ENDF - 102 Data Formats and Procedures

April 2001 4. 1

4. FILE 4, ANGULAR DISTRIBUTIONS OF SECONDARY PARTICLES

4.1. General Description

File 4 is used to describe the angular distribution of emitted particles. It is used for reactions with incident neutrons only, and should not be used for anyother incident particle. Angular distributions of emitted neutrons should be given for elasticallyscattered neutrons, and for the neutrons resulting from discrete level excitation due to inelastic scattering. However, angular distributions must also be given for part icles resulting from (n,n

s s

(E) = the scattering cross section, e.g. , elastic scattering at energyE as given in File 3 for the particular reaction type (MT) l = order of the Legendre polynomial s (μ ,E) = differential scattering cross section in units of barns per steradian a l

= the l th Legendre polynomial coefficient and it is understood that a

0

=

1.0.

ò

m m d E f

å

=

+

= = NL

l l l

s

P E a l

E

E

E f

0

) ( ) (

2

1 2

) , (

) (

2

) , ( m m s

s

p m

ENDF - 102 Data Formats and Procedures

4. 2 April 2 001

å

=

- = NM m

LAB m lm

CM l

E a U a

0

1 ) (

The angular distributions maybe given byone of two methods, and in either the center - of - mass (CM) or laboratory( LAB) systems. Using the first method, the distributions are given by tabulating the normalized probabilitydistribution, f(μ ,E) , as a function of incident energy. Using the second method, the Legendre polynomial expansion coefficients, a l

(E), are tabulat ed as a function of incident neutron energy.

Absolute differential cross sections are obtained bycombining data from Files 3 and 4. If tabulated distributions are given, the absolute differential cross section (in barns per steradian) is obtained by wh ere s s

(E) is given in File 3 (for the same MT number) and f(μ ,E) is given in File 4. If the angular distributions are represented as Legendre polynomial coefficients, the absolute differential cross sections are obtained by where s s

(E) is given in File 3 (for the same MT number) and the coefficients a l

(E) are given in File 4.

Also, a transformation matrix maybe given in File 4 that can be used to transform a set of

Legendre expansion coefficients, which are given to describe elastic scattering angular di stributions, from one frame of reference to the other. The Legendre expansion coefficients a l

(E) in the two systems are related through an energy - independent transformation matrix, U lm

, and its inverse, U - 1 lm

:

and

Expressions for the matrix elements of U and U - 1 maybe found in papers byZweifel and

Hurwitz 1 and Amster. 2 Transformation matrices for nonelastic reactions are not incident energy independent and are not given in File 4.

The transformation matrix, if included, should be square, with the numbe r of rows equal to

NM + 1, where NM is the maximum order of the Legendre polynomial series used to describe anyelastic angular distribution in this file. The transformation matrix is given as an arrayof numbers, V

K

, where K = 1,....NK, and NK = (NM + 1) 2, and where K = 1 + l + m (NM + 1).

The value of K indicates how the ( l,m ) th element of the matrix maybe found in arrayV

K

. This means that the elements of the matrix U l,m

, or U - 1 l,m

are given column - wise in the arrayV

K

:

U

0,0

, U

0,1

, ........U

0,NM

U

1,0

, U

1,1

, ........U

1,NM

. ...... .

. ...... .

U

NM,0

, U

NM,1

, ......U

NM,NM

1 P.F. Zweifel and H. Hurwitz, Jr., J.Appl.Phys. 25, 1241 (1954).

2 H. Amster, J.Appl.Phys. 29, 623 (1958).

) , (

2

) (

) , ( E f

E

E s m p

s m s = å

=

+

= NL l l l

s PE a

l E

E

0

) ( ) (

2

1 2

2

) (

) , ( m p

s m s

0

( ) ( ) NM LAB CM l lm m m

a E U a E

=

= å

ENDF - 102 Data Formats and Procedures

April 2001 4. 3

4.2. Formats

File 4 is divided into sections, each containing data for a particular reaction type (MT number) and ordered byincreasing MT number. Each section always star ts with a HEAD record and ends with a SEND record. If the section contains a description of the angular distributions for elastic scattering, the transformation matrix is given first (if present) and this is followed by the representation of the angular d istributions.

The following quantities are defined.

LTT Flag to specifythe representation used and it mayhave the following values:

LTT=0, all angular distributions are isotropic

LTT=l, the data are given as Legendre expansion coefficients, a l

(E)

LTT=2, the data are given as normalized probabilitydistributions, f(μ ,E)

LTT=3, low energyregion is represented byas Legendre coefficients; higher region is represented bytabulated data.

LI Flag to specifywhether all the angular distributions are isotropi c

LI=0, not all isotropic

LI=1, all isotropic

LCT Flag to specifythe frame of reference used

LCT=l, the data are given in the LAB system

LCT=2, the data are given in the CM system

LVT Flag to specifywhether a transformation matrix is given for elastic scattering

LVT=0, a transformation matrix is not given (always use this value for all non - elastic scattering reactions)

LVT=l, a transformation matrix is given

NE Number of incident energypoints at which angular distributions are given

(NE

£ 1200)

NL High est order Legendre polynomial that is given at each energy(NL £ 64)

NK Number of elements in the transformation matrix (NK £ 4225)

NK = (NM + 1) 2

NM Maximum order Legendre polynomial that will be required (NM £ 64) to

describe the angular distributions of el astic scattering in either the center - of -

mass or the laboratorysystem. NM should be an even number.

V

K

Matrix elements of the transformation matrices

V

K

=U - 1

l,m

, if LCT=1 (data given in LAB system)

V

K

=U

l,m

, if LCT=2 (data are given in CM system)

NP Numb er of angular points (cosines) used to give the tabulated probability

distributions for each energy(NP £ l0l)

Other commonlyused variables are given in the Glossary(Appendix A).

The structure of a section depends on the values of LTT (representation us ed, a

l

(E) or

f(μ ,E) ),and LVT (transformation matrix given/not given), but it always starts with a HEAD

record of the form

[MAT, 4, MT/ ZA, AWR, LVT, LTT, 0, 0]HEAD

ENDF - 102 Data Formats and Procedures

4. 4 April 2 001

4.2.l. Legendre Polynomial Coefficients and Transformation Matrix Given: LTT=1,

LVT=1,a nd LI=0

When LTT=1 (angular distributions given in terms of Legendre polynomial coefficients) and

LVT=1, the structure of the section is

[MAT, 4, MT/ ZA, AWR, LVT, LTT, 0, 0]HEAD (LVT=1, LTT=1)

[MAT, 4, MT/ 0.0, AWR, LI, LCT, NK, NM/ V

K

]LIST (LI=0)

[ MAT, 4, MT/ 0.0, 0.0, 0, 0, NR, NE/ E int

] TAB2

[MAT, 4, MT/ T, E

1

, LT, 0, NL, 0/a

l

(E

1

)]LIST

[MAT, 4, MT/ T, E

2

, LT, 0, NL, 0/a

l

(E

2

)]LIST

----------------------------------------------

----------------------------------------------

[MAT, 4 , MT/ T, E

NE

, LT, 0, NL, 0/a

l

(E

NE

)]LIST

[MAT, 4, 0/ 0.0, 0.0, 0, 0, 0, 0]SEND

Note that T and LT refer to temperature (in K) and a test for temperature dependence,

respectively. These values are normallyzero, however.

4.2.2. Legendre Polyn omial Coefficients Given and the Transformation Matrix Not Given:

LTT=1, LVT=0, and LI=0

If LTT=1 and LVT=0, the structure of a section is the same as above, except that the second

record (a LIST record) is replaced by

[MAT, 4, MT/ 0.0, AWR, LI, LCT, 0, 0] CONT (LI=0)

This form is always used for angular distributions of nonelasticallyscattered particles when

Legendre polynomial expansion coefficients are used.

4.2.3. Tabulated Probability Distributions and Transformation Matrix Given: LTT=2,

LVT=1, a nd LI=0

If the angular distributions are given as tabulated probabilitydistributions, LTT=2, and a

transformation matrix is given for elastic scattering, the structure of a section is

[MAT, 4, MT/ ZA, AWR, LVT, LTT, 0, 0]HEAD (LVT=1, LTT=2)

[MAT, 4, MT / 0.0, AWR, LI, LCT, NK, NM/VK] LIST (LI=0)

[MAT, 4, MT/ 0.0, 0.0, 0, 0, NR, NE/E

int

] TAB2

[MAT, 4, MT/ T, E

1

, LT, 0, NR, NP/μ

int

/f(μ,E

1

)]TABl

[MAT, 4, MT/ T, E

2

, LT, 0, NR, NP/μ

int

/f(μ,E

2

)]TABl

--------------------------------------

- -------------------------------------

[MAT, 4, MT/ T, E

NE

, LT, 0, NR, NP/μ

int

/f(μ,E

NE

)]TABl

[MAT, 4, 0/ 0.0, 0.0, 0, 0, 0, 0]SEND

T and LT are normallyzero.

4.2.4.Tabulated Probability Distributions Given and Transformation Matrix Not Given :

LTT=2, LVT=0, and LI=0

The structure of a section is the same as above, except that the second record (a LIST record)

is replaced by

[MAT, 4, MT/ 0.0, AWR, LI, LCT, 0, 0]CONT (LI=0)

This form is always used for angular distributions of nonelastically scattered neutrons when

tabulated angular distributions are given.

ENDF - 102 Data Formats and Procedures

April 2001 4. 5

4.2.5. All angular Distributions are Isotropic: LTT=0, LVT=0, LI=1

When all angular distributions for a given MT are assumed to be isotropic then the section

structure is:

[MAT, 4, MT/ Z A, AWR, LVT, LTT, 0, 0]HEAD (LVT=0, LTT=0)

[MAT, 4, MT/ 0.0, AWR, LI, LCT, 0, 0]CONT (LI=1)

[MAT, 4, 0/ 0.0, 0.0, 0, 0, 0, 0]SEND

4.2.6. Angular Distribution over Two Energy Ranges: LTT=3, LVT=0, LI=0

If LTT=3, angular distributions are give n as Legendre coefficients over the lower energy

range and as ProbabilityDistributions over the higher energyrange. The structure of a

subsection is

[MAT, 4, MT/ ZA, AWR, LVT, LTT, 0, 0]HEAD (LVT=0, LTT=3)

[MAT, 4, MT/ 0.0, AWR, LI, LCT, 0, NM ]CONT (LI=0)

(Legendre coefficients)

[MAT, 4, MT/ 0.0, 0.0, 0, 0, NR, NE1/E

int

]TAB2

[MAT, 4, MT/ T, E

1

, LT, 0, NL, 0/a

l

(E

1

)]LIST

-----------------------------

-----------------------------

[MAT, 4, MT/ T, E

NE

, LT, 0, NL, 0/a

l

(E

NE1

)]LIST

(Tabulated data)

[MAT, 4, MT/ 0.0, 0.0, 0, 0, NR, NE2/E

int

]TAB2

[MAT, 4, MT/ T, E

1

, LT, 0, NR, NP/μ

int

/f(μ,E

NE1

)]TABl

------------------------------

------------------------------

[MAT, 4, MT/ T, E

NE

, LT, 0, NR, NP/μ

int

/f(μ,E

NET

)]TABl

(NET = NE1+NE2 - 1)

[MAT, 4, 0/ 0.0, 0.0, 0, 0, 0, 0]SEND

Note that there is a double energypoint at the boundary.

4.3. Procedures

The angular distributions for two - bodyreactions should be given in the CM system ( LCT=2).

It is recommended that other reactions (such as continuum inelastic, fission, etc .) should be given

in LAB system . All angular distribution data should be given at the minimum number of incident

energypoints that will accuratelydescribe the ene rgyvariation of the distributions. Legendre

coefficients are preferred unless theycannot give an adequate representation of the data.

When the data are represented as Legendre polynomial coefficients , certain procedures

should be followed. Enough Legen dre coefficients should be used to accuratelyrepresent the

recommended angular distribution at a particular energypoint, and to ensure that the interpolated

distribution is everywhere positive. The number of coefficients (NL) mayvaryfrom energy

point to energypoint; in general, NLwill increase with increasing incident energy. A linear -

linear interpolation scheme (INT=2) must be used to obtain coefficients at intermediate energies.

This is required to ensure that the interpolated distribution is pos itive over the cosine interval

from

æ ö

° ³ =

ç ÷

è ø

=

+

D

ENDF - 102 Data Formats and Procedures

4. 8 April 2 001

4.4.3. Other Neutron Producing Reactions

Neutron angular distribution data must be given for all other neutron producing reactions, such as fission, (n,n ¢

a ), or (n,2n) in File 4 or File 6. File 4 is onlyappropriate if the distributions

are fairlyisotropic without strong pre - equilibrium components. The LAB system should be

used.

4.4.4. Charged - Particle Producing Reactions

Distributions for charged particles from two - bodyr eactions in the 600 series can be given in

File 4 using the CM system, if desired. (Continuum reactions where onlyone charged particle is

possible ( e.g. , 649, 699, etc .) can also be given in File 4 using the LAB system. If angular data is

needed for mor e complex reactions, File 6 is more appropriate.)