
An Introduction 
to the ENDF Formats 

The ENDF Evaluated Nuclear Data Formats are used all over the world to 
encode nuclear data evaluations for use in research and nuclear technology. 
For an introduction to the formats and how they are used in modern 
compilations of nuclear data, just follow the NEXT links. To browse through 
the pages in other orders, use the INDEX links. 

If you have an operating version of NJOY 97 and the appropriate data files, 
you can work through a set of EXERCISES designed to illustrate some of the 
important features of the ENDF format. To do the exercises in order, just 
follow the NEXT links. To browse through the pages in other orders, use the 
INDEX links. 
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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, exprcss or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, process, or service by trade name, trademark, manufac- 
turer, or otherwise dots not nccessarily constitute or imply its endorsement, recom- 
mendotion, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not neassarily state or 
reflect those of the United States Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



What's In A Name? 

The ENDF formats were originally developed for use in the US national 
nuclear data files called ENDFB (the Evaluated Nuclear Data Files). These 
files went through various versions with names like ENDFB-111, 
ENDFB-lV, and ENDFB-VI. The formats were upgraded with each version 
to handle new features, for example, the extension from the original upper 
limit of 15 MeV to 20 MeV, the addition of photon production information, 
the introduction of new resonance formats, or the addition of charged-particle 
data. As ENDFB-VI was being prepared, it was noted that the ENDF formats 
were coming into wide use around the world, including the JEF files in 
Europe, the JENDL files in Japan, and the BROND files in Russia. It was 
decided to decouple the ENDF formats from the ENDFA3 libraries in order to 
make this international use easier. Therefore, we now refer to the "ENDF-6 
format" to distinguish it from the "ENDFB-VI library." 

Control over the ENDF formats has been retained by the US Cross Section 
Evaluation Working Group (CSEWG), and the format specifications are 
published through the National Nuclear Data Center at the Brookhaven 
National Laboratory. 
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What Are They For? 

The uses of the ENDF formats have also evolved over the years. The first few 
versions were largely intended for thermal-reactor applications. ENDFB-IV 
and ENDFB-V shifted the emphasis toward fast-reactor and fusion 
applications. For ENDFB-VI, additional extensions have been made for 
charged-particle and accelerator applications. In recent years, the ENDF 
system has also gained a role as a mode of publication and archiving of basic 
lowenergy nuclear physics data. In general, 

0 ENDF-format libraries are computer-readable files of nuclear data that 
describe nuclear reaction cross sections, the distributions in energy and 
angle of reaction products, the various nuclei produced during nuclear 
reactions, the decay modes and product spectra resulting from the decay 
of radioactive nuclei, and the estimated errors in these quantities. 

0 ENDF-format libraries are intended to be used for a wide variety of 
applications that require calculations of the transport of neutrons, 
photons, and charged-particles through materials, the enumeration of the 
interactions of this radiation with the materials and their surroundings, 
and the time evolution of the radioactivity associated with the nuclear 
processes. 

Examples of uses for ENDF-based libraries include fission and fusion reactor 
calculations, shielding and radiation protection calculations, criticality safety, 
nuclear weapons, nuclear physics research, medical radiotherapy, radioisotope 
therapy and diagnostics, accelerator design and operations, geological and 
environmental work, radioactive waste disposal calculations, and space travel 
calculations. 
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Nuclear Data Evaluations 

The answer to the question "What are they for?" has several implications and 
consequences. The work that is required to generate a file in ENDF format is 
called "nuclear data evaluation." 

The requirement that the data be in a computer readable format puts strict 
limits on what an evaluator can do. Not every fact or physical effect can 
always be squeezed into the constraints of the format. But the evaluator has to 
do his or her best to get a good representation of reality. When these 
constraints are too limiting, we can try to extend the formats. 

The fact that these evaluated data files are intended to be used for applications 
also has consequences. The data must be "complete" in some sense; for 
example, all energies must be represented, even when the data don't cover 
them all. Otherwise, particle transport calculations would be impossible. 
Modern evaluations are done by combining the experimental data with 
nuclear model code calculations to extend or interpolate the available data. In 
addition, the fact that these evaluated data files are intended to be used for 
applications adds factors of quality control, revision control, peer review, and 
data testing that might not be needed for other modes of publication. 
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National Nuclear Data Organizations 

The difficulty of modern nuclear data evaluation, together with the 
requirements for quality control, revision control, peer review, and data 
testing that result from the goal of using the data files for calculations that 
could have major impacts on public health and safety, has led to putting all 
modern nuclear data evaluation work under the control of a few national and 
international agencies, including: 

The Cross Section Evaluation Working Group (CSEWG), which 
handles the US ENDFA3 libraries and the ENDF format. It is 
coordinated through the National Nuclear Data Center at the 
Brookhaven National Laboratory. 

The JEF and EFF Working Groups, now merged as the JEFF Working 
Group, which handles the Joint European File (JEF), the European 
Fusion File (EFF), and their forthcoming merger, JEFF. It is coordinated 
through the NEA Data Bank, a part of the Nuclear Energy Agency 
(NEA) of the Organization for Economic Cooperation and Development 
(OECD). 

0 The Japanese Nuclear Data Committee (JNDC), which handles the 
Japanese Evaluated Nuclear Data Library (JENDL). It is coordinated 
through the Nuclear Data Center at the Japan Atomic Energy Research 
Institute (JAERJ). 

Each of these organizations has adopted the ENDF-6 format as the common 
method for publishing their nuclear data libraries, but each has been able to 
define its own procedures for using the formats, reviewing the evaluations, 
and testing the results. 
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Basic Organization: 
MAT, MF MT 

An ENDF-format nuclear data library has an hierarchical structure by tape, 
material, file, and section. Each of these levels has a characteristic numerical 
identifier: 

0 An ENDF "tape" is a file that contains one or more ENDF materials. We 
are fond of the word "tape" out of respect for the history of computing. 
As an example, Tape 5 1 1 was the ENDFB-V Standards Tape. 

0 MAT labels an ENDF material. In older versions of ENDFB, these 
numbers were assigned as the evaluations were completed, e.g., 
MAT1301 is H-1 and MAT1395 is U-235 for ENDFB-V. For 
ENDFB-VI, CSEWG moved to MAT numbers computed from the 
target Z and A. The numbers step by threes to allow for isomers, and a 
last two digits of 25 point to the lightest of the common isotopes. Thus, 
125 is H-l,128 is H-2,2625 is Fe-54,6153 is Pm-l48m, and 9228 is 
U-235. For ENDFB-VI Tape and MAT numbers, see the Index to 
ENDFB-VI Neutron Data. 

0 MF labels an ENDF file. "Files" are usually used to store different types 
of data, thus: 

0 MF=l contains descriptive and miscellaneous data, 
0 MF=2 contains resonance parameter data, 
0 MF=3 contains reaction cross sections vs energy, 
0 MF=4 contains angular distributions, 
0 MF=5 contains energy distributions, 
0 MF=6 contains energy-angle distributions, 
0 MF=7 contains thermal scattering data, 
0 MF=8 contains radioactivity data 
0 MF=9- 10 contain nuclide production data, 
0 MF=12-15 contain photon production data, and 
0 MF=30-36 contain covariance data. 

