A. Young, Nukleonik, 2» 408 (1965).

B.C. Haywood, Proceeding of the IAEA Symposium on Pulsed Neutron
Research, Karlsruhe, Vol. 1, p. 434(5/1965).

- 1. 1



were replaced by free translations of mass 20 in order to avoid numeri-

cal difficulties.

The scattering by the oxygen atoms is not included in the tabulated

scattering law data. It should be taken into account by adding to the data

the properly weighted S(a, ]3) for a free gas of mass 16 recalling, how-

ever, that the a values for the oxygen must be 2- 014/16 times those for

the deuterium in order to correspond to the same neutron momentum

transfer K.

D2O - 1. 2



2. . Torsional Frequency Spectrum for
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3.1 GASKET Input for D£O at 296°K

The code GASKET is discussed in Section A. 3. The data tabulated
below follows the format of the code input instructions also given in Sec-
tion A. 3. The code symbols used below are defined in the code input sec-

CAHD NO

1

2

3
k

5
6

7

_

tien, u no value is enti
was not required in the

FORMAT

13A6,A2

1115

315
5210

6E10

7210

7E10

COM

NT

NCP

IPG

JS3

Wl .

T l .

AM 2

CRIT2 0

X3 •

srea 10 r a s
calculation.

DbO •

-6
0

0

-51

05
0255

.OlU

.0

ymDOi tne c o r r e sponding

CODE SYMBOLS AND VALUES

• 2 OSC

NP

NMESH

JSl;

W2

T2

DC

CRIT3
1296U2

. + H&yvood Freq.

80 NE 80

1 NREST 0

0 JS5 2

0.0 W3 .45

0.0 T3 .0255

0.0 BETSW50.0

1.0-7

input quantity

Spectrum

NDAM

NCVP

WU

TU

ALPSW

0

0

0 . 0

0 . 0

50.0

NGPRT û

NSEF 0

W5 .5

T5 .0255

CRITl 0.0

- 3. 1. 1



CASD KO.

8

9
IO

11

12

13
14

v,, \r>,
21

22

23

FOIMAT

7210

Cards 9 and

7ElO

7ElO

7110

5ElO

Q3 .0012

.0588

.195

.294

.178

.122

.092

.066

.051

CODE SYMBOLS AND VALUES
.0048 .0108

.0768 .0972

.217 .24

.291 .271

.166 .153

.118 .112

.086 .081

.064 .060

.049 0.0

I 10 are not needed

X5 .14235 .30504

Q5 -3333333 .6666667

NFHON ^

EMAX i.<5

17, TH, 19 and 20 a r c n o t i

2K10 OT . 1

2110
2E10

Card 23 I s

.25

.5

•75
5.0

10.0

ID 51

not needed

7

.OI92

.12

.256

.245

.143

.106

.076

.058

DALPHA .0^ ALPHAC .3

nuuiicd

TMAX 2.0

10.0

TO.O

100.0

500.0

2000.0

NPT 0 SIGF 3 .37 EPS

•03
.142

•27

.22

•135

.101

.074

.055

DBETA

.000001

D

.0432

.17

.252

.20

.128

.098

.070

• 053

.05 BETAC l.«i

2 O - 3. 1. Z



4. Plots of Scattering Law

3 Values for Multicurve Plots

CURVE

1

2

3

k

5

6

7

8

9

10

11

12

13

Ik

15

16

17

18

19

20

IHDEX

1

2

3

k

5

6

7

8

9

S

=

t

6

a

+

A

B

C

D

e(296K)

0.00

• 05

.10

•30

.50

.70

• 90

1.10

1.30

1.50

1.73

2.08

2.59

3.3*

k.k6

6.12

8.57

12.20

17.57

25.51

e(800K)

0.00

.OI85

• 0370

.111

.185

• 259

• 333

A 0 7

.14-81

• 555

.6U9

.788

.990

1.29

1.72

2.36

3.29

t.65

6.6k

9.56

- 4. 1
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IMTtIiHAL UATA

TABULATION OF ENERGY IN EV (E)»THE TOTAL CROSS SECTION IN BARNS
(BIGTOT) AND THE AVERAGL COSINE OF THE SCATTERING ANGLE

UATA FOR D20 AT 296 DEGREES K.

fc. SlGTOT MUBAR E SIGTOT MUBAR

1
2
3
4
5
fa
7
e
9
10
U
12
13
14
15
16
Ii
IS
19
20
21
22
2i
24
25
26
27

29
30
31
32
33

.00025

.00075

.00125

.00175

.00225

.0u275

.00325

.00375

.00HbO

.00b50

.00050

.0U750

.00o50

.00950

.01100

.01300

.01500

.01700

.01*00

.OkIUO

.0^500

.02900

.OioOO

.04HOO
•0b300
.ObbOO
.07700
.06900
.1UlOO
.11300
.12500
.13700
.15200

36.07525
27.05134
24.04814
22.59090
21.65168
21.00219
20.58357
20.10239
19.65956
19.14117
18.71781
18.36669
18.08219
17.79570
17.40920
16.95268
16.58219
lo.24372
15.9382b
15.65841
Ib.l64b3
14.73386
14.19817
13.7179Ù
13.3472M

12.97677
12.69793
12.46789
12.2720b
12.10244
11.95361
11.81880
11.70738

.00066

.00570

.01321

.01931

.02357

.U2638

.03124

.03062

.03502

.03805

.04077

.04357

.04698

.04941

.05333

.05792

.06387

.06957

.07499

.06006

.08892 '

.09520

.10819

.11768

.12b69

.13503

.14290

.14963

.15539

.16033

.16447

.16718

.I71o0

34
35
3o
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

1
1
1
1
1
1

.16800

.18400

.20000

.22400

.24500

.27200

.29600

.32b00

.3bbOO

.38500

.41500

.44500

.47b00

.5ObOO

.53500

.56500

.59500

.62500

.65500

.68500

.71500

.74-jOO

.77t)00

.80500

.85500

.9ObOO

.95500

.00500

.1ObOO

.20500

.3ObOO

.4ObOO

.50500

11.59936
11.50014
11.40593
11.27391
11.15229
11.04408
10.95047
1Û.8P406
10.R4085
10.81264
10.79063
10.77122
10.7L521
10.74121
10.72760
10.71359
1O.6°999
lO.6f796
10.67638
10.66618
10.65697
10.64897
10.64177
10,63516
10.62516
10.61595
10.60715
10.59875
10.5P274
10.5*753
10.55353
10.53852
10.37632

.17545

.17907

.1P.?26

.lBf>4?

.190In

.19332

.1955E

.19893

.20199

.20477

.20717

.20914

.2108S

.2123S

.2136c

.21477

.21F77

.21670

.21752

.21827

.2ie96

.21962

.2?020

.2207=,

.2215U

.22226

.22292

.22351

.22458

.P2553

.22632

.226B3

.?17bO

- 5. 1



Tri£ TOTAL CK^SS SECTIOf. INCLJHcS A COMST«uT SCATTFTRING CROSS
SECTION uF 3,76 UARNS (SIGO) FoR THE OXYGEN ATOf-i./'LSO FOR TH
OXYGEN,SIOl = ,66ô*SIG0/NAS5 WAS USED TC CALCULATF THE

E OF TMt SCATTEhIUG ANGLE.

THE F I N A L ENtRGY INTtRVMLS USED FOR INTEGRATION OF
T H E INELASTIC DATA ARE GlVEiJ BELOW.

1
â

3

Q

7

DELTA £
.UUOb
.Oui
.002
.004
.00(3

. ooa

.Qi

UP TO
.004
.01
.03
.05
.14
.30
1.5

EV
EV
EV
EV
EV
EV
EV
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6. Miscellaneous Notes on D?O

For temperatures other than 296 K the switching criteria for short

collision and the Of,(3 mesh input for 296 K were multiplied by . The
T0K

only other changes made in the input for higher temperatures were for

obvious items: T, ID number and comments.

Tabulated below are the temperature, Debye Waller integral,

effective temperature and ID numbers of the scattering law data on file.

T(°K)

296

350

400

450

500

600

800

1000

Debye-Waller
Integral (eV"1)

39.867

45.263

50.418

55.684

61.033

71.905

94.068

116.52

T(°K)

940.91

961.62

982.93

1006.1

1030.9

1085.1

1209.0

1350.0

ENDF
ID No.

GA 0051

GA 0052

GA 0053

GA 0054

GA 0055

GA 0056

GA 0094

GA 0095

- 6.1



H2O

1, Physics

The first realistic model for describing the scattering of thermal

neutrons by hydrogen bound in H-O was given by Nelkin. In this model

the scattering units are freely recoiling HO molecules. Each molecule

can undergo torsional harmonic oscillations (hindered rotations) as a

whole with a single frequency of O. 06 eV, as well as internal vibrations

with frequencies of 0. 205 and 0.48 eV. The effective masses attributed

to these dynamical modes by Nelkin are respectively 2. 32, 5. 85 and 2. 92.

The scattering law for H2O calculated for the ENDF with the code

GASKET is based on a model which retains the essential features of the

Nelkin model but which replaces the single torsional oscillator by a broad

band of distributed modes. This torsional frequency spectrum is shown in

Section2.1. Between 0. 04 and 0. 165 eV it was taken from the work of

Haywood and Thorson, but below 0.04 eV it was smoothly joined to a

parabola cu • The original spectrum given by Haywood and Thorson

showed several peaks in this low frequency range, corresponding to trans-

lational vibrations of the H-O molecule as a whole. These modes were

replaced by free translations of mass 18 in order to avoid numerical dif-

ficulties. The discrete internal modes of vibration of the H2O molecule

were taken over from the Nelkin model wiih slightly readjusted masses,

namely 6 for the 0.205 eV mode and 3 for the 0. 48 eV oscillator. The

torsional band was then normalized to 4/9 in order to give the proper

S. Nelkin, Phys. Rev. 119, 741 (1960).

H2O - 1. 1



over-all normalization to one of the sum of all inverse masses. The

scattering by the oxygen atoms is not included in the tabulated scattering

law data. It should be taken into account by adding to the data the pro-

perly weighted S(a,j9) for a free gas of mass 16. It is important to note,

however that the a values for the oxygen must be 1. 008/16 times the a

values for the hydrogen data, in order to correspond to the same neutron

momentum transfer K.

B. C. Haywood and J. M. Thoraon, Proc. Conf. on Neutron Thermaliza-
tion, Brookhaven (4, 1962). Also see J. U. Koppel, Proc. ANS Conf.
on Reactor Physics in the Resonance the Thermal Ref. on (S. Diego,
2/1966), The M.I. T. Press 1966.

H2O - 1 . 2



2. Torsioixal Frequency Spectrum for H(H O)

(m) d

- 2. 1



3. 1 GASKET Input for at 296 K

The code CASKET is discussed in Section A. 3. The data tabulated
below follows the format of the code input instructions also given in Sec-
tion A. 3. The code symbols used below are defined in the code input sec-
tion. If no value is entered for a symbol the corresponding input quantity
was not required in the calculation.

CARD HO.

1

2

3
k

5
6

7

FORMAT

13A6,A2

1115

315

5ElO

6ElO

7E10

7E10

COM % 0 -

N T - 5

HCPO

IPGO

CODE

Modified

HP 80

HMESH 1

•
JSl* 0

Wl .0555556 W2 0.0

Tl .0255

AM 1 .006

CRIT2

X3 .006375

.OW*625

.0711*

.102

.11*025

T2 0.0

DC 0.0

CKET3

.01275

.0510

.07395

.108375

.11*6625

SÏMBOLS AND VALUES

I965 English Freq Spectrum

HE 80 HDAM

HREST 0 HCVP

JS5 2

W3 . W I ' I ' I ' I Wl*

T3 .0255 Tl*

BETSW20.0 ALPSW

.019125 .0255

.057375 .O6375

.0765 .082875 .

.111*75 .121125 •

.153 .159375 .

0

0

0 . 0

0 . 0

20.0

031875

0663

O8925

1275

16575

HGPRT

HSE?

W5

T5

CRITl

.03025

.06885

.095625

•133875

0

O

.50

.0255

- 3 . 1. 1



CARn wo.

8

9

10

11

12

13
14

15, 16,

21

22

23

VOlMA1I1

YK LO

Cards

7E10

7E10

7110

5E10

17, 18,

2E10

2110
2E10

Card !

43 .00125

•059
.1218

• 0735

•0515

i

.005

.075

.1195

.0688

.0488

9 and 10 are not needed

X5 .205 .46

Q5 -323333^ .6666667

KEHON 10

EMAX 2 .0

, 19 and 20 are not

DT .1

.2

.5

1.0

2 .0

3D 1

23 i s not needed

5
DALPHA

needed

TMAX 2

j _

20

100

600

HPT

.0

.0

.0

.0

.0

0

I)I'. ;!YMIO

.01125

.095

.1125

.065

.0459

1.". ANi'

.02

•115

.0975

.061

.0431

.05 ALPEAC .

SIGF 2O.36

VAU IK:;

.03125 •

• 1197

.0871

.0571

.042

5 DBETA

EPS .000001

H2

,045
,1214

.0791

.054

.08 BETAC 2 .

O - 3. 1. 2



4. Plots of Scattering Law

CUEVE

1

2

3

4

5

6

7

8

Q

10

11

12

13

14

15

16

17

18

19

20

Values for Multicurve

HTOEX

1

2

3

4

5

6

7

8

9

a
s

tt

r

6

a

+

A

B

C

D

Plots

e(296K)

0.00

.08

.16

.48

.80

1.12

1.44

1.76

2.08

2.40

2.75

3.24

3.96

5.02

6.57

'8.84

12.17

17.04

24.16

34.60

P(800K)

0.00

.0296

.0592

.1776

.296

.414

• 533

.651

.765

.888

1.02

1.20

1.47

1.86

2.43

3-27

4.50

6.30

8.94

12.80
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5. INTEGRAL DATA

TABULATION OF ENERGY IN EV (E>»THE TOTAL CROSS SECTION IN BARMS
(SISTOT) AND THE AVERAGC COSINE Qf THE SCATTERING ANGLE

OATA FOR H20 AT 296 DEGREES K.

SIGTOT MUBAR SIGTOT MUBAR

1
2
3
4
5
6
7
8
9
10
Il
12
13
Is+
15
16
17
Id
19
20
21
22
23
2*+
25
26
27
28
29
30
Jl
32

31*
35
Jb

.00U25

.0OU75

.00125

.00175

.00225

.00275
•0U325
.00375
.00HbO
.ÛUbbO
.00o50
.00750
.0QS50
.ooyso
.01100
.01300
.0IbQO
.01700
.01900
.02100
.02b00
.02900
.03oOO
.04400
.05300
.06bU0
.07700
.0.6900
.10100
.11300
.l2bU0
.13700
.15200
.16800
.184ÙÛ
.?oooo

446.61971
282.536b3
235.44726
211.74469
197.61657
187.82400
160.28262
174.26069
167.82642
160.71212
155.49000
l50.823b4
146.91556
143.49759
139.45900
134.57830
130.06634
125.98003
122.25222
118.81882
112.66597
107.04419
99.4706W
92.58750
86.63676
81.0022b
76.98061
73.96602
71.53633
69.47619
67.68473
66.05334
64.35290
62.76767
61.37622
60.17616

-.00062
.00300
.01043
.01803
.02566
.03261
.03899
.04444
.05282
.06131
.06921
.07573
.08100
.0*727
.09716
.10883
.11841
.12736
.13586
.14404
.15921
.17109
.19467
.21742
.23902
.26240
.28097
.29640
.30968
.32143
.33177
.34024
.35069
.36123
.37122
.38052

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
5a
59
60
61
62
63
64
65
66
67
68
69
70
71

1
1
1
1
1
1
1
1
1
1
2

.22400

.24800

.27200

.29600

.32500

.35500

.38500

.41500

.44(500

.47500

.50500

.53500

.56500

.59500

.62500

.65500

.68500

.7IbOO

.74500

.77500

.80500

.85500

.90500

.95500

.0ObOO

.10500

.20500

.30500

.40500

.50500

.60500

.70500

.80500

.90500

.00500

58.70315
57.47408
56.36451
55.31012
54.23526
53.22526
52.31221
51.47195
50.71632
50.06524
49.51662
49.05239
48.66251
48.33092
48.04959
47,80850
47.60161
47.42690
47.27436
47.12997
47.01971
46.«4422
46,69502
46.56007
46.42735
46.21047
46.00R21
45.82845
45.67310
45,54009
45.4P736
45.32688
45.23461
45.13252
44.19259

.3°348

.40517

.41506

.42290

.43161

.43916

.44591

.45179

.45715

.46199

.46655

.47094

.47526

.47953

.4R369

.4R774

.49161

.49522

.4P870

.50197

.50507

.50992

.51431

.51B31

.52199

.52849

.53404

.53893

.54336

.54743

.5510^

.55445

.55750

.56038

.55R34

- 5. 1



assess.
THE SCATTERING ANGLE.

THE

T.ib

1
2
3

b
7

FINAL ENERGY INTbRVALS USE'j FOR INTEiRATlOh OF
INELASTIC 1JATA AKE GIVEN DELO*.

DtLTA fc
.UU05
. 0 0 1
.UU2

UP TO

. 01

.01
,03
.05
.14
.30
2.0

EV
EV
EV
ELV
EV
EV
EV

H , 0 - 5 . 2
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6. Miscellaneous Notes on H.O

For temperatures other than 296 K the switching criteria for short

collision and the a,& mesh input for 29° K were multiplied by .
TK

The only other changes made in the input of the room temperature problem

to do higher temperatures were for obvious items: T, ID number and

comments.

Tabulated below are the temperature, Debye Waller integral, effective

temperature and ID numbers of the scattering law data on file.

me;

296

350

1+50

500

600

800

1000

Debye Waller .
Integral (ev~ )

19.68

21.62

23.5h

25.5^

27.60

31.88

40.78

49.94

TIK;

1396.8

1411.6

1427.4

1444.9

1464.1

1506.8

1605.8

1719-3

EHDF
ID No.

GA 0001

GA 0002

GA 0003

GA 0005

GA 0006

GA 0007

GA 0092

GA 0093

- 6. 1



URANIUM CARBIDE

1. Physics

The scattering laws for uranium and carbon in uranium carbide

(UC) have been computed in the inelastic incoherent approximation by

GASKET, using squared-amplitude weighted frequency distributions ob-

tained from a central force lattice dynamical model. Contributions
(2)from coherent elastic scattering by U and by C were computed from

the lattice structure. UC has a cubic structure of the NaCt type with a

lattice constant of 4. 9554 ± 0, 003 Â . The central force model is based

on three force constants, including next-nearest-neighbor interactions.

The uranium-carbon force constant was adjusted to give a peak in the

normal mode frequency distribution at about 0. 045 eV in accordance with

neutron data. The carbon-carbon force constant was selected to give

a reasonable width to this peak. Finally, the uranium-uranium force

constant was chosen to make possible a good fit to specific heat data.

Details of the work are given in a Gulf General Atomic report,

frequency distributions are shown in Fig. 1.

(D The

(D

(2)

(3)

E. L. Slaggie, "Central Force Lattice Dynamical Model for Uranium
Carbide, " USAEC Report GA-8675, Gulf General Atomic Incorporated,
December 23, 1968.

E. L. Slaggie, et al. , "Integral Neutron Thermalization, Annual
Summary Report, October 1, 1968 through September 30, 1969, "
USAEC Report GA-9753, Gulf General Atomic Incorporated (1969).

S. N. Purohit, et al. , "Inelastic Neutron Scattering in Metal Hydrides,
UC and UG ,̂ and Applications of the Scattering Law, 1! Proceedings of
the IAEA Symposium on Neutron Thermalization, held July 1967 at the
University of Michigan.

UC - 1. 1



FIGURE IA
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Figure IA. Histogram representation of the normalized frequency
distribution obtained from the central force mode for UC.

Figure IB- Weighted frequency distribution for C in UC.

Figure IC. Weighted frrquei distribution for U in UC.



3. 1 GASKET Input for U(UC)

The code GASKET is discussed in Section A. 3. 1. The data tabu-
lated below follows the format of the code input instructions also given in
Section A. 3. 1. The code symbols used below are defined on the code input
section. If no value is entered for a symbol then that datum was not required.

CARD NO. FORMAT CODE SYMBOLS AND VALUES
1 13A6, A2 COM Slaggie's U(UC) 296 degrees K.
2 1115 NT -12 NP 50 NE 80 NDAM 1 NGPRT

NCP 0 NMESH_1_ NREST 0 NCVP 0 NSEP
IPG Q

3 315 JS3 37 JS4 JS5
4 5E10 Wl .001 W2 0.0 W3 1.0 W4 W5
5 6E10 Tl .0255 T2 Q. Q T3 .0255 T4 T5
6 7E10 AM 238. 0 DC BETSW ALPSW CRITl

CRIT2 CRIT3
X3 .0005 .00150 .0025 .0035 .0045 .0055

.0065 .0075 .0085 . 0095 .0105 .0115

.0125 .0135 .0145 .0155 .0165 .0175

. 0185 .0195 .0205 .0215 .0385 .0395

.0405 .0415 .0425 .0435 .0445 .0455
•• .0465 .0475 .0485 .0495 .0505 .0515

.0525

UC - 3. 1. 1



CARD NO. FORMAT CODE SYMBOLS AND VALUES

8 7E10 Q3.05191
10.907
150. 84
69.034
1. 1144
1. 6425
0.0

.4848
14.096
180.33
17.370
1.3690
1. 2849

1.3866
22.763
87.874
0.0
1. 5624
.8022

2.2571
3&.514
67.360
0.0
2. 1094
1. 7380

4.7959
45.190
53.466
0.0
2.3142
.6595

7. 2844
68.004
148.94
0.0
2.4207
.03506

9
10
11
12
13
14

Cards 9 and 10 are not needed

7E10 X5
7E10 Q5"
7110 NPHON'_
5E10 EMAX 1. 0 DALPHA . 0075690 ALPHAC .10092 DBETA .05 BETAC 1. 96

15, 16, 17, 18, 19 and 20 are not needed
21 2E10

22

23

2110
2E10

Card 23 is not needed

3000.0
4000. 0
7000.0

9500.0
25000.0

NPT 0.0 SIGF 8.4 EPS 1.0-06

UC-3. 1.2



3. 2 GASKET Input for C(UC)

The code GASKET is discussed in Section A. 3. 1. The data tabu-
lated below follows the format of the code input instructions also given in
Section A. 3. 1. The code symbols used below are defined on the code input
section. If no value is entered for a symbol then that datum was not r e -
quired.

CARD NO.

1
2

3
4
5
6

FORMAT
13A6, A2
1115

315
5E10
6E10
7E10

CODE SYMBOLS AND VALUES
COM Slaggie's C(UC) 296 degrees K.
NT -10
NCP 0
IPG 0
JS3 37
Wl .001
T l . 0255

NP 50
NMESH^j.

JS4
W2 0. I

T2 0.0
AM 12. 011DC
CRIT2 CRIT3
X3 .0005 .00150

•
- •

0065
0125
0185
0405
0465

.0075

.0135

.0195

.0415

.0475

NE 80
_ NREST _

JS5
D W3 1.

T3 .0255
BETSW
1. 0-08
.0025
. 0085
.0145
. 0205
. 0425
. 0485

NDAM 1
0 NCVP

0 W4
• T4 T5
___ ALPSW

0035 ..0045
0095 . 0105
0155 .0165
0215 .0385
0435 .0445
0495 .0505

NGPRT 0
0 NSEP 0

W5

CRITl

.0055

.0115

.0175

.0395

.0455

.0515
.0525

UC - 3. 2. 1



CARD NO. FORMAT CODE SYMBOLS AND VALUES
8 7E10 t n n ^ m . 02408 .06747

.43465 .51740 .75688
2. 0546 2.9250 1.4443
.79890 .079342 0.0
32.606

.10583

1. 1647
0.0

.22072 .31326
1. 1229 1.3 203
.66306 2. 1415
0. 0 0. 0

9
10
11
12
13
14
15. 16.
21

22

Cards

7E10
7E10
7110
5E10

17. 18,
2E10

2110
2E10

9 and 10

X5
Q5*

NPHON"
EMAX "

19 and 20
DT^

ID

are not needed

1.0 DALPHA • 15 ALPHAC 2.0 DBETA • 05 BETAC 1» 96
I are not needed
.05 TMAX
. 1 0
. 2 5
. 5 0
1.25
2.5
5.0
10.0
15.0
25.0

180 NPT

__L
1.0
20.0
150.0
200.0
700.0
1000.0
3000.0
4000. 0
6000.0

0 SIGF 4. 71 EPS 1. 0-06

23 Card 23 is not needed

UC - 3. 2. 2



4. Plots of Scattering Law for UC

BETA VALUES FOR MULTICURVE PLOT

CURVE
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

INDEX

1

2

3

4

5

6

7

8

9

a
=
i t

•

6

a

+

A

£

C

D

0 (296
0.00

5.00

1.00

3.00

5.00

7.00

9.00

1.10

1.30

1.50

1.70

1.90

2.1187

2. 4545

2. 9'827

3.8140

5.1220

7. 1801

1.0419

1.5515

K)

- 2

- 1

- 1

- 1

- 1

- 1

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 0

+ 1

+ 1

0(1200 K)
0.0

1. 233 - 2

2.4660 - 2

7.3980 - 2

1. 2330 - 1

1. 7262 - 1

2. 2194 - 1

2. 7126 - 1

3. 2058 - 1

3.6990 - 1

4. 1922 - 1

4.6854 - 1

5.2248 - 1

6.0527 - 1

7.3554 - 1

9.4053 - 1

1.2631 + 0

1. 7706 + 0

2. 5693 + 0

3.8259 + 0

UC - 4. 1
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DATA

TAbULATlON OF ENERGY IN EV (E)rTHE TOTAL CROSS SECTION IN BAPNS
AND THE AVERAGE COSINE OF THE SCATTERING ANGLE

DATA UC AT 296 DEGREES K.

3

5
o
7
o
9
10
11
12
13

Ib
17
16
19
2u
21
Z2.
23
24
2à
2b
27
2o
29
3u
31
32
33
34
35
3b
37
36
39
40
41
42

•U0250
.00277
.00304
•UÛ333
.00333
.U0432
.00543
.U0667
•00o67
.00746
.00629
.00917
.00917
.00944
.J0972
.01000
. UlOUO
.01106
.01217
.01334
.01334
.01415
.01498
.01564
.01584
.Ulbl2
.Ulb39
.01667
.01667
.01775
•01666
.02001
•U2001
.U2063
.02166
.02251
.02251
.02386
•U2525
.02668
. U26o8
.U2750

SIGTOT

25.49961
24.26205
23.16627
22.14040
35.36693
29.63622
25.42991
22.23771+
31.30532
28.62214
2o.72125
24.91032
25.12126
24,bO662
24.09851
23.60544
26.7964<+
24.635m
23.08604
21.63161
23.13961
22.22055
21.35176
20.50125
20.60425
20.34785
20.09771
19.65420
24.03850
22.91898
21.90347
20.99339
24.08039
23.36309
22.65183
21.97626
22.06526
21.09628
20.23224
19.47213
20.41513
19.98380

MUBAR

••50606
-.41269
-.33304
-.27921
•.95030
-.51702
•.22032
-.01040
-.55953
•.39804
-.26160
-.14647
•.16104
-.12946
-.09938
•.07068
-.27408
-.15813
-.05633
.02659
-.09662
-.03901
.01289
.06063
.05062
.06492
.07877
.09219
-.22135
-.15213
•.08966
-.03301
».22633
-.18104
-.13868
-.09935
-.10505
-.04824
.00284
.04815
-.02829
-.00189

43
44
45
46
47

64
65
66

.02833

.02918

.02918

.02946

.02973
48 .03001

.03001

.03110

.03222

.03335

.03335

.03417

.03500

.03585

.03585

.03613

.03640

49
50
51
52
53
54
55
56
57
58
59
60 .03668
61 .03668
62 .03778
63 .03S89

.04002

.04002

.04084
67 .04168
66 .04252
69 .04252

.04279

.04307
70
71
72 .04335
73 .04335
74
75

04445
04556

76 .04669
77 .04669
78 .04751
79 .04835
80 .04919
81 .04919
82 .05056
83 .05195
84 .05336

SIGTOT

19.56984
19.16881
19.26581
19.13709
19.00669
13.88262
20.79962
20.26027
19.74792
19.26140
20.53140
20.16654
19.81334
19.47278
19.51078
19.39770
19.28241
19.16788
20.23686
19.77786
19.34751
18.94327
19.24627
18.96453
18.6971+1
18.44294
18.50491
18.42511
18.34600
18.26762
19.05062
18.76281
18.51993
18.28502
19.64502
19.45585
19.27041
19.08857
19.16857
18.88215
18.60348
18.32364

.0229b

.04639

.03801

.04542

.05269

.05983

.08797

.05477

.02371

.00533

.0869u

.06433

.04272

.02208

.02494

.01831

.01167

.00513

.08183

.05453

.02874

.00446

.02741+

.01020

.00624

.02186

.01679

.02177

.02667

.03146

.0297g

.00995

.00800

.02476
•.07482
.06036
•.04654
•.03332
•.03896
•.01861
.00034
.01816

UC - 5. 1



DATA UC AT 29O DEGREES K.

SIGTOT MUbAR SIGTOT MUBAR

85
80

87
ea
69
9u
91
9k
93
94
95
9o
97
9b
99

1UÛ
IbI
102

104
105
10b
107
10a
lu9
11U
111
112
113
11*»
115
lib
117
116
119
120
121
12-i
124
124
125
126

.05336
•J5416
.05502
.U5586
.05586
.05613
.05641
• u5b69
.05669
.05779
.05d90
.06003
.06003
.06085
.06169
.06253
.06253
.06280
..06308
.0633b
.06336
.06446
.06557
.06669
•06670
.06752
.06636
.06920
.06920
.06947
.U6975
.07003
.07003
.07113
.07224
.07336
.07336
.08003
.08003
.06337
.08337
.08670

18.45462
16.27821
18.10704
17.94112
17.96411
17.91044
17.65691
17.80450
18.73350
18.51426
18.30211
ie.o99oe
18.72000
18.56721
18.41952
16.27492
18.32292
18.27627
18.22974
IS.18334
18.55434
18.37175
16.20059
16.U3831
18.37132
16.25212
16.13397
16.01984
18.0738U
16.03640
17.99897
17.96153
18.56255
16.40952
16.26045
18.11526
18.38726
17.60115
17.82615
17.50301
17.76042
17.42253

.00603

.01639
•02634
.03789
.03602
.03906
.04210
.04508

-.02629
-.01270
.00022
.01249

-.03327
-.02363
-.01433
-.00537
-.00867
-.00597
-.00311
-.00028
-.02730
-.01570
-.00475
.00560

-.01895
-.01112
-.00356
.00374

-.00030
.00207
.00442
.00674

-.03663
-.02649
-.01677
-.00748
-.02693
.02090
.00368
.02208
.00266
.02276

127
126
129
130
131
132
133
134
135
136
137
136
139
140
141
142
143
144
145
14*
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
166

.08670

.09004

.09004

.09671

.09671

.10004

.10004

.11005

.11005

.11338

.11338

.11672

.11672

.12672

.12672

.13673

.13673

.14006

.14006

.15006

.15007

.16265

.17118

.17591

.16258

.18675

.19119

.20000

.25000

.30000

.35000

.40000

.45000

.50000

.55000

.60000

.65000

.70000

.75000
•80000
•65000
.90000

17.98723
17.70731
17.93811
17.41421
17.85364
17.59487
17.86527
17.14921
17.36421
17.14493
17.34463
17.21898
17.40478
17.10507
17.33127
16.52153
16.76863
16.39852
16.51432
15.el775
15.96169
15.63813
15.70539
15.48341
15.30891
15.27042
15.34195
15.20270
14.90251
14.63930
14.42104
14.31933
14.24767
14.16819
14.11693
14.07333
14.0^072
14.01274
13.98909
13.96798
13.94927
13.924£l

-.01897
-.00151
-.01811
.01550

-.01655
.00023

-.01909
•0157e

-."00019
.01267

-.00207
.00807

-.0054p
.01234

-.00414
.02240
.00363
.0162fi
.0073o
.0263C
.01477
•0328ft
.02379
.02801
.02222
.02661
.02276
.02735
.0253**
.02663
.02540
.02352
.02090
.01972
.Ol79u
.01657
.01516
.01406
.01312
.01240
.01178
.01114
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DATA FOR UC AT 296 DE4REES K.

E SIGTOT MUBAR E SlGTOT

169 ,95000 13.81523 .01192 170 1.00000 12.67302 .025Of.

THE ELASTIC CONTRIBUTION TO THE TOTAL CROSS SECTION WAS
CALCULATED AT ALL OF THE TABULATED ENERGIES.THE INELASTIC
CONTRItJUTION WAS CALCULATED ON A COARSER MESH AND WAS
INTERPOLATED TO GIVE THE VALUES AT THE TABULATED ENERGIES.

THE FINAL ENERGT INTERVALS USED FOR INTEGRATION OF
THt INELASTIC DATA ARE GIVEN BELOW.

1
2
3
4
5
b
7

DELTA E
.0005
.001
.002
.004
.006
.008
.01

UP TO
.004
.01
.03
.03
.14
.30
1.0

EV
EV
EV
EV
EV
EV
EV

UC - 5.3
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6. Miscellaneous Notes on Uranium Carbide
o

For temperatures other than 296 K the switching criteria for short
o 296*̂ Kcollision and the a. j3 mesh input for 296 K were multiplied by _Q .

j. r̂

The only other changes made in the input for higher temperatures were

for obvious items: T, ID number and comments.

Tabulated below are the temperature, Debye Waller integral and

effective temperature of the scattering law data on file.

T(°K)

296

400

500

600

700

800

1000

1200

Debye Waller
Integral (eV"1)
for Uranium

362.72

486.29

605.69

725.41

845.32

965.34

1205.6

1446.0

T(°K)
for Uranium

304. 79

406.58

505. 28

604.40

703.78

803.30

1002.6

1202. 2

Debye Waller
Integral (eV"1)

for Carbon

39.558

49.766

60.128

70. 778

81.599
92.527

114.58

136.80

T(°K)
for Carbon

369.78

455.89

545.17

637.84

732.56

828.55

1022.9

1219.2

UC - 6. 1



URANIUM DIOXIDE

1. Physics

The scattering laws for uranium and oxygen in uranium dioxide (UO )

have been calculated in the inelastic incoherent approximation by GASKET,

using weighted phonon frequency distributions obtained from a lattice dy-

namical model. Coherent elastic scattering by U and O was calculated

from the known lattice structure, which is similar to CaF9 (fluorite).

The lattice dynamical model is that developed by Dolling, Cowley, and
(2)

Woods to fit dispersion curve measurements. In addition to short-range

core-core forces, the model includes shell-core, shell-shell, and long-

range Coulomb interactions. Weighted frequency distributions were cal-

culated from a dynamical matrix based on this model. A review of the

work by Dolling, et al. is given in a Gulf General Atomic report.

(D

(2)

(3)

E. !.. Slaggie, et al. , "Integral Neutron Thermalization, Annual
Summary Report, October 1, 1968 through September 30, 1969, "
USAEC Report GA-9753, Gulf General Atomic Incorporated (1969).

G. Dolling, R. A. Cowley, and A. D. B. Woods, Can. J. Phys. 43,
1397 (1965).

J. A. Young, "Neutron Scattering from Uranium Dioxide, " USAEC
Report GA-8760, Gulf General Atomic Incorporated, July 10, 1968.

UO2 - 1. 1



2. Weighted Frequency Spectrum of Uranium in UO

130 -
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3. Weighted Frequency Spectrum of Oxygen in UO
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3 . 1 GASKET Input for U(UO ) at 296 K

The code GASKET is discussed in Section A. 3. 1. The data tabu-
lated below follows the format of the code input instructions also given in
Section A. 3. 1. The code symbols used below are defined on the code input
section. If no value is entered for a symbol then that datum was not required.

CARD NO.

1
2

3
4
5
6

FORMAT
13A6, A2
1115

315
5ElO
6E10
7E10

CODE SYMBOLS AND VALUES

COM U in UO2 at 296 K. FCC model.

NT -12 NP 5Q NE 80 NDAM i NGPRT
NCP 0 NMESH 1_ NREST 0 NCVP 0 NSEP
IPG Q
JS3 -86 JS4 JS5
Wl .0001 W2 O.Q W3
Tl .0255 T2 O.Q T3
AM 238. 03DC BETSW ALPSW CRITl
CRIT2 CRIT3
X3 .086

- 3. 1. 1



CARD NO. FORMAT
8 7E10 Q3 0. 0

10.649
89.965
29. 643
.63442
4.2186
3.4041
2.3287
1. 1558
1. 2354
.76018
.23744
.80319
.070214
.0004299

CODE SYMBOLS AND VALUES
.46260
15.442
99.874
77.690
.64183
5.2855
3.3047
2.4506
1.3608
1.3677
.58347
.40970
.56653
.054065
0.0

1.0831
21.982
95.651
127.91
.99599
5.8177
2. 8288
1.9019
1. 2867
1. 2846
.45129
.63213
.39261
.037417

2. 4514
ZI. 892
66.029
29.401
1.5331
5.9447
2.6629
2. 0120
1.3258
1. 2589
.31670
.74042
.27048
.021232

4.9159
45.230
47.279
5.2336
2.3095
5.4349
2.6025
1.3254
1. 2356
1. 1108
.21204
.82127
.18194

6.4420
69.832
32. 150
.70288
3". 4823
4. 1625
2.3100
.88542
1. 2501
1. 0409
.13266
.84773
.13979

.012110 .0036441

9
10
11
12
13
14
15.
21

Cards 9 and 10 are not needed

7E10
7E10
7110

X5
Q5

NPHON

16,
5ElO EMAX L-O DALPHA . 010083 ALPHAC

17, 18, 19 and 20 are not needed
2E10 DT • 05 TMAX . 1

134437 DBETA . 10 BETAC ?. 95

22

23

2110
2E10 ID 130 NPT

7000.0
9500. 0

SIGF 8.4 EPS 1. 0E-6

Card 23 is not needed

UO0 - 3. 1. 2



3. 2 GASKET Input for

The code GASKET is discussed in Section A. 3. 1. The data tabu-
lated below follows the format of the code input instructions also given in
Section A. 3. 1. The code symbols used below are defined on the code input
section. If no value is entered for a symbol then that datum was not required.

CARD NO.

1
2

3
4
5
6

FORMAT
13A6, A2
1115

315
5E10
6E10
7E10

CODE SYMBOLS AND VALUES

COM O in UO2 at 296 K. FCC model.
NT -12 NP 50 NE 80 NDAM 1 NGPRT _
NCP Q NMESH i NREST Q NCVP Q NSEP _
IPG _0
JS3 .86 JS4 JS5
Wl . QOQl W2 Q. Q W3 1. Q W4 W5
Tl .0255 T2 0.0 T3 .0255 T4 T5
AM 16. 0 DC BETSW ALPSW CRITl
CRIT2 CRIT3
X3 .086

UO0 - 3.2. 1



CARD NO.

8

FORMAT

7E10 Q3 0.0
.78298
5.3794
.94784
6.9724
21. 040
21.258
19.859
18.46 7
34.566
15.430
.98949
23.807
7. 1559
.83710

CODE SYMBOLS AND VALUES

.031386
1. 1367
5. 3587
2. 2904
7. 5 104
24.496
21. 168
20.873
22.93 7
29.607
11. 726
2.0034
19.566
6.0066
0.0

. 074139
1.6674
5.0484
2.9726
10.067
24.452
18. 205
16.838
20.815
24.674
9.3296
3.7310
16.969
5.5223

.16980
2.-0450
4.1062
1.7011
12. 680
27.417
20.086
18. 154
23. 003
22.470
6.6387
5.5813
17. 868
3.8312

.34950
3.2024
3.0644
2.8011
18. 547
26.769
19.911
15.296
22. 950
20.377
4.5238
8.2498
12.518
3.6634

.46484
4.3883
1.8615
4.7463
21. 186
21.396
17.479 .
13. 225
26. 210
20.659
2.6508
13.318
9. 9532
1.9191

9
10
11
12
13
14
15,
21

Cards 9 and 10 are not needed

16.

7E10
7E10
7110
5E10

17, 18,
2E10

X5
Q5'

NPHON _
EMAX-I1J) DALPHA . 15 ^ALPHAC 2. 0 DBETA .'10 BETAC 2.95

19 and 20 are not needed
DT.05_ TMAX. 10

10
.25
.50
1.25
2.5

22

23

2110
2E10

25.0
40.0

7000.0
9500.0

ID 140 NPT SIGF 3O 76 EPS 1. OE-6

Card 21 is not needed

- 3. 2. 2



4. Plots of Scattering Law for UOr

BETA VALUES FOR MULTICURVE PLOT

CURVE
1

2

3

4

5

6

7

8

9

10

11

12

13

14

1 5 '

16

17

18

19

20

INDEX
1

2

3

4

5

6

7

8

9

=
t t

i

6

a

+

A

B

C

D

/3(296 K)
0.00

0. 100

0.200

0.600

1.00

1.400

1.800

2. 200

2.600

3.00

3.4716

4. 033

4.8753

5.9024

7.2336

8.9590

1. 1195 +

1. 4094 +

1.7852 +

2. 2722 +

01

01

01

01

/3(1200 K)

0.0

0.024661

0. 049322

0. 14797

0.24661

0.34525

0.44390

0. 54254

0.64119

0.73983

0.85614

1. 0069

1. 2023

1.4556

1. 7839

2. 2094

2. 7609

3.4758

4.4024

5.6034

UO9 - 4. 1
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U kli Ô IO IO J- ^- ^- J- IO *O r- f̂ * JJ i ) Ô  Jv gv 0v -^ o •-< •-! (M 'M IO ct~ J- J- JI IJO 1/1 If) JJ r— CO OO O1* Ô  O O "H (M IO
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9J
9H

9S
9o
9 f
90
yy
IuO
lin
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IuH
1 jb

i^o
1. 7
!,,a

1 1 ( J

H i
U t
H J

H1+
H i
H o
ii7

Ho
ny
12vJ

121
12<i

12J
124
i2b
12o

LJAT

t.

•uH3bl
•UHHHO
•o4bl7
. o45oo
.u4bdb
•U4oûy
• u4b.il
•jH6b4
•04bbH
.047Hb
• U*+bôO
•OH^^o

• u 49*5o
.JbuoH
.ubio-i
• ublô-i
• Jbi.5o
.0bl79
•ub2u2
. ubiiu2

. 0b<iy2
•ubibH
.ubn7b
.ubH7o
»u5b4H
• (J5O12

> U 5 O B 1
•Oboei
.0b7uH
« ub7«.7
•u5749
•ob7H9
» uboHO
.u5y.il
.06u2-i
.06023
.06091
•06I6O
»u622y
.06229
• U 6 3 H 2

s î vj T O T

22,lblH<i
21.922bb
21.bBbnb
21.Hb9bb
21.66lbh
21.bboyn
cl.bliHh
21.4391j
21.HH813
21.16b,ib
20.B92O2

21.849tic
2l.bH5b7
21.HHb3b
21.2b*sl7
21.»39Io
21.57H71
2l.blOib
21.44713
21.45013
21.2O44j
2û.97bH7
2 J .7b2r.f>
21.413OÉJ

21.2Hbtfj
21.UbHoO
20.922b9
2i «J40b9
21.28o87
21,ii3267
21.179hti
21.l81biî
20.97H99
20.773i;i)
20.37671
21.12472
20.y7604
20.B3142
20.o87e3
20.92383
20.69244

AT 29b DEGREES

VUuAK

-.0Hu7b
-=02o03
-.01569
-.J037b
-.01636
-.01244
-.0lici56

-.00472
-.00b2b
.0094<£
.02347
.u3otiy

-.0406U
-.0295o
-.0ld87
-.00û50
-.03217
-o 02oée
-.023^2
-.u2l79
- . 0 2 I 9 H

-.OOoSO
.JÛJ67
..'1361

-.J239?
-.Qlo70
-.00771
.00102

- . 0 2 H 7 4
-.0217b
-.0I06I
-.01588
-.OloOb
-.00478
.OO0O6
.01649

-.01a02
-.00997
-.00214
.00548

-.00934
.003Ou

127
126
129
130
131
132
133
134
135
13b
137
138
139
IHO
IHl
142
143
144
14b
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
16b

£

.0645b

.06571
•06b71
.06639
.067.07
.0b776
.06776
.06799
.06622
.06845
.06H45
.06935
.07026
.U7118
.07118
.07186
.07255
.07324
.07324
.07346
.07369
.07392
.07392
.07550
.08213
•08213
•08966
.08966
.09309
.09309
.09856
.09d56
•1C404
.1C404
.10609
.10609
.11499
.11499
.11704
« 11704
.12554
.12591+

SIGTOT

20.4661)4
20.24123
20.70023
20.56492
20.431J8
20.30098
20.6049a
20.562c,4
P0.51H16
2O.H7biH
20.47634
20.306ob
20.14590
19.987V;9
2 1 . 1 5 3 L 9

21.02705
20.90453
20.783b0
21.04750
21.00b93
20.967H1
2-1.92696
21..92796
20.6blu4
19.84346
20.H1546
19.71877
20.01878
19.63IuH
20.0620H
19.63290
19.86992
19.H410B
19.941U8
19.7470b
19.91905
19.34816
19.61016
19.H4890
19.62b90
19.39700
19.60600

.0149B
• 02640

-. 0031t'
• on 3Bt-
.01070
.01737

-.C02rm
.0.TOl^
.00243
.OOH65
.004bZ
.Ol32h
.02157
.02961

-• 0427',-
-.0358Ç
-.029Ib
- . l;225t-

-.038If
-.0359f

— , (,i37r
- . ii 3 1 5 h
-.Î315Ç
-.01705
.02513

-.0111?
.02360
.00H3r
.02H7c

-.0027fi

.0164n

.0033P

.02431
-.00741
.Ù030Ç

-.00764
.02102
.00430
.01261
.0016H
.0154r

.0023b

UOn - 5. 2



lu*
I7u
i7i
ÏU
17J
174
17b
17D

177
17b
1?*
IbJ
ICI

u-T

t

.13669

.i3&b9

.14764

.14764

.15ji2
•Ibj32
.1613U
.1697s
.ib97b
.icU7u
•Ibu7u
.10*75
• lbbi.5

M Fj

Sl

IS*.
19.
19.
19.
19.
19.
16.
16.
18.
18.
Ib,,

16.
18.

K UuI: »

•iT0T

U3232
^263*
I42tb
4176$
1OUiU
22b2u
o21t;b
5777,,
7b59u
b41ul
t)9ti3l
o22l£
b33ô9

,T 2*6 Ptti

MUDAR

.02612

.UD721
•Ul^2b
.00197
.01^9
.0046b
.U1476
.02o8U
.01456
.D2i3£
.01322
•Ulo86
.01955

KEES

162
183
184
165
186
187
188
189
190
191
192
193
194

K .

E

•1991M
.24UUÙ
•26buO
.32000
•3600Û
.410OU
.46000
.51000
.60000
.70000
.60000
.90000

Î.OUOOÛ

SIGTOT

lfl.43967
IB.235.,1
17.91529
18.25172
18.15016
lfi.00830
17.K9775
17.^0177
17.65326
17.51905
17.40602
17.307M3
15.79254

N1UHAi-

.022Ot

.01961

. 021 D(-

.01632

.01859

.01891

.0195?

.02003

.02097

.0218F-

.02251

.02301

.03In1-

Tt.L C L M S T I L CO(MTr(IoUTION Tu ThL TOTAL CROSS SECTlOfj *AS
MT A L L OF ThIL TAIJULMTED E-NtRGlES .THE INtLASTlC

*As> CALCUL^TEU ON A COARSLR MESH ANC W,-.S
TO GIVE Tht VALUES AT T H L TABULATED

THt »-INAL tNcf<fcY INTt RVMLS USEL F Ort INTtGR «TlON OF
Trtc. iNtLASTiC UAlA AKE 0IVtN BcLOW.

i
*

4
b
D

7

UCLIA t.

.ouu5

.UOl

.UU*

• uu4
.Uub
.UOB
.Ul

UP Ti
.004
.01
.U3
.Ub
.14
.30
l.u

EV
£V
EV
EV
EV
Lv
tv

U O 2 - 5 . 3



o

4 O r

35 -

3O -

E 25 -

20 -

15 -

10 -

0.001

-

\ /

\ /

\ /

\ /

V
' A//

I
I
/
I
/
I
/

i i i

I\\
U

\
I
I

I
i /
I f

/

H
;
I

i/ i i

i

I»

»

/
/I
/I

. / I 1 J

'>

\
i/"I

i

\it\tp

——

i i

i i i I I I

-

- v ^ ^
—

UO2 AT 296*K

<rT CALCULATED TOTAL CROSS SECTION

Ji CALCULATED AVERAGE COSINE

-

I l I I I I

0 01 O l

0 2

-O . I

- O

- -O.I

- -0.2

- - 0 . 3

- - 0 4

-0.5

ENERGY («V)



6. Miscellaneous Notes on Uranium Dioxide

For temperatures other than 296 K the switching criteria for short

collision and the a. 0 mesh input for 296 K were multiplied by 0 .
T K

The only other changes made in the input for higher temperatures were

for obvious items: T1 ID number and comments.

Tabulated below are the temperature, Debye Waller integral and

effective temperature of the scattering law data on file.

T(°K)

296

400

500

600

700

800

1000

1200

Debye Waller
Integral (eV*1)
for Uranium

277.87

371.63

462.38

553.44

644.69

736. 05

918.98

1102. 1

T(0K)
for Uranium

311. 1

411.4

509. 1

607.6

706.6

805. 7

1004.6

1203.8

Debye Waller
Integral (eV*1)

for Oxyg en

48.294

61.635

74.987

88.618

102.42

116.32

144.33

172.50

T(0K)
for Oxygen

387.2

470. 0

557.0

647.9

741.3

836.3

1029. 1

1224.4

UO2 - 6. 1



ZIRCONIUM HYDRIDE

1. Physics

The crystal structure of gamma phase zirconium hydride is a face-

centered cubic lattice of Zr atoms with interstitial H atoms forming a

second cube of side a/2 centered inside the Zr cube of side a. In this

arrangement each H atom is at the center of a tetrahedron formed by

four Zr atoms. Because of the large mass ratio of Zr to H (91:1) one

would expect to find in the frequency spectrum of zirconium hydride a

rather narrow optical band corresponding to the proton oscillating isotropi-

cally in the potential set up by its practically stationary nearest Zr neighbors.

Such an optical band centered at 0. 137 eV is actually observed in neutron

scattering experiments, but its width of about 15% exceeds by far the

one associated with the simple model of a proton harmonically bound in a

spherically symmetric potential due to nearest neighbors of mass 91. The

most likely cause for this broadening is the coupling between H atoms.

Neutron scattering experiments further show that in addition to the optical

band just mentioned the frequency spectrum of zirconium hydride has an

acoustical band extending up to about . 02 eV. Without further details of

the lattice dynamics and since in the acoustical modes the H atoms essen-

tially move together with their Zr neighbors, it is reasonable to assign a

weight between l/90 and 1/360 to these modes in a scattering law calcula-

tion. Of these two extreme weights, experimental evidence seems to

favor the smaller one.

The data stored on the ENDF were actually calculated with a phonon

spectrum consisting of a Debye spectrum with cut off at 0.02 eV and

(I)W.L.Whittemore, USAEC Report GA-6583 (1965).

*2)J.C. Young et al. , Nucl. Sci. Eng. t 19, 230(1964).

ZrH - 1. 1
n



weight l/360, plus a Gaussian centered at O. 137 eV and having a width of

0. OZ eV at half maximum. The scattering law calculations were done with

the code GASKET and do not include scattering by the Zr atoms .

Since H is essentially an incoherent scatterer, the Legendre moments

of the elastic scattering cross section were obtained with the code ZREND.

It is not advisable to calculate the Zr contribution to the scattering

law as free gas of mass 91 since this rather large mass would lead to

numerical difficulties. It is preferable to consider the scattering from

Zr atoms as elastic in the laboratory system.

Z r H -1.2
n



2. Weighted Frequency Spectrum for H(ZrH)

(»1

ZrH - 2. 1
n



3. 1 GASKET Input for H(ZrH) at 296°K

The code GASKET i s d iscussed in Section A. 3. The data tabulated
below follows the format of the code input instructions also given in Sec-
tion A. 3. The code symbols used below are defined on the code input s e c -
tion. If no value is entered for a symbol the corresponding input quantity
was not required in the calculation.

KO. FOBMAT CODE SY^OLS AND VALUES

1

2

3
h

'j

G

15A6,A2

1115

315

O: 11 )

TJ'! 1 ( )

7 2 1 0

COM Mass

NT -<j

NCP O

IPG O

JS3 -81*

Wl .00005
1I1-I .0255

AM 1 .008

CRTT2 0 . 0

X3 .168

360 H(ZRH) «...

NP kO

NMESH 1

JS!* 0

wr> 0 . 0

•!•;• 0.0
Dt: 0.0 i

CRTT3 1-0-7

2960K

NE 150

NREST 0

JS5 0

W1 .99995

T1 .0655
,KT:a£o.o

NDAM

NCVP

W Ii

Tl,

AI1I-TM

1
0

0 . 0

0 . 0

60.0

NGPRT

NSEP

W, 0

.,», 0

en ri' 1 0

Z r H - 3 .
n

0
O

.0

. 0

.0

1. 1



FORMAT CODE SYMBOLS AIID VALUES

5

9

• ~\*.^

13
1 .

1:, 16,
21

22

23

TElO

Cards 9

TSlO

TElO

TIlO

5ZlO

IT, 18,

2210

2110
2E10

Card 23

Q3

and 10 are

X5

Q5

'OTON

EMAX

.000085

.00431+

0 .0

0 . 0

0 . 0

0 . 0

0 . 0

0 . 0

0 . 0

.00923

.25702

.97265

.500

.03492

.000352

.00567

0 . 0

0 . 0

• 0.0

0 . 0

0 . 0

0 . 0

0 . 0

.01645

.36861

1.0

.36861

.01845

not needed

1.0 DALEKA

19 and 20 are not needed

DT .05 IMAX 6

ID

.1»

.4
3-0

6.0

20

ia not needed

18

60

300

3100

HPT 0

.0008

.007182

0 . 0

0 . 0

0 . 0

0 . 0

0 . 0

0 . 0

0 . 0

.03492

.500

.97265

.25702

.00923

.0011*2

.COe865

0 . 0

0 . 0

0 . 0

0 . 0

0 . 0

0 . 0

0 . 0

.06313

.64171

.89503

.16956

.00437

•5 ALFHAC 5.0

.0

. 0

.0

.0

.0

SIGF 20. 36 EPS

.00222

0 . 0

0 . 0

0 . 0

0 . 0

0 . 0

0 . 0

0 . 0

.00195

.10584

.77917

.77917

.10584

.00195

DBZTA

.0X001

.003158

0 . 0

0 .0

0 . 0

0 . 0

0 . 0

0 . 0

0 . 0

.00437

.16956

.89503

.64171

.06313

0 . 0

.25 EETAC ^0.0

ZrH - 3. 1. 2
n



CARD NO. FORMAT CODE SYMBOLS AND VALUES

8 7E10 3.5-03

9
10
11
12
13
14
15

Cards 9 and 10 are not needed

7E10 X5
7E10 Q5
7110 NPHON
5E10 EMAX
7E10 ALPHA

. 1221
0.
7.
19
33
12.
27
37

0
250
•7?_,
. 14
.48
.89
.94
53

28.99
29.44
60.77
7.53

ZrK - 3. 1. 2n
(Rev. -12/31/69)



CARD NO. FORMAT CODE SYMBOLS AND VALUES

16 7E10. 5 BETA 0. 0 . 23529
.58824
.82353
1.2549
1.92160
2.8627
4.5490
5.0196

3JM-QQ
32,549
35.294

17, 18, 19 and 20 are not needed
21 2E10 DT . 15

.,40

IzJL
6.0

TMAX 6. 0

12. 0

60.0
300.0
2500. 0
4100. 0

.31373

.62745

.86275
1.3333
2.0392
3.1765
4.6275
5.098
5.4118
5.8039
6. 1176
9.0196
10.667
11.451
11.922
14.
16.

18.

23.

.2è «.
29.

706
588

039
176
529

£h3.
020

22 2110
2ElO ID j.04 NPT

£3 Card 23 is not needed

SIGF 20. 36 EPS I. 0-6

ZrH - 3. 1.3
n

(Rev.-12/31/69)



3.2 ZREND Input for H(ZrH)

The code ZREND is discussed in Section A. 3. The data tabulated
below follows the format of the code input instruction also given in Sec-
tion A. 3. The code symbols used below are defined in the code input sec-
tion. If no value is entered for a symbol the corresponding input quantity
was not required in the calculation.

CArC NO. FOHMAT CODE SÏMBOLS AND VALUES

COM ZEEHD FOR H(ZRH)

-Ti,

3K10,

15

7210

7210

NK 109 r,u 8i. 10-0 r.rr. 1.0-15

600.0 700.0 800.0

ZrH - 3.2. 1
n



4. Plots of Scattering Law

Values for Multlcurve Plots

CURVE

1

2

3

4

V
il

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

D]DEX

1

2

3

4

5

6

7

8

9

d

=

Tl

I

6

a

+

A

B

C

D

^(296K)

0.00

.25

.50

1.50

2.50

3-50

4.50

5.50

6.50

7.50

8.50

9-50

10.50

11.5

12.5

13.5

14.5

15.5

16.5

17.5

5(1200K)

0.00

.062

.123

.367

.617

.863

1.110

1.36

1.60

1.85

2.10

2.34

2.59

2.84

3.08

3-33

3-58

3-82

4.07

4.32

ZrH - 4. 1
n
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b, INTEGRAL DATA

TABULATION OF ENERGY IN EV (E)rTHE TOTAL CROSS SECTION IN BARfJS
AND THL AVERAGE COSINE OF THE SCATTERING ANGLE (MUBAP)

DATA FOR ZRHl.85 AT 296 DEGREES K.

1
2
3
4
5
6
7
6
9
10
H
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
JO
il
32
33
34
35
36
37
38
39
HO
41
42

.00025

.00075

.00125

.00175

.00225

.00275

.00325

.00375

.00450

.OQb50

.OOoSO

.007b0

.00^50

.01100

.01300

.0IbOO

.01700

.02100

.02b00

.02900

.03600

.04400

.0b300

.06b00

.07700

.08^00
,09b00
.10100
.10700
.11300
.11900
.12b00
.13100
.13700
.15200
.lfaG'jO
.16^00
.17000
.18400
.19^00

SIGTOT

173.69401
164.76159
161.24719
158.39221
156.94430
155.237It,
153.70253
152.28257
150.19403
147.64045
145.23604
142.9680b
140.79476
138.71326
135.65631
131.97166
128.26519
125.0195o
121.69225
118.76694
113.0261b
107.68299
99.21736
90.77676
82.71070
73.61620
66.25242
60.02175
57.29667
54.80363
52.53138
50.49899
48.81115
47.96196
48.03683
49.68011
b4,62310
55.74407
55.84913
5b.48195
54.O442Ù
54.0314b

MUBAR

-.00123
.00195
.00448
.00698
.00955
.01211
.01464
.01713
.02094
.02596
.03096
.03592
.04086
.04576
.05309
.06244
.07208
.08108
.09041
.09905
.11663
.13398
.16371
.19641
.23127
.27485
.31418
.35031
.36696
.30265
.39726
.41037
.42072
.42427
.41765
.40033
.36212
.35725
.3592b
.36501
.37366
.33263

43 .20000
44 .22400

.23200

.24000

.24800

.25600

.26400

.27200

.28000

.28800

.29600

.32500

.34500

.36500

.38500

.40500

.42500

.44500

.46500

.48500

63 .50500
64 .52500

.54500

.56500

.58500

.60500

.62500

.64500

.66500

.68500

.70500

.72500
75 .74500
76 .76500
77 .78500
76 .80500
79 .85500

.88500

.91500

.94500

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

65
66
67
68
69
70
71
72
73
74

47,
46.
45,
45,
46.
47.

49.
48.

80
61
82

SIGTOT

52.91084
49.46343
47.95893

27613
32303
40488
77454
67061
66315

48.81646
49.5f642

53006
16903
57628
14169
61195
91637
85453
U8804
61854
49342
86209
34126
31597
73503
45404
75065
99706
72291
20826
BP.040
09465
82612
26464
76290
67181
67630
39037
7H159

45
45
46
47
47
46
45
44
45
46
4b
4b
45
44
44
45
45
46
45
45
44
44
45
45
44

MUBAR

.39349

.42751

.43912

.44893

.45735

.46219

.46007

.45146

.44011

.43101

.42611

.43417

.44964

.46874

.48237

.47937

.46389

.46049

.46664

.47826

.49133

.4«843

.49318

.4B370

.48156

.48672

.49583

.50487

.50779

.5D243

.49623

.49553

.50006

.50702

.51302

83 .97b00
44.6C417
45.16930

.50477

.5(1906

.51846

.51990

.5134 0
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6. Miscellaneous Notes on Zh r.nium Hvdride

For temperatures other than 296 K the switching criteria for short

collision and the a,|3 mesh input for 296 K were multiplied by .
T°K

The only other changes made in the input for higher temperatures were for

obvious items: T, ID number and comments.

Tabulated below are the temperature, Debye Waller integral,

effective temperature and ID numbers of the scattering law data on file.

T(°K)
296

400

500

600

700

800

1000

IZOO

Debye Waller
Integral (eV1)

8.5607

9. 1710

9.9143

10.783

11.745

12.778

14.988

17.324

T(°K)
795.48

819.43

858.80

911.35

973.92

1043.9

1199.4

1368.2

ENDF
ID No.

GA 0020

GA 0065

GA 0066

GA 0067

GA 0068

GA 0069

GA 0070

GA 0071

ZrH - 6. 1n



ZIRCONIUM HYDRIDE

1. Physics

The scattering laws for zirconium and for hydrogen in zirconium

hydride were calculated by GASKET from squared-amplitude weighted fre-

quency spectra obtained from a central force lattice dynamical model.

This model approximated the slightly tetragonal lattice structure of ZrH

by a face-centered-cubic lattice. Four force constants - p, y, v, and 6-

were introduced describing respectively the interaction of a zirconium

atom with its nearest neighbors (8H atoms) and the next nearest neighbors

(12 Zr atoms) and the interaction of a hydrogen atom with its next nearest

neighbors (6 H atoms) and its third nearest neighbors (12 H atoms). Eigen-

values and eigenvectors of the dynamical matrix were calculated and a

phonon frequency spectrum obtained by means of root sampling techniques.

In addition, weighted frequency spectra for use in neutron scattering cal-

culations were obtained by appropriate use of the dynamical matrix eigen-

vectors. These spectra are illustrated in Figs. 1, 2 and 3.

The final values of the force constants were obtained by fitting both

specific heat and neutron data. The position of an optical peak - observed

by neutron scattering techniques to be centered roughly around 0. 14 eV -

determines the constant p, while the over-all width and shape of this peak

determine v and è, respectively. Existing neutron data are not sufficiently

precise to confirm the structure predicted in the optical peak by the cen-

tral force model. Specific heat data were used to determine the force

constant y, which primarily determines the upper limit on the phonon

energies associated with acoustic modes.

(DE. L. Slaggie, "Central Force Lattice Dynamical Model for Zirconium
Hydride, " General Atomic Report GA-8132, July 29, 1967.

ZrH - 1. 1
n
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In the plots for the scattering law some discontinuities are fairly

prominent at high values of a- These dis continuities are associated with

the switch to the short collision time approximation and are of no practical

significance in this case because of the small values of the scattering law

in the region of the discontinuities.

ZrH - 1. 2n
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HISTOGRAM SHOWS SPECTRUM CALCULATED
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Fig. 1. 7.TU2 frequency spectrum calculated from the central force
model. The smooth curve shows a Debye spectrum for w « 0. 02 eV
and a Gaussian of width 0. 02 eV centered at 0. 137 eV.
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Fig. 2. Weighted frequency spectrum for H in ZrH2 calculated from
the central force model. Acoustic modes are shown mulliplied by a
factor 10^.
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Fig. 3. Weighted frequency spectrum pj(tc) for Zr in ZrH0

calculated from the central force model.
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3. 1 GASKET Input for H(ZrH)

The code GASKST is discussed in Section A. 3. 1. The data tabu-
lated below follows the format of the code input instructions also given in
Section A. 3. 1. The code symbols used below are defined on the code input
section. If no value ia entered for a symbol then that datum was not required.

CARD NO. FORMAT CODE SYMBOLS AND VALUES

NGPRT
0 NSEP"

W5

1 13A6, A2 COM Slaggie's H(ZrH) at 296 degrees K.
2 1115 NT -5 NP 40 NE 150 NDAM 1_

NCP 0 NMESH_0_ NREST 0 NCVP
IPG _0

3 315 JS3 80 JS4 JS5
4 5E10 W l . 00005 W2 0. 0 W3 .99995 W4
5 6ElO Tl . 0255 T2 0.0 T3 .0255 T4 T5
6 7E10 AM 1. 008 DC 0.0 BETSW 60. 0 ALPSW 60.0 CRITl

CRIT2 CRIT3 1. 0-5
X 3 • 0 Q 1 .002 .003 .004 .005

. 007 .008 .009 .010 .011
• 013 .014 .015 .016 . 017
.019 . 020 .021 .022 .023

006
012
018
024

ZrH - 3. 1. 1n
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CARD NO.

8

FORMAT
7E10 Q3B.75-04

.046

.1606

.3322

.09738
1. 0-04
4.7?0 .
J.3. 52
32. 21
38. 18
26.59
24.66
14. 51
8.497

3.5-03
.061
.1969
.3328
.06067
0.0
5.995
16.04
31.75
38. 75
27.86
27.51
11.48
0.0

CODE SYMBOLS

8.0-03
.078
. 2606
. 2911

[ .1221
0.0
7.250

33. 14
39.48
27.89
37, 94
9. 53

.015

.094

.3479

. 1617

. 1495

.0499
8.550
26. 10
35.65
28.99
29.44
60.77
7.53

AND VALUES

.0235

. 116

.3559

. 1431
" .07219

2.010
9.640
29.39
33.34
23. 29*
25.86
26.66
5.449

.0340

. 144

.3500

. 1248

.01443
3.560
11.91
30. 82
36. 27
25. 18
23.33
18.54
3.838

9
10
11
12
13
14
15

Cards 9 and 10 are not needed

7E10 X5
7E10 Q5
7110 NPHON
5E10 EMAX
7E10 1.5

4.5
8.6299
17.092
34.431
69.958
142.75

ZrH - 3. 1. 2
n
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CARD NO. FORMAT

-16 7E10. 5 BETAO. 0
.47059
.70588
1.0196
1.5686

-«• 2 .2745
3.8431
4.7843
5.2549
5.5686
5.8824
6.2745
9.6471
10. 824
11. 608
12. 549
15.647
17. 059
18.824
21. 9,6Jl
25.098
27.451
30.000
32. 549
35.294

17. 18, 19 and 20 are not needed
21 2E10 DT . 15

. 4 0
3 .0
6 .0
12.0

CODE SYMBOLS AND

.07843]

.50980

.74510
1.0980
1.6863
2.3922
4.1176
4.8627
5. 2941
5.6471
5.9216
6.8627
9.9608
10.980
11. 686
12.941
15.882
17. 294
19.608
22. 35_3
25.490
27. 843
30.588
32.941
36.078

TMAX

L .15686
.54902
.78431
1. 1765
1.8039
2. 5098
4.4314
4.9412
5.3333
5.7255
5.9608
7.4510
10. 275
11. 137
11.765
13.529
16. 118
17. 529
20.392
22. 745
25.882

- 28. 235
30.980
33.333
36.863

6.0
60.0
300.0
2500.0
4100.0

.23529

.58824

.82353
1.2549
1.92160
2.8627
4.5490
5.0196
5.3725
5.7647
6.0392
8.0392
10.588
11. 294
11.843
14.118
16.353
17. 765
20.784
23. 13 7
26.275
28.627
31.373
33.725
37.647

VALUES

.31373

.62745

.86275
1.3333
2.0392
3.1765
4.6275
5.098
5.4118
5.8039
6. 1176
9.0196
10.667
11.451
11.922
14. 706
16.588
18.039
21. 176
23.529
26.667
29.020
31.765
34.118
38.431

-

.39216

.66667

.94118
1.4510
2. 1569
3.4902
4.7059
5.1765
5.4902
5.8431
6. 1961
9.3333
10.745
11.529
12. 235
15. 294
16.824
18.353
21. 569
24.314
27. 059
29.412
32.157
34.510
39.216

•

22 2110
2E10 ID 104 NPT

23 Card 23 is not needed

SIGF 20, 36 EPS 1. 0-6

ZrH - 3. 1.3
n
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3.2 GASKET Input for Zr(ZrH)

The code GASKET is discussed in Section A. 3. 1. The data tabu-
lated below follows the format of the code input instructions also given
in Section A. 3. 1. The code symbols used below are defined on the code
input section. If no value is entered for a symbol then that datum was not
required.

CARD NO.

1
2

3
4
5
6

FORMAT
13A6, A2
1115

3X5
5E10
6E10
7E10

CODE SYMBOLS AND VALUES
COM Slaggie's Zr(ZrH) c.t
NT -5
NCP 0
IPG 0
JS3 80
Wl .005
Tl . 0255
AM 91. 22
CRIT2
X3 . 001

.007

. 013

.019

.025

.031

. 117

. 123

. 129

.135

. 141

.147

.153

.159

NP 40
NMESH 0

JS4
W2 0.C

T2 0. 0
DC 0. 0

CRIT3
. 002
.008
. 014
. 020
.026
.032
.118
. 124
. 130
.136
.142
. 148
. 154
.160

NE i
296°K.
18 NDAM i

NREST 0

JS5
W3 1.0

T3 .
BETSW
1.0-5
. 003
.009
.015
.021
.027
. 113
.119
. 125
. 131
. 137
. 143
.149
.155

0255 T4
60.0

.004

.010

.016

.022

.028

. 114

. 120

. 126

.132

.138

. 144

. 150

. 156

NCVP

W4

NGPRT 0
_0 NSEP 0

W5
T5

ALPSW ._

. 005

. 011

.017

. 023

.029

. 115

. 121
' . 127

.133

.139

. 145

. 151

. 157

66346CRIT1

. 006

.012

.018

. 024

.030

.116

. 122

. 128

.134

. 140

. 146

. 152

. 158

ZrH - 3.2. 1
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CARD NO.

8

FORMAT

7E10 Q3.08
4.50
21.3
69.42
37.72
1.031
. 1650
.2340
.214
.202
.243
. 194
.0775
.000266

(

.32
6.30
27.97
76.32
29.24
0.0
. 1860
.239
.198
. 193
.253
.204
.0592
0.0

CODE SYMBOLS

.70
8.40
39.79
73.70
66.07
0.0
. 2050
. 242
. 189
. 197
.253
.263
.0406

1.40
H-.-0
57.36
43.53
94.47
.00218
.2150
.235
.170
. 200
. 262
.390
.0235

AND VALUES

2. 15

63. 10
42.53
58.62
. 0828

\ .2170
.223
.206
.212
.228
. 170
.0112

3. 10
16.4
67. 14
41.67
19.5 7
. 1340
.2360
.221
.207
.225
. 195
. 108
.00424

9
10
11
12
13
14
15

Cards 9 and 10 are not needed

7E10
7E10
7110
5E10

7E10

X5
Q5

NPHON
EMAX

ALPHA

DALPHA
. 0055251.
.038676 .
.076404 .
.15003 .
.30088 .
.60997 .
1. 2433 1

011050
044201
085318
16828
33830
68664
.. 4004

ALPHAC DBETA

.016575

.049726

.095362

.18887

.38047

.77305
1.5774

.02210

.05-5251

.10668

.21206

.42800

.87044
1. 7770

.027626

.061478

.11944

.23821

.48157

.98020

BETA

.033151

.068496

.13382

. 26 767

.54194
1. 1039

ZrH - 3. 2,. 2
n
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CARD NO. FORMAT CODE SYMBOLS AND VALUES

- - 16 7E10 BETA 0. 0
.47059
.70588
.94118
1. 1765

- ' 1.5686
2. 0392
2. 5098
3.3725
4.7059
7. 0588
9.4118
11.765
14. 118
16.471
18. 824
22. 745
27-451
32. 157

17, 18, 19 and 20 are not needed
21 2E10 DT. 60

1.0
4.0
6.0
12.0

.098039 .19608

.50980

.74510

.98039
1. 2157
1. 6471
2.1176
2.5882
3,5294
5.0980
7.4510
9. 8039
12.157
14.510
16.863
19.216
23.529
2fi-235
32. 941
3 7 . é>47

TMAX _

.54902

.78431
1.0196
1.2549
1. 7255
2. 1961
2. 7451
3.6863
5.4902
7.84310
10.196
12. 549
14.902
17.255
19.608
24.314
2Q-020
33r 725
3R.431

6.0
60.0
300.0
1000.0
4500.0

.29412

.58824

.82353
1. 0588
1.3333
1. 8039
2. 2745
2. 9020
3.8431
5. 8824
8. 2353
10.588
12.941
15.294
17.647
20.392
25.098
2Q. R04
34. 510
39.216

.39216

.62745

.86275
1. 0980
1.4118
1. 8824
2.3529
3.0588
3.9216
6.2745
8.6275
10.980
13.333
15. 6S6
18.'.39
21. 176

30 . 5RR
35. 2Q4

.43137

.66667

.90196
1. 1373
Ï. 4902
1. 9608
2. 4314
3.2157
4.3137
6. 6667
9.0196
11.373
13. 725
16.078
18.431
21. 961
26.667
31.3 73
36-07R

22

23

2110
2E10

Card 23 is

ID

not

112

needed

NPT SIGF >. 2 EPS

ZrH
n

3.2.3
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3.3 ZREND Input for Zr(ZrH)

The code ZREND is diacusseo. in Section A. 3. 1. The aata caou-
lated below follows the format of the code input instruction also given in
Section A. 3. 1. The code symbols used below are defined in the code input
section. If no value is entered for a symbol then that datum was not required.

CARD NO

1

2

3

4

5

FORMAT
13A6.A2

215.

3E10,

15

7E10

7E10

7E10

CODE SYMBOLS AND VALUES
COM Slaggie's incoherent elastic for zirconium

NT 8 NE 109

NPCH _ J.

T 296.0
1000.0

WPl. 9957
6.5260

r.. 0005
.00072
.0010
.00175
.00290
.00440
.0064
.0090
.0145
.0250
.038
.056
.080
.120
.210
.330
.500
.720
1.000

400. 0
1200.0

2. 6546
7.8236
.00053
.00076
.0011
.00190
.00310
.00470
.0068
.0095
.0160
.0270
.041
. 06
.085
.130
.230
.350
.530
.760

SB6.3366 SWITCH 10. 0

500.0

3.2946

.00056

.00080

.0012

.00210

.00330

.0050

.0072

.010

.0175

.0290

.044

.064

.090

. 145

.250

.380

.560

.800

600.0

3.9380

.00060

.00085
. .0013

.00230

.00350

.0053

.0076

.011

.019

.031

.047

.068

.095

. 160

.270

.410

. 600

.850

700.0

4.5835

.00064

.00090

.00145

.00250

.00380

.0056

.0080

.012

.0210

.033

. 0 5

.072

.100

. 175

.290

.440

.640

.900

E P S l . 0-15

800. 0

5. 2302

.00068

.00095

.00160

.00270

.00410

.0060

.0085

.013

.0230

.035

.053

. 076

. 110

.190

. 310

.470

.680

.950

ZrH - 3 . 3 . 1
n
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3.4 ZREND Input for H(ZrH)

The code ZREND is discussed in Seciion A. 3. 1. The data :aou-
lated below follows the format of the code input instruction also given in
Section A. 3. 1. The code symbols used below are defined in the code in-
put section. If no value is entered for a symbol then that datum was not
required.

CARD NO.
1

2

3

4

C

FORMAT
13 A6, A2

215,

3E10,

15

7E10

7E10

7E10

CODE SYMBOLS AND
COM Slaggie's incoherent elastic for

NT 8

NPCH 1

T 296.0
1000.0

WP8.4795
14.822

E . 0005
.00072
.0010
.00175
.00290
.00440
. 0064
.0090
.0145
.0250
.038
.056
.080
.120
.210
.330
.500
. 720
1.000

NE 109

400. 0
1200.0

9.0854
17. 125

.00053

.00076

.0011

.00190

.00310

.00470

.0068
• 0095

. 041
- P J !

. 350

. 530
.760

SB 81.

500.0

9.8196

.00056

.00080

.0012

.00210

.00330

.0050

.0072

.0175

. 0290

. 044

.064

. 145

.250

. 380

.560
.800

VALUES
hydrogen

44 SWITCH 10. 0

600.0

10.676

.00060

.00085

.0013

.00230

.00350

.0053

.0076

.011

.019

.031

.047

.068

.095

. 160

.270

.410

.600
.850

700.0

11.625

.00064

.00090

.00145
\ .00250
' .00380
\ . 0056

.0080

.012

.0210

.033

. 0 5

.072

. 100

.175

.290

.440

.640
.900

EPS 1. 0-15

800. 0

12.643

. 00068

. 00095

.00160

.00270

.00410

.0060

.0085 .

.013

.0230

.035

.053

.076

. 110

. 190

.310

.470

.680
.950

ZrH - 3.4. 1n
(Rev.-12/31/69)



4. Plots of Scattering Law

BETA VALUES FOR MULTICURVE PLOT

CURVE
1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

INDEX
1

2

3

4

5

6

7

8

9

a
=
"
•

6

a

+

A

B

C

D

0(296 I
0.00

7. 843 -

1.569 -
4. 706 -

6. 275 -

7.843 -

1.030 +

1.333

1.804

2.275

3. 177

4.431

4.784

5.098

5.333

5.569

5.804

5.961

6. 275

9.020

02

01

01

01

01

00

)3(1200 K)

0.0

1. 934 - 02

3.868 - 02
1 1. 161 - 01

1. 547 - 01

1.934 - 01

2.515 - 01

3.288 - 01

4.449 - 01

5.609 - 01

7.834 - 01

1.093

1. 180

1. 257

1.315

1.373

1.431

1.470

1.547

2.224

ZrH - 4. 1n
(Rev. r12/3i/69)
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4. Plots of Scattering Law

BETA VALUES FOR MULTICURVE PLOT

CURVE

1

2

3

4

5

6

7

3

9

IO

11

12

13

14

15

16

17

IS

19

20

INDEX

1

2

3

4

5

6

7

8

9

B

=
M

I

6

a

+

A

B

C

D

/3(296 K)

0.00

0.09804

0. 1961

0.4706

0.6275

0.7843

0.9412

1. 0980

1. 2549

1.5686

1. 8824

2. 1961

2.5098

3.0588

3.6863

4. 7059

6.2745

7.8431

9.4118

10.980

/3(1200 K)

0.0

0.02418

0. 04836

0. 1161

0. 1547

0. 1934

0.2321

0.2708

0.3095

0.3868

0.4642

0.5416

0.6190

0.7544

0.9091

1. 1605

1. 5474

1. 9342

2.3211

2.7078

ZrH - 4 . 4
n
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lwTtfc>i<Au

N UF ElitRGt IN EV IE) .THE ToTAL CROSS SECTION IN f̂ûi
AND Tht AVERAGL COSINt OF THE SCATTERING A N G L E

1
C.

i>
O
7
&
y
IU
Ii
lii

U
14
ib
Io
17
la
1"»
2u
21
Z£

24
2b
2o
Z'I
2o
29
3U
31
32
iJ
34
3s
3o
37
3o
3y
4U
41
42

DATA

L

.0002:5
•UÔ07b
• OOliib
.00175
« 002«ib
.0027b
• UOJ«ib
.Uo37b
.Oo4bU
•UCbbO
•Û0o50
•Uo75Û
•uûdbO
•U09b0
.uiluQ
.UlJtO
•UlboO
•U17oO
•UlyuO
»U2ioO
.UÉ^OU

.U2900
• U3bo0
. 044uU
»053uO
•OoàOU
•u77uO
•U6900
.U95UU
.1UlOO
.10700
. 11 ôiiU

•llyoù
•12bÛÛ
.13100
.13700
«152UU
<16uOQ
«lô&uO
«l7fauo
.184uO
• 192uO

FuK H IN

SIÔTOT

89.90548 -
8b.41316
B3.61Û1Û
82.37898
fal.35449
60.43537
79.56997
76.8G4b2
77.70758
76.33323
7b.ûo864
73.o90t9
72.75033
71.bl374
70.007o6
67.91289
66.03U9
64.21567
62.49o34
60.6237b
57.81927
54.91148
50.47814
45.99742
41.60040
36.73023
32.64858
29.28834
27.bO6b8
26.4517y
25.23214
24.11972
23.18157
22.67095
22.79364
23.5464B
2b.99740
26.y43l5
27.18711
27.085u7
26.5lO9fa
2b.99781

2HHX AT

MUaAK

.00197

.00143

.00404

.U0670

.00934

.01195

.01455

.01715

.02107

.02b32

.03154

.03o69

.04183

.04704

.0546U

.U6470

.07459

.08443

.09403

.10353

.12210

.14068

.17214

.20757

.24643

.29580

.34259

.38029

.40o94

.42675

.44550

.46297

.47735

.48322

.47524

.45613

.41136

.39964

.39881

.40454

.41500

.42o3l

296 DEGREES K

43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

E

.2COOO
•22400
.23200
•24000
.24800
.25600
.26400
.27200
.28000
.28600
.29600
.32500
.34500
.36500
.38500
.40500
.42500
.44500
.46500
.48500
.50500
.52500
.545uO
.56500
.58500
.60500
.62500
.64500
.66500
.68500
.70500
.72500
.74500
.76500
.78500
.80500
.85500
.88500
•9l5ûû
.945uO
.975i>0

•

SIGTOT

25.41035
23.56416
23.67109
22.74336
21.85869
22.18505
21.767&6
21.74898
22.96554
23.44512
23.56458
23.96857
22.67262
22.497faG
21.20778
21.55567
21.77270
22.S2294
22.88714
22.50560
21.926nl
21.49945
21.45326
21.84903
22.18953
22.19169
21.91059
21.53142
21.265u7
21.31009
21.58474
21.80291
21.76217
21.57610
21.30236
21.14562
21.51144
21.56027
21.29038
21.07619
21.19917

ZrHn

V UB AI

.4393^

.48093

.49220

.50636

.52014

.52594
,52692
.5213c.
.5106t,
,i+ç96f,
.4902b
.49257
.5oe55
.53315
.55096
.5563f:
.539ÎI:
.52985
.53672
.54915
.56452
.57636
.576Ir.
.566K.
.55902
.5611C'
.57000
.580^0
.58779
.58602
.5789u
.57440
.57609
.58271
.59043
.59516
.58649
.58621
.5954L

.60238

.59e54

-5.1
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Ttit. riUxL c.i«c.KGY IUlLhVi<i.S USEu fCR INTEGRATION
IhL. I N C L A S T I L LATA AhE GIVtN DE.L0V».

1

i

b
C

7

ULLT« C.
.00Ob
.001
.00-2
. 0 0 1
.Oub
.Club
. U l

UP TC
.0Ou
. 0 1
.03
.05
.1H
.30
1.0

tv
EV
Ev
EV
EV
EV
E.V

ZrH - 5. 2
n
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luTt-uKML DMI A

O ENLRSY Hi EV (E)»THE TOTAL CROSS SFCTlON Ifj MAi NS
ANU THL AVERAGE CUSINE OF THE SCATTERING AfjGLE (-/UP/P).

DAT,, f-uR ZH IN 2RHX AT 29O DEGREES K.

MUdAR E SI5T0T N1URAf-

i.

à
T

O

7
U

9
lu
Ii
1*
IJ
14
Ib
Io
17
Id
iy
2u
21
cd

«£b

27

21
3U
IX
3<i
3o
j 4

ôb
3o
37
3o
3*
VU
41

• 0LUi5
• Uuu7b
.UOltb
• Uul7b
. Ui, 225
.Uo«i7b
•ÙÛJ25
.Uui75
. uC'+LÙ
• UU350
• Uûb5U
• Uu7bo
. uOaSo
.UC95U
•ullou
• Ul3oU
• OlsuU
.017U1J
.UlSUU
.U21UU
• UZbuU
• uiiyuû
. U3tjuû
.UHHuU
.UbJuO
• UobuU
.U77uû
.0b9uU
.U9buu
.1UlUQ
•1Û700
.llJUU
•11SUU
.12500
.131ÙU
.13700
.lb2uO
.160UO
.16500
.17600
,18HUU
.1^UU

8.666^7
7.6Ô620
7.38165
7.21bb2
7.11269
7.U3olO
6.979b2
6.934fab
6.671u2
6.795^2
6.74561
b.71292
6.b75bU
6.b29i+7
6.6u*3b
6.5473b
6.bl775
o.47672
6.46143
o.43391
6.43064
o.3b24h
6.38426
6.37b"24
fa.332jh
6.31315
o.2909d
6.25614
6.25300
6.24d62
b.24506
o.22549
6.22141
6.29061
6.2573«
6.20674
o.30571
0.3232b
6.221G4
6.19942
6.19563
6.19423

-.01632
-.00635
-.00031
-.00502
-.00446
-.00403
-.00371
-.00344
-.00278
-.00168
-.00u95
-.UOObS
.0ÛU16
.00131
.0017b
.UUÔ23
.00391
.00518
.0Ub54
.00b3a
.00599
.00749
.0Ub58
.00o35
.U0743
.00762
.00796
.00668
.00867
.00864
.00857
.00902
.00903
•00o9b
.OOolO
.00082
.00743
.00694
.00945
.01020
.01014
.0IuOO

43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

.20000

.22400

.23200

.24000

.24300

.25600

.264QO

.27200

.28000

.288Ou

.29600

.325CÛ

.34500

.36500

.38500

.40500

.42500

.44500

.46500

.485CÛ
,50500
.52500
.54500
.5650U
.5850U
.60500
.62500
.6U500
.66500
.68500
.70500
.72500
.74500
.76500
.78500
.80500
.85500
.88500
.915LO
.94500
.975L0

6.19278
6.18743
6.18612
6.184fi8
6.18370
6.18197
6.18042
6.17926
6.18619
6.2801b
6.25926
6.38601
6.3257B
6.3ltoôl
6.3l3â3
6.3139b
6.2lb25
6.31748
6.3lb34
6.31439
6.31163
6.30620
6.304{j8
6.3U107
6.297H
6.29316
6.26922
6.28527
6.28126
6.277&1
6.27398
6.27034
6.26o77
6.263^5
6.26036
6.25718
6.24986
6.24540
6.23497
6.17619
5.52199

ZrH
n

.01984

.00945

.00931

.CC917

.009OU

.00892

.ooae^

.0087?

.00842

.00869

.00849

.00970

.0fi82q

.0086/»

.0086Q

.00832
,0n76c
.00724
•U073S
.00752
.00781
.Û08lt
.00852
.0n892
.0C922
.00971

.oiooe

.01045

.01080

.01110

.01139

.01167

.01193

.01214

.01234

.01253

.01292

.012Ih

.c:i38p

.0173c

.02532

- 5.3
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The FL,^L LfMi_KGY INTERVALS UbEU KOR INTEbHATIOrJ
Ti .L. INtLASTlL UATA ARE bIVLN BtLO*.

1
<£
•»

H

5
C
7

Ut-LlA L
.UOUtJ
.0Ul
.002
.Û04
.Oufa
.0u6
. U l

UP TO
.004
. 0 1
. 0 3
.Ob
. 1 < 4
. 3 0
1.0

LV
EV
LV
EV
EV
EV
EV

ZrH - 5.4
n
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6. Miscellaneous Notes on Zirconium Hydride

For temperatures other than 296 K the switching criteria for short
o 296°K

collision and the a> fl mesh input for 296 K were multiplied by o .

The only other changes made in the input for higher temperatures were

for obvious items: T, ID number and comments.

Tabulated below are the temperature, Debye Waller integral and

effective temperature of the scattering law data on file.

T(°K)

296

400

500

600

700

800

1000

1200

Debye Waller
Integral (eV*1)
for Hydrogen

8.4795

9.0854

9. 8196

10. 676

11. 625

12. 643

14. 822

17. 125

T(°K)
for Hydrogen

806.79

829.98

868.44

920.08

981.82

1051. 1

1205.4

1373.4

Debye Waller
Integral (eV*"1)
for Zirconium

182. 05

242. 15

300,53

359.23

418. 11

477. 10

595.30

713.67

T(0K)
for Zirconium

317. 27

416.25

513.22

611. 12

709.60

808.43

1006.8

1205.7

ZrH - 6. 1n
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