0 MT labels an ENDF section. Sections are usually used to hold different 
reactions. For example, MT=1 is the total cross section, MT=2 is elastic 
scattering, MT=16 is the (n,2n) reaction., MT=18 is fission, and 
MT= 102 is radiative capture. The ever increasing scope of use for the 
ENDF-format data has led to a continual increase in the number and 
types of reactions that can be represented: ENDF MT list. More 
discussion of the labeling of reactions will be found later in this 
presentation. 

An ENDF tape contains one or more materials in increasing order by MAT 



Each material contains several files in increasing order by MF. Each file 
contains several sections in increasing order by MT. 
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Reading An ENDF Tape 

The keys to finding your way around on an ENDF tape are the MAT, MF, and 
MT numbers. On the ASCII versions of ENDF-format files, they appear in 
columns 67 to 75 of every "card" (we also use the term "card" out of respect 
for the history of computing--besides, some of us remember them real well!). 
The Fortran notation is 14,12,13. The MT value is zero to indicate the end of a 
section (SEND record), the MF value is zero to indicate the end of a file 
(FEND record), and the MAT number is zero to indicate the end of a material 
(MEND record). There is a special "tape ID" record at the beginning with the 
MAT value equal to the tape number, and a special tape-end record (TEND) 
with MAT=-1 at the end of the tape. 

Here is an example of the skeletal structure for a typical ENDF tape (the 
5-digit sequence numbers in columns 76 to 80 have been omitted for clarity): 

tape id 7777 0 0 
start of MF1, MT451 (description) 1111 1 4 5 1  

SEND record 1111 1 0 
FEND record 1111 0 0 
start of MF2, MT151 (resonances) 1111 2 1 5 1  

SEND record 1111 2 0 
FEND record 1111 0 0 
start of MF3, MT1 (total cross section) 1111 3 1 

SEND record 1111 3 0 
start of MF3, MT2 (elastic cross section) 1111 3 2 

... 

. - -  

... 

... 
FEND record 
M E N D  record 
TEND record 

1111 0 0 
0 0  0 
-1 0 0 

To find samples of this kind of structure, look at the "raw" ENDF files from 
ENDFB-VI, JEF-2.2, or JENDL-3.2. 
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Simple Cross Sections 

Simple cross sections on ENDF files are examples of the general 
one-dimensional tabulation, or TAB 1, record. As an example, here is the 
section for the (n,2n) reaction in natural silicon from ENDFB-VI: 

1.400000+4 2.784400+1 0 0 0 01400 3 1 6  
-8.473800+6-8.473800+6 0 0 1 121400 3 16  

12  2 1400 3 16  
8.778100+6 O.OOOOOO+O 1.000000+7 6.166000-3 1.100000+7 1.564000-21400 3 1 6  
1.200000+7 2.589000-2 1.300000+7 3.650000-2 1.400000+7 4.663000-21400 3 16  
1.500000+7 5.400000-2 1.600000+7 5.620000-2 1.700000+7 5.734000-21400 3 16  
1.800000+7 5.830000-2 1.900000+7 5.870000-2 2.000000+7 5.892000-21400 3 1 6  
o.oooooo+o o.oooooo+o 0 0 0 01400 3 0 

The first line is the HEAD record; it contains the ZA vdue (100*Z+A) and 
the AWR value (ratio of target mass to neutron mass). The second card starts 
the TAB 1 record and contains the reaction Q value (-8.4738 MeV) and some 
counts. The third line contains some interpolation information. Finally, the 
rest of the record contains the tabulation given as energy, cross section pairs 
with energies in eV and cross sections in barns. Therefore, we can 
immediately read off the 14 MeV cross section of .04663 barns. The last line 
in the section is just the normal SEND record. 

Note that this is an endothermic reaction (negative Q value), and it has a 
threshold energy of 8.778 1 MeV. We can also compute the threshold from the 
Q value using 

- Q "(A WR+ l) /A WR, 

which gives 8.778131 MeV. It is important to have the first energy point 
greater than or equal to the computed threshold in some applications, and 
NJOY checks this. 

To fully understand this example, we need to have a more formal definition 
for the contents of a cross section record, more details on how Q values are 
used (why are there two values given?), and a description of how interpolation 
is used to define cross section values between the grid points given. 

NEXT INDEX 
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Formal Specifications for File 3 

The following is bused on ENDF-102, 
Data Fomuzts and Procedures for the 
Evaluated Nuclear Data File ENDF-6. 

Reaction cross sections and auxiliary quantities are given in File 3 as 
functions of energy E, where E is the incident energy in the laboratory system. 
They are given as energy-cross section (or auxiliary data) pairs. An 
interpolation scheme is given that specifies the energy variation of the data for 
incident energies between a given energy point and the next higher point. File 
3 is divided into sections, each containing the data for a particular reaction 
(MT number). The sections are ordered by increasing MT number. As usual, 
each section starts with a HEAD record and ends with a SEND record. The 
file ends with a FEND record. 

Formats 

The following quantities are defined: 

ZA,AWR 
standard material charge and mass parameters 

is the mass-difference Q value (eV), defined as the mass of the target 
and projectile minus the mass of the residual nucleus in the ground state 
and the masses of all other reaction products; that is, for 

QM 

a+A->b+c+.. .+B, 
QM=[(ma+mA) -( mb+mc+ ...+ mB)] x U, 

where the mass unit U is 9.3150146e8 eV for masses given in AU, the 
standard C12-based mass units, or 9.395728e8 eV for masses given in 
neutron masses (AWR). 

is the reaction Q value for the (lowest energy) state defined by the given 
MT value in a simple two-body reactions or a breakup reaction. It is 
defined as QM for the ground state of the residual nucleus (or 
intermediate system before breakup) minus the energy of the excited 
level in this system. Use QI=QM for reactions with no intermediate 
states in the residual nucleus and without complex breakup (LR=O). 

complex or "breakup" reaction flag. Indicates that additional particles 
not specified by the MT number will be emitted. 

standard TAB 1 parameters 

QI 

LR 

NR,NP,EINT 



S(E1 
cross section (barns) for a particular reaction (or auxiliary quantity) 
given as a table of NP energy-cross section pairs. 

The structure of a section is 

[MAT, 3, MT/ ZA, AWR, 0, 0 ,  0 ,  01 HEAD 
[MAT, 3, MT/ QM, QI, 0, LR, NR, NP/ EINT/ S ( E ) ]  TAB1 
[MAT, 3 ,  01 0 . 0 ,  0.0, 0, 0, 0 ,  01 SEND 

This standardized shorthand notation is used throughout the ENDF format 
manual to show what parameters appear in the various fields. 
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ENDF Interpolation 

Many types of ENDF data are given as a table of values on a defined grid with 
an interpolation law to define the values between the gid points. Simple 
one-dimensional "graph paper" interpolation schemes and a special Gamow 
interpolation law for charged-particle cross sections are provided. 

The function y(x) is represented by a series of tabulated values, pairs of x and 
y(x), plus a method for interpolating between input values. The pairs are 
ordered by increasing values of x. There will be NP pairs given. The complete 
region over which x is defined is broken up into NR interpolation ranges. An 
interpolation range is defined as a range of the indendent variable x in which a 
specified interpolation scheme can be use; Le., the same scheme gives 
interpolated values of y(x) for any value of x within this range. The definitions 
of the quantities in the interpolation table follow: 

The allowed interpolation schemes are 

II INT ll Meaning II 
11 1 11 y is constant in x (constant, histogram) II 
11 2 1 y is linear in x (linear-linear) II 
11 3 11 y is linear in ln(x) (linear-log) II 

ln(y) is linear in x (log-linear) 

ln(y) is linear in ln(x) (log-log) 

y obeys a Gamow charged-particle penetrability law 

Interpolation code INT=l (constant) implies that the function is constant and 
equal to the value given at the lower limit of the interval. 



Note that where a function is discontinuous (for example, when resonance 
parameters are used to specify the cross section in one range), the value of x is 
repeated and two different y values are given to make a discontinuity. 

Examples of Interpolation Tables 

The most common interpolation table in the ENDFB files simply specifies 
that linear-linear interpolation is used throughout the range of x. 

10 2 

A more interesting example might be as follows: 

NR= 3 
NP= 10 

2 2 6 5 10 1 

which says that linear-linear interpolation is used between the first point (e.g., 
the threshold) and the second point. Log-log interpolation is used between the 
second and fifth points, and histogram interpolation is used above the fifth 
point. For histogram interpolation, the value of x for the last point is used to 
define the end of the range of y(x) and the y value is ignored. 

Charged-Particle Cross Sections 

A special one-dimensional interpolation law, INT=6, is defined for 
charged-particle cross sections. It is based on the limiting forms of the 
Coulomb penetrabilities for exothermic reactions at low energies and for 
endothermic reactions near the threshold. This scheme gives a concave 
upward energy dependence near the threshold that is quite different from the 
behavior of the neutron cross sections. At higher energies, non-exponential 
behavior will normally begin to appear, and linear-linear interpolation is more 
suitable. The formulas for INT=6 follow: 



where E,pl and E2,02 are two consecutive points in the cross-section 
tabulation. In these formulas, T=O for exothermic reactions (DO). For 
endothermic reactions, T is the kinematic threshold. 
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Interpolation Problems 

The limitation to "graph paper" interpolation schemes causes some problems 
for reactions that are a sum of processes with different characteristic shapes. 
The classic example of this is the total cross section at low energies. At zero 
temperature, the elastic cross section tends to be constant for many materials, 
and it can be represented well using linear-linear interpolation. But the 
radiative capture cross section usually goes like l lv ,  and it is best described 
using log-log interpolation. Clearly, the sum of these two reactions will be 
OK at the grid points, but values intermediate between the grid points cannot 
be calculated with either linear-linear or log-log interpolation. 

For this reason, summation cross sections, such as MT=1 (total cross sectin), 
MT=4 (total inelastic), and sometimes MT=18 (total fission), must not be 
considered fundamental. They must always be reconstructed from the sum of 
their parts. 

In the NJOY Nuclear Data Processing System, linearization takes place in the 
RECONR module. A new energy grid is chosen iteratively that will represent 
each fundamental cross section, such as MT=2 and MT= 102 as described 
above, to some desired accuracy (e.g., 0.1 %). The total cross section is then 
regenerated on the new grid by adding up the parts. 
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Resonance Parameters 

Except for the lightest isotopes, elastic, capture, fission, and sometimes 
inelastic cross sections show sharp peaks and valleys due to resonances. For 
the lighter isotopes, it is practical to include all the pointwise detail of the 
cross sections directly in File 3. Good examples of this approach include 
carbon, 0-16, and Al-27 in the ENDFA3 libraries. 

For heavier isotopes, this approach would lead to very large files with tens of 
thousands of energy points. ENDF-format nuclear data evaluations combat 
this problem by using resonance cross section formulas to calculate the elastic, 
capture, and fission cross sections over a defined "resonance range." The 
parameters to use in these formulas are given in File 2 using MT= 15 1. The 
ENDF-6 format allows the following options: 

0 
0 
0 
0 
0 
e 

Single-Level Breit-Wiper 
Multi-Level Breit-Wigner 
Reich-Moore 
Adler- Adler 
Hybrid R-Function 
Generalized R-Matrix 

At higher energies and in heavier isotopes, the resonances get to be so closely 
spaced that they can no longer be resolved into separate peaks experimentally. 
In this "unresolved range," the ENDF format provide three ways to provide 
average resonance parameters to be used with statistical models from 
resonance theory to compute the cross sections: 

0 Energy-Independent Parameters 
0 Energy-Independent Parameters with Energy-Dependent Fission 
0 Energy-Dependent Parameters 

The cross sections computed from the resonance formulas have to be 
combined with the cross sections given in File 3 to determine the evaluated 
cross sections. In most cases, the resonance energy range in File 3 for the 
resonance reactions (total, elastic, fission, capture) will either contain the 
value zero, or it will contain small positive and negative values to be added to 
the computed resonance cross sections as corrections. In a few unresolved 
cases, the unresolved resonance range in File 3 will contain the actual 
"infinitely dilute" cross section, which is to be multiplied by resonance 
shielding factors determined from the unresolved-resonance parameters. 
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Single-Level Breit-Wigner Resonances 

Earlier versions of the various evaluated data libraries made very heavy use of 
the Single-Level Breit-Wigner (SLBW) approach for the following reasons: 

0 it is easy to implement, 
0 it can use published resonance parameters, 
0 it can be Doppler broadened analytically, and 

it can be used analytically in reactor physics calculations. 

However, it doesn't provide the best representation of the cross sections 
because of the neglect of multi-level and multi-channel effects--it can even 
produce unphysical negative cross sections for elastic scattering. Thus, some 
of the older files had corrections given as "File 3 backgrounds." 

Here is an shortened example of the SLBW resonance parameters for Pu-238 
from ENDFB-VI: 

9.423800+4 2.360045+2 0 0 1 09434 2 1 5 1  
9.423800+4 1.000000+0 0 1 2 09434 2 1 5 1  
1.000000-5 2.000000+2 1 1 0 09434 2 1 5 1  
O.OOOOOO+O 9.309000-1 0 0 1 09434 2 1 5 1  
2.360045+2 O.OOOOOO+O 0 0 96 169434 2 1 5 1  

-1.000000+1 5.000000-1 6.217000-2 1.581000-2 4.500000-2 1.360000-39434 2 1 5 1  
-4.000000-1 5.000000-1 4.670000-2 3.400000-4 4.500000-2 1.360000-39434 2 1 5 1  

2.855000+0 5.000000-1 3.808600-2 7.470000-5 3.680000-2 1.211000-39434 2151  
9.975000+0 5.000000-1 3.721300-2 2.084000-4 3.024000-2 6.765000-39434 2 1 5 1  
1 .856000+1 5.000000-1 4.249000-2 3.490000-3 3.739000-2 1-610000-39434 2151  
5.980000+1 5.000000-1 3.930000-2 1.550000-3 3.480000-2 2.950000-39434 2151  
. . -  

The third line says that the resonance range extends from le-5 to 200 eV. The fourth 
line says that the target spin is 0 and the scattering length is -9309. This translates 
into a potential scattering cross section of &a2 =10.89 barns. The parameters for 16 
different resonances start on the sixth line: there is a negative-energy resonance at 
-10 eV with J=1/2, a total width of .06217 eV, a scattering width of .01581 eV, a 
capture width of .045 eV, and a fission width of -00136 eV. When these parameters 
are given to the RECONR module of the NJOY and Doppler broadened to 300K, the 
resulting cross sections are shown below: 



Pu-238 from ENDFIB-VI 

c 

0 
0 1  10 

8 
8 10' 

lo-' 

1 0-' 

I I I I I 1 1 1  I I I I I , , I  I I I I I I I I  I I I I I , I ,  I I 1 I I I l l  

I I I I I I , ,  6 I , I I , , ,  I I I I , , # I  I I I I I I , '  

1 o-3 1 6' 1 0-1 10' 10' 
Energy (eV) 
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Multi-Level Breit-Wigner Resonances 

Some materials in both old and new libraries use the MLBW representation 
because the interference effects are too strong for the simpler SLBW 
representation. MLBW has the advantage of always being positive definite 
also. However, 

0 it doesn’t handle materials with multi-channel effects, 
0 it is much more expensive to process than SLBW, 
0 it doesn’t lend itself to analytic Doppler broadening, and 
0 it doesn’t work well using analytic reactor physics methods. 

The multi-level Breit-Wigner parameters use the same format in File 2 as the 
SLBW representation. 
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Other Resonance Representations 

Adler- Adler 

The Adler-Adler representation can represent multi-channel effects, for 
example, the two fission channels found in even-odd fissile isotopes. It can 
also be Doppler broadened analytically. So far, it has only been used for one 
material, namely, U-233 in ENDFB-VI. The Adler-Adler approach will 
probabably be entirely supplanted by the Reich-Moore representation. 

Hybrid R-Function 

This approach combines an R-function representation to give a full 
multi-level representation of elastic scattering with single-level Breit-Wigner 
resonance shapes in the other channels. This works well when the other 
channels are not strongly interacting, and it has the advantage of being able to 
treat charged-particle channels correctly. The hybrid approach has been used 
once in ENDFB-VI. 

Generalized R-Matrix 

The Generalized R-Matrix approach is the ultimate representation. It can 
handle the full range of complexities in resonance cross sections for both light 
and heavy isotopes, including multi-level and multi-channel effects and 
charged-particle channels. However, this generality makes it very complex. 
There are currently no evaluations in this format, and no processing code can 
handle it. But the pressure is mounting to activate this generalized approach in 
the near future. 
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Unresolved Resonances 

At higher energies in the heavier isotopes, the resonances get so close together 
that they can no longer be resolved into separate lines. However, the 
fluctuations in the cross section in this energy range do lead to important 
effects, such as self shielding, in some applications (for example, fast breeder 
reactors). In ENDF-format evaluations, this "unresolved range" is handled by 
giving average values for the resonance spacing and the various partial widths, 
together with probability distributions for the spacing and partial widths. 
These unresolved resonance parameters are used three ways in practice: 

0 Infinitely-dilute cross sections: the cross sections that would be 
measured for a thin sample (which are equivalent to the cross sections 
that would act in a very dilute mixture) can be calculated using direct 
integrals over the probability distributions. These calculations are made 
with codes like RECENT and the RECONR module of NJOY. 

0 Self-shielded effective cross sections: effective cross sections for 
thicker targets or less dilute mixtures show self-shielding effects that can 
be computed vs temperature and background cross section. These 
calculations are made with the UNRESR module of NJOY. 

0 Probability tables: probability tables for the total cross section and the 
dependent elastic, fission, and capture cross sections can be used to 
sample for cross sections in continueous-energy Monte Carlo codes like 
MCNP. The probability table can be generated using the PURR module 
of NJOY. 
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Formal Specifications for File 2 

The following is based on ENDF-102, 
Data Formats and Procedures for the 
Evaluated Nuclear Data File ENDF-6. 

Resonance parameters for resolved and unresolved resonance ranges are given 
in File 2. It has only one section, with the reaction type number MT=151. The 
resonance parameters for a material are obtained by specifying the parameters 
for each isotope in the material. The data for the various isotopes are ordered 
by increasing ZAI values. The resonance data for each isotope may be divided 
into several incident neutron energy ranges, given in order of increasing 
energy. The energy ranges for an isotope should not overlap; each may 
contain a different representation of the cross sections. File 3 may contain 
"background" cross sections" in the resonance ranges resulting from 
inadequacies in the resonance representation (e.g., SLBW), the effects of 
resonances outside the resonance range, the average effects of missed 
resonances, or competing cross sections. These backgrounds are to be added 
to the contributions computed from File 2. In the unresolved range, the File 3 
section may optionally contain an "infinitely dilute" cross section. Self 
shielding factors are to be computed from File 2 and multiplied against the 
values in File 3. There must be double energy points corresponding to each 
resonance range boundary (except le-5 eV). 

General Format for File 2 

The following quantities are defined: 

ZA,AWR 

NIS 

ZAI 

ABN 

standard material charge and mass parameters 

number of isotopes in the material (up to lo). 

lOOO*Z+A designation for an isotope. 

abundance of an isotope in the material (this is a number fraction, not a 
weight fraction, nor a percent). 

flag indicating whether average fission widths are given in the 
unresolved resonance region for this isotope (O=no, l=yes). 

number of resonance energy ranges for this isotope. 

lower energy limit for an energy range. 

LFW 

NER 

EL 

EH 



upper energy limit for an energy range. 

flag indicating whether this enrgy range contains resolved or unresolved 
resonance parameters: 

0 LRU=O, only the scattering radius is given (for information) and 
no resonance contributions are calculated for File 3. 

0 LRU=1 , resolved resonance parameters are given. 
0 LRU=2, unresolved resonance parameters are given. 

LRU 

LRF 
flag indicating which representation has been used for the energy range 
(the definition of LRF depend on the value of LRU): 

0 If LRU= 1 (resolved parameters), then 
H LRF=l, single-level Breit-Wigner (SLBW); 
4 LRF=2, multi-level Breit-Wigner (MLBW); 

LRF=3, Reich-Moore (RM); 
H LRF=3, Adler-Adler (AA); 
4 LRF4, General R-matrix (GRM); 
H LRF=4, Hybrid R-function (HRF); 

0 If LRU=2 (unresolved parameters), then 
4 LRF= 1, only average fission widths are energy dependent; 
H LRF=2, all parameters are energy dependent. 

NRO 
flag designating possible energy dependence of the scattering radius 
(O=no, l=yes). 

flag controlling the use of the two radii, the channel radius a and the 
scattering radius AP. 

H NAPS=O: calculate a from AWRI and read AP. Use a in the 
penetrabilities and shift factors, but use AP in the 
hard-sphere phase shifts. 

factors, and phase shifts. 
0 If NRO=1 (AP energy dependent), then 

NAPS=O: calculate a from AWRI and read AP(E). Use a in 
the penetrabilities and shift factors, but use AP(E) in the 
hard-sphere phase shifts. 

H NAPS=l: read AP(E) and use it in the penetrabilities, shift 
factors, and phase shifts. 

H NAPS=2: read APE) and use it in the phase shifts. In 
addition, read the constant AP from the range card and use it 
for penetrabilities and shift factors. 

NAPS 

0 If NRO=O (AP energy independent), then 

4 NAPS=l: read AP and use it in the penetrabilities, shift 

The structure of a section for the special case, in which just a scattering radius 
is specified (no resolved or unresolved resonance parameters are given) is as 
follows: (such a material is not permitted to have multiple isotopes or an 
energy-dependent scattering radius) 



IMATt 2, 151/ ZA, AWR, 0, 0, 1, 01 HEAD 
[MAT, 2 ,  151/ ZA, l., 0, 0, 1, 01 CONT 
[MAT, 2, 151/ EL, EH, 0, 0 ,  0 ,  01 CON" 
[MAT, 2, 151/ SPI,  AP, 0, 0, 0, 01 CONT 
[MAT, 2, O/ O., O . ,  0, 0 ,  0, 01 SEND 

If resonance parameters are given, the structure of a section is 

[MAT, 2, 151/ ZA, AWR, 0, 0, NZS, 01 HEAD 
[MAT, 2, 151/ ZAS, ABN, 0, LFW, NER, 03 CONT 
[MAT, 2, 151/ EL, EH, LRU, LRF, NRO, NAPS] CONT 

subsection for the first energy range 
of the first isotope 

subsection for the second energy range 
of the first isotope 

[MAT, 2 ,  151/ EL, EH, LRU, LRF, NRO, NAPS] CONT 

... 
[MAT, 2, 151/ ZAI, ABN, 0, LFW, MER, 01 CONT 
(MAT, 2, 151/ EL, EH, LRU, LRF, NRO, NAPS] CONT 

subsection for the first energy range 
of the second isotope ... 

[MAT, 2, O /  0.0, 0.0, 0, 0, 0, 01 SEND 

If NRO is not equal to zero, at TAB1 record giving AP(E) is inserted just after 
the energy range card. 

More information on the formats and methods used for the various resonance 
representations will be found on the following pages: 

0 Single-Level Breit-Wigner 
0 Multi-Level Breit-Wigner 
0 Reich-Moore 
0 Adler-Adler 
0 Hybrid R-Function 
0 Generalized R-Matrix 
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SLBW Resonance Format 

The single-level Breit-Wigner equations can be written in the following form 
(which is the form used in NJOY, not the form from ENDF-102): 

where 

The resonance energies, J values, total widths, and partial widths are all given 
in the ENDF file; see ER, AJ, GT, GN, GG, and GF below. The actual resonance 
energy is different from the nominal Er value due to the "shift factors" S. The 
actual neutron width is different from GN due to the "penetrabilities" P .  These 
two quantities are shown in the following: 



e = -  P3 
1+p' > 

The phase shifts in the SLBW formulas are given by 



These quantities depend on rho=k*a and rho-hat=k*a-hat. There are several 
options for choosing the two characteristic lengths a and a-hut. The most 
common is to use AP from the file for the "scattering radius" a-hat and to 
compute the "channel radius" a based on the nuclear size, 
0.123*AWRI1"+O.08. Other options allow for using the scattering radius for 
a or for having an energy-dependent scattering radius. 

At zero temperature, the resonance shapes in the SLBW formulas are given by 

1 y = -  
f +X' 

but for higher temperatures, we can use 



This is a very fast way to generate Doppler-broadened cross sections from 
SLBW resonances, but the use of the BROADR module of NJOY is more 
general, and the psi-chi option of RECONR is rarely used. 

The following quantities are defined for SLBW subsections: 

SPI 

AP 

NLS 

spin I of the target nucleus. 

scattering radius in units of cm. 

number of 1 values (neutron orbital angular momentum) in this energy 
region. A set of resonances is given for each 1. 

ratio of the mass of a praticular isotope to that of a neutron. 

Q value to be added to the incident particle’s center-of-mass energy to 
determine the channel energy for use in the penetrability factor. Could 
be used for competition with discrete inelastic scattering, but this is not 
implemented in NJOY. QX will be zero unless LRX is nonzero. 

A W N  

QX 

L 

LRX 
value of 1. 

flag indicating whether this energy range contains a competitive width. 
Currently not implemented in NJOY. 

number of resolved resonances for the current 1 value. (NRS<=600) 

resonance energy (in the laboratory system). 

NRS 

ER 

AJ 



GT 

GN 

GG 

GF 

floating-point value for J (the total angular momentum of the 
resonance). 

resonance total width evaluated at the resonance energy ER. 

neutron width evaluated at the resonance energy ER. 

radiation width, a constant. 

fission width, a constant. 

The structure of a subsection of SLBW data follows: 

[MAT,2,151/0.,0.,0,0,NR,XP/Eint/AP(E)] TAB1 if NRO is not zero 
[MAT,2,15l/SPI,AP,O,O,NLS,O] CONT 
[MAT,2,151/AWRI,QX,L,LRX,6*NRS,NRS/ 

ER-l,A3-1,GT_l,GN_l,GG_1,GF-l, 
ER-Z,AJ-2,GT-2,GN-2,GG-Z,GF-2, 
... for NRS resonances ... I LIST ... repeat LIST for  NLS 1 values ... 
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Particle Distributions in Energy and 
Angle 

In order to follow the transport of nuclear radiation through a material, it is 
important to know which secondary products are produced, the yield of each 
product, and how each product is distributed in energy and angle. The 
capabilities of the ENDF-format to represent this information about the 
products has evolved from fairly simple representations using Files 4 and 5 to 
the current rather complete capabilities found in File 6. In general, the cross 
section (in barnshteradian) for producing a particle can be written 

in terms of a cross section o(E), a yield y(E), and a normalized distribution in 
initial energy E, final energy E', and cosine u. 

The cross section is always given in File 3. 

The yield may be implicit as determined by the MT number, or in File 6, it 
may be given explicitly as integers for simple reactions or in noninteger form 
for the complex summation reaction MT=5. 

The distributions may be represented using three different approaches: 

0 For simple two-body reactions, E' can always be computed from 
kinematics, and it is only necessary to give f(E,u). The function is given 
using File 4 or a special "law" in File 6. This option is used for elastic 
scattering (MT=2), neutron discrete-levels (MT=5 1 -go), or neutron and 
particle discrete reactions (MT=50-90,600-648,650-698, etc.). 

0 For older evaluations (incident neutrons), it is often assumed that the 
secondary-neutron distribution can be represented as a product of an 
angular distribution and an energy distribution, i-e., flE,u) *g(E,E'). The 
angular distribution is given in File 4 and the secondary-energy 
distribution is given in File 5. This approach is often used for MT=16, 
18, or 91. 

0 For newer evaluations, the distributions are often given as fully coupled 
energy-angle distributions in File 6 using one of the several "laws" 
offered there. The use of File 6 is required for incident charged particles. 

The File 5 representation is always used for fission in ENDF files. The 



neutrons are assumed to be emitted isotropically in the laboratory reference 
frame. 
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Two-Body Reactions 

Two-body reactions, such as elastic scattering, neutron inelastic scattering to 
a level, or (p,n) to a discrete level, obey simple kinematical formulas that 
couple the outgoing energy E’ , the incident energy E, and the scattering 
cosine 0. The parameters for two-body collisions are shown below in both 
center-of-mass and laboratory reference frames: 

The non-relativistic kinematical formulas ean now be written as follows: 



If the incident and scattered particles are the same, A'=l, and these formulas 
reduce to the more familiar set often given for neutron scattering. The elastic 
reaction corresponds to A '=1 and Q=O. 

Note that the energy-angle distribution of the emitted particle and the full 
energy-angle distribution of the recoil nucleus are completely determined by 
A, A', Q, and the angular distribution flE,u). 

NEXT INDEX 
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Angular Distributions 

The angular distributions for two-body scattering reactions are given in either 
File 4 or a special "law" of File 6. The most common way of representing 
them uses Legendre coefficients: 

At low energies for elastic scattering, the angular distribution will be 
isotropic in the center of mass reference frame. As the energy increases, the 
scattering typically becomes more and more forward peaked, and higher and 
higher Legendre orders will be needed. If the energy goes through a 
resonance, dramatic swings from forward scattering to backward scattering 
may be seen. The following figure is typical: 

ENDF-VI Cu-63b 
(n,slastic) ang. dist. 

At the highest energies, the scattering is basically the diffraction of a wave 
around a hard sphere, and the results are similar to diffraction patterns for 
light. The forward peak is like the bright central spot in a diffraction pattern, 
and the oscillations at larger angles are analogous to the fringes seen for light. 



The following is an example of a section of File 4 for elastic scattering f3Cu 
from ENDFB-VI). The "1" in the fourth position of the first card indicates 
that the data are in the center-of-mass system. Cards 5 and 6 indicate that the 
scattering is isotropic at le-5 eV (the P, coefficient is zero). Cards 9 and 10 
show anisotropy beginning to show up at 10 keV. The anisotropy gradually 
increases with energy until a Legendre order of 14 is needed to represent the 
angular distribution at 20 MeV. 

2.906300+4 6.238900+1 0 1 0 02925 4 2 
O.OOOOOO+O 6.238900+1 0 2 0 02925 4 2 
o*oooooo+o o.oooooo+o 0 0 1 222925 4 2 

22 2 2925 4 2 
O.OOOOOO+O 1.000000-5 0 0 1 02925 4 2 
o.oooooo+o 2925 4 2 
O.OOOOOO+O 2.530000-2 0 0 1 02925 4 2 
o.oooooo+o 2925 4 2 
O.OOOOOO+O 1.000000+4 0 0 2 02925 4 2 
3.214700-3 1.190800-4 2925 4 2 
O.OOOOOO+O 1.000000+5 0 0 4 02925 4 2 
3.619500-2 3.845600-3 3.661300-5 O.OOOOOO+O 2925 4 2 
O.OOOOOO+O 3.000000+5 0 0 4 02925 4 2 
7.500000-2 1,800000-2 4.000000-4 O.OOOOOO+O 2925 4 2 
O.OOOOOO+O 5.000000+5 0 0 4 02925 4 2 
1.200000-1 5.500000-2 2.550000-3 1.200000-4 2925 4 2 
O.OOOOOO+O 7.500000+5 0 0 4 02925 4 2 
1.730000-1 1.070000-1 1.300000-2 2.730000-3 2925 4 2 
O.OOOOOO+O 1.000000+6 0 0 6 02925 4 2 
2.258400-1 1.602700-1 3.980500-2 1.286300-2 1.560800-5 0.000000+02925 4 2 
O.OOOOOO+O 1.500000+6 0 0 6 02925 4 2 
2.738500-1 2.188700-1 9.602200-2 3.370000-2 1.499300-4 0.000000+02925 4 2 
... 
O.OOOOOO+O 2.000000+7 0 0 1 4  02925 4 2 
8.105400-1 6.500300-1 5.507300-1 4.828500-1 4.177800-1 3.523300-12925 4 2 
2.899200-1 2.378900-1 1 .840200-1  1,207600-1 6.096100-2 2.102800-22925 4 2 
4.210300-3 O.OOOOOO+O 2925 4 2 

2925 4 0 
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Formal Specifications for File 4 

The following is based on ENDF-102, 
Data Formats and Procedures for the 
Evaluated Nuclear Data File ENDF-6. 

File 4 is used to describe the angular distribution of emitted particles. It is 
used for reactions with incident neutrons only; see File 6 for for other 
projectiles. Angular distributions should be given for elastically scattered 
neutrons and for the neutrons resulting from discrete level excitation due to 
inelastic scattering. File 4 can also be given for particles resulting from 
(n,n’continuum), (n,2n), and other continuum reactions, but in these cases 
only the integral over all final energies is provided. There is normally 
coupling between the secondary energy and angle in these cases, and File 6 is 
preferred. File 4 may also contain angular distributions of emitted charged 
particles for a reaction where only a single outgoing charged particle is 
possible (MT=600 through 849). 

In some cases, it may be possible to compute the angular distributions in the 
resolved range from resonance parameters. In such cases, the computed 
distributions may be preferable to the distributions from File 4, which will be 
a smoothed average when the resonances are close together. 

Angular distributions for a specific reaction type (MT number) are given for a 
series of incident energies, in order of increasing energy. The energy range 
covered should be the same as that for the same reaction type in File 3. 
Angular distributions for several different reaction types (MT’s) may be given 
in File 4 for each material in ascending order of MT number. 

The angular distributions can be expressed as normalized probability 
distributions or as Legendre expansions of the probability distributions: 

where f(u,E)du is the probability that a particles of incident energy E will be 
scattered into the interval du about an angle whose cosine is u. The units of 
f(u,E) are (unit cosine)-’. In addition, 

u 
cosine of the scattered angle in either the laboratory or the 



center-of-mass system, 

energy of the incident particle in the laboratory system, 

the scattering cross section from File 3 for this MT, 

order of the Legendre polynomial, 

differential scattering cross section in units of barns per steradian, and 

the lth Legendre polynomial coefficient, and it is understood that ao= 1 .O 
(only 1 values of 1,2, ..., NL are given). 

E 

qE., 

1 

w 4 E )  

"I 

The angular distributions may be given in either the center-of-mass (0 or 
laboratory (LAB) system. 

Formats 

File 4 is divided into sections, each containing data for a particular reaction 
type (MT number), and ordered by increasing MT number. Each section 
always starts with a HEAD record and ends with a SEND record. The 
following quantities a e  defined: 

ZA,AWR 

LTT 
standard material charge and mass parameters 

flag to specify the representation used: 
0 LTT=O, all angular distributions are isotropic, 
0 LTT=l, the data are given as Legendre expansion coefficents, at 

0 LTT=2, the data are given as tabulated normalized probability 
or 

distributions, f(u, E). 
LI 

flag to specify whether all the angular distributions are isotropic: 
0 LI=O, not all isotropic, or 
0 LI=l, all isotropic. 

LCT 
flag to specify the frame of reference used: 

0 LCT=l, the data are given in the LAB system, or 
0 LCT=2, the data are given in the CM system. 

LVT 

NE 
an obsolete flag, now always zero. 

number of incident energy points at which angular distributions are 
given (up to 1200). 

higher order Legendre polynomial coefficient that is given at each 
NL 



energy (up to 64). 
NK 

NM 

NP 

obsolete parameter. Now always zero. 

maximum order Legendre polynomial that will be required to describe 
the angular distributions of elastic scattering in either the center-of-mass 
or the laboratory system. NM should be an even number. 

number of angular points (cosines) used to give the tabulated probability 
distributions for each energy. 

The structure of a section depends on the values of LTT. 

Legendre Polynomial Coefficients 

[MAT, 4, MT/ ZA, AWR, LVT, LTT, 0, 01 HEAD LVT=O, LTT=1 
[MAT, 4, MT/ o., AWR, LI, LCT, 0, 01 CONT LI=O 
{MAT, 4, MT/ O., O., 0, 0, NR, NE/ Eint] TAB2 
[MAT, 4, MT/ O., O., 0, 0, NL, O /  a-l(EJ)] LIST 
[MAT, 4, MTI O., O., 0, 0, NL, O /  a-2(E-2)] LIST 

[MAT, 4, O /  0.0, 0.0, 0, 0, 0, 01 SEND 
... 

Tabulated Probability Distributions 

[MAT, 4, MT/ ZA, AWR, LVT, LTT, 0, 01 HEAD LVT=O, LTT=2 
[MAT, 4, MT/ o., AWR, LI, LCT, 0, 01 CONT LI=O 
[MAT, 4, MT/ o., O., 0, 0, NR, NE/ Eint] TAB2 
[MAT, 4, MT/ o., O . ,  0, 0 ,  NR, NP/  muint/ f(mu,EJ)] TABl 
[MAT, 4, MT/ O., O., 0, 0 ,  NR, NP/  muint/ f(mu,E-l)] TABl 

[MAT, 4, O /  0 .0 ,  0.0, 0, 0, 0, 01 SEND 
... 

AI1 Angular Distributions are Isotropic 

[MAT, 4, MT/ ZA, A m ,  LVT, LTT, 0, 01 HEAD LVT=O, LTT=O 
[MAT, 4, MT/ o., AWR, LI, LCT, 0, 01 CONT LI=1 
[MAT, 4, O /  0 . 0 ,  0.0, 0 ,  0, 0, o ]  SEND 

Procedures 

The angular distributions for two-body reactions 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 the LAB system. 

For Legendre polynomial expansions, a linear-linear interpolation scheme 
(INT=2) should be used for the incident energy. 

For tabulated distributions, the cosine interval should span the entire range -1 
to +l. The interpolation scheme for incident energy E should be linear-linear 
(INT=2) and the interpolation scheme for the cosine should be log-linear 



(INTd). 
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Fission Neutron Yields 

The number of neutrons produced in a fission reaction is highly important for 
fission reactors, explosive fission devices, and the safe storage and processing 
of fissionable materials. It is an energy-dependent quantity, and it has both 
prompt and delayed components. Fission neutron yields, or "nu-bar's," are 
given in three special sections of File 1: 

0 MT=452, total neutrons per fission, 
0 MT456, prompt neutrons per fission, and 
0 MT=455, delayed neutrons per fission and time constants. 

Upon fission, the excited nucleus formed by the target and the projectile 
breaks up into two roughly equal "fission fragments" and a number of 
additional neutrons (1,2,3,4, ...). It is the average over all these possible 
break-up modes that gives the "prompt" nu-bar (e.g., 2.5). Some of the excited 
fission fragments emit additional neutrons as they decay over the next second 
or so; these are called "delayed neutrons." 

Prompt nu-bar tends to be constant at low energies, and then it gradually 
increases as the energy increases. In earlier times, this increasing trend was 
often represented as a simple polynomial (approximately linear) in energy E. 
More detailed analysis shows more structure associated with second- and 
third-chance fission processes. Some evaluations even have structure at very 
low energies. Therefore, most modern evaluations use a detailed tabulated 
function to represent the energy dependence of the fission nu-bar. The 
following figure shows a few examples: 



Total Nu-Bar Curves 

5 

z 
m 4  
3 z 

3 

The following example is U-233 from ENDFN-VI. The "2" in the fourth 
field on the first line says that the nu-bar data are given in tabulated form. The 
actual tabulation of total nu-bar vs energy starts on line 4. 

9.223300+4 2.310430+2 0 2 0 09222 1452 
o.oooooo+o o.oooooo+o 0 0 1 109222 1452 

10 2 9222 1452 

2.000000+6 2.687400+0 4.500000+6 3.052000+0 6.000000+6 3.268000+09222 1452 
6.500000+6 3.340900+0 1.400000+7 4.270400+0 1.500000+7 4.393800+09222 1452 
2.000000+7 5.013500+0 9222 1452 

9222 1 0 

1.000000-5 2.494700+0 2.530000-2 2.494700+0 3.200000+5 2.494000+09222 1452 

The formats for prompt nu-bar and total nu-bar are the same. The format for 
delayed nu-bar has an additional LIST record giving the decay constants that 
are used to describe the time history of delayed neutron emission. This will 
be discussed later. 
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Formal Specifications for File 1 
Fission Nu-bars 

~~ ~~ ~~ 

The following is based on ENDF-102, 
Data Formats and Procedures for the 
Evaluated Nuclear Data File ENDF-6. 

This page describes MT=452,456, and 455 from File 1. 

Number of Neutrons per Fission, nu-bar (MT=452) 

If the materid fissions, then a section specifying the average total number of 
neutrons per fission, nu-bar (MT=452), must be given. This format applies to 
both particle-induced and spontaneous fission, each in its designated 
sublibrary. Values of nu-bar may be tabulated a function of energy or 
represented by coefficients provided for the following polynomial expansion 
of nu-bar(E): 

n= t 

where 

nu-bar(E) 
the average total (prompt plus delayed) number of neutrons per fission 
produced by neutrons of incident energy E (eV), 

the nth coefficient, and 

the number of terms in the polynomial. 

cn 

NC 

MT=452 for an energy-dependent neutron multiplicity cannot be represented 
by a polynomial expansion when MT=455 and MT=456 are utilized in the 
file. 

Formats 

The structure of this section depends on whether the data are given in 
tabulated form or as a polynomial expansion. The following quantities are 
defined: 

ZA,A WR 
standard material charge and mass parameters 



LNU 

NC 

Cn 

NR 

NP 

flag to specify the representation used: 
0 LNU=l, polynomial representation has been used, or 
0 LNU=2, tabulated representation. 

count of the number of terms used in the polynomial expansion. Up to 4. 

coefficients of the polynomial. There are NC coefficients given. 

number of interpolation ranges used to tabulate values of nu-bar@). 

total number of energy points used to tabulate nu-bar>(E). 
nu-bar@) 

average total number of neutrons per fission. 

If LNU=l, the structure of a section is 

[MAT, 1, 452/ ZA, A m ,  0, LNU, 0, 01 HEAD LNU=l 
[MAT, 1, 452/ O., o., 0, 0, NC, O /  C1, C2, ... CNC] LIST 
[MAT, 1, 0 1  0.0, 0.0, 0, 0, 0, 01 SEND 

If LNU=2, the structure of the section is 

[MAT, 1, 452/ ZA, AWR, 0, LNU, 0, 01 HEAD LNU=2 
[MAT, 1, 452/ o., o., 0, 0, NR, NP/  Eint/ nu-bar(E)] TAB1 
[MAT, 1, O /  0.0, 0.0, 0 ,  0 ,  0, 01 SEND 

For spontaneous fission, the polynomial representation (LNU=l) is used with 
NC= 1. There is no energy dependence. 

The polynomial form for particle-induced nu-bar is only used when neither 
prompt nor delayed nu-bar values are given. 

Delayed Neutron Data, nu-bar-d (MT=455) 

This section describes the delayed neutrons resulting from either particle 
induced or spontaneous fission. The average total number of delayed neutron 
precursors emitted per fission, nu-bar-d, is given, along with the decay 
constants lambdai for each precursor family. The fraction of delayed neutrons 
generated for each family is given in MT455 of File 5. The energy 
distribution of the neutrons associated with each precursor family are also 
given in File 5. 

For particle induced fission, the total number of delayed neutrons is given as a 
function of energy in tabulated form (LNU=2), just as for MT=452. For 
spontaneous fission, the polynomial representation (LNU= 1) is used with 
NC=l, just as for MT=452. 



Formats 

The following quantities are defined: 

ZA,AWR 

LNU 
standard material charge and mass parameters 

flag to specify the representation used: 
0 LNU= 1, polynomial representation has been used, or 
0 LNU=2, tabulated representation. 

NC 
count of the number of terms used in the polynomial expansion. If used, 
it is 1. 

number of interpolation ranges used to tabulate values of nu-bar-d(E). 

total number of energy points used to tabulate nu-bar-d>(E). 

average total number of delayed neutrons per fission. 

number of precursor families considered. 

decay constant (sec-l) for the ith precursor. 

NR 

NP 

nu- bar-d(E) 

NNF 

lambdai 

The structure when values of nu-bar-d are tabulated (LNU=2) is: 

[MAT, 1, 455/ ZA, AWR, 0, LNU, 0, 01 HEAD LNU=2 
[MAT. 1, 455/ O., O., 0, 0, NNF, O /  lambdal, lambda2, . . . I  LIST 
[MAT, 1, 455/ O., O., 0, 0, NR, NP/ E i n t /  nu-bar-d(E)l TABl 
[MAT, 1, O /  0.0, 0.0, 0, 0, 0, 03 SEND 

If LNU=1 (spontaneous fission), the structure of the section is: 

[MAT, 1, 455/ ZA, AWR, 0, LNU, 0, 03 HEAD LNU=1 
[MAT, 1, 455/ O., O . ,  0, 0, NNF, O /  lambdal, lambda2, . . . I  LIST 
[MAT, 1, 455/ O., O . ,  0, 0, NC, O /  nu-bar-d] TABl NC=1 
[MAT, 1, O /  0.0, 0.0,  0, 0, 0, 01 SEND 

If MT=455 is used, then MT=456 must also be used, as well as MT=452. 

Number of Prompt Neutrons per Fission, nu-bar-p (MT=456) 

If the material fissions, a section specifying the average number of prompt 
neutrons per fission, nu-bar-p (MT=456), can be given using formats identical 
to MTd52. For particle-induced fission, nu-bar-p is given as a function of 
incident particle energy. The prompt nu-bar for spontaneous fission can also 
be given using MT=456, but there is no energy dependence. 

The following quantities are defined: 



ZA,AWR 

LNU 
standard material charge and mass parameters 

flag to specify the representation used: 
0 LNU=l, polynomial representation has been used, or 
0 LNU=2, tabulated representation. 

NC 
count of the number of terms used in the polynomial expansion. If used, 
it is 1. 

number of interpolation ranges used to tabulate values of nu-bar(E). 

total number of energy points used to tabulate nu-bar-p>(E). 

average number of prompt neutrons per fission. 

NR 

NP 

nu-bar-p(E) 

If LNU=2, the structure of the section is 

If LNU=1 (spontaneous fission), the structure of a section is 

[MAT, 1, 456/ ZA, A m ,  0, LNU, 0, 01 HEAD LNU=l 
[MAT, 1, 456/ O., O., 0, 0, NC, O /  nu-bar-p] LIST NC=1 
[MAT, 1, O /  0.0, 0.0, 0, 0, 0, 01 SEND 

For spontaneous fission, the polynomial representation (LNU= 1) is used with 
NC= 1. There is no energy dependence. 

If MT=456 is specified, then MT=455 must also be specified, as well as 
MT=452. 

NEXT INDEX 
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Simple Emission Spectra 

In many ENDF-format evaluations, the spectra of neutrons emitted in a 
reaction are given as independent of angle using File 5. This is reasonable in 
some cases, but at higher neutron energies there is often a strong correlation 
between the energy distribution and the angle of emission. Correlated energy 
distributions can be described using File 6. 

File 5 allows for several different representations of the spectra of outgoing 
neutrons : 

LF=1, Arbitrary tabulation function: A set of incident energies is given, 
and a normalized tabulated distribution is given at each incident energy. This 
option is very general, and it is the modern choice for detailed fission spectra, 
such as those produced with the Los Alamos Standard Model. 

LF=5, General evaporation spectrum: Here a temperature-like quantity 8 is 
tabulated against incident energy E, and a single spectrum is given as a 
function of E’le . The only current application for this law is to give six 
different delayed-neutron spectra for six time groups, and 8 is just set to one. 
See MF=5, MT=455 in fissionable materials. 

LF=7, Simple Maxwellian fission spectrum: This is a fairly old model for 
the distribution of neutrons emitted by fission, but it is still in fairly wide use. 
The effective temperature 8 is tabulated against the incident energy E,  and the 
range of final energies allowed is from zero to E-U. 

LF=9, Evaporation spectrum: This is the kind of shape that would be 
expected if the the compound nucleus during a reaction had lots of time to 
come into equilibrium before the neutron was emitted, and it may not be a bad 
approximation for fairly low incident energies (a few MeV). At higher 
energies, preequilibrium emission begins to change the shape away from the 
evaporation form, but this is also the region where energy-angle correlation 
begins to be important. Once again, the effective temperature of the 
compound system 9 is tabulated against the incident energy E, and the range 
of final energies allowed is from zero to E-U. 

LF=ll, Energy-dependent Watt spectrum: The Watt spectrum is a more 
sophisticated representation of fission than the simple Maxwellian law 
described above. Two functions a(E) and b(E) are tabulated in File 5, and the 
range of final energies allowed is from zero to E-U. 

LF=12, Madland-Nix fission spectrum: This is another sophisticated fission 
model based on two constants EFL and EFM, the average kinetic energies of 
the light and heavy fragments, respectively, and a temperature-like quantity 
TM that is given as a function of incident energy E. 



The following is an example of a tabulated distribution (LF=l) from File 5 for 
the 27Al(n,2n) reaction from ENDFB-VI Release 0: 

NEXT INDEX 
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Formal Specifications for File 5 

The following is bused on ENDF-102, 
Data Formats and Procedures for the 
Evaluated Nuclear Data File ENDF-4. 

File 5 is used to describe the energy distribution of a secondary particle 
expressed as normalized probability distributions. File 5 is used for incident 
neutron reactions and spontaneous fission only; reactions induced by charged 
particles will be represented in File 6. Energy distributions for two-body 
reactions, such as elastic scattering (MT=2), discrete inelastic levels 
(MT=51-90), or charged-particle levels (MT=600 series) can be computed 
directly from the angular distributions in File 4, and those reactions will not 
appear in File 5.  Reactions with appreciable energy-angle correlation are best 
represented using File 6.  

The representation provided by File 5, except possibly for fission, is 
inadequate for modem evaluations, and it is gradually being supplanted by 
File 6. 

The distributions given in File 5 are normalized so that 

and they can be broken down into partial energy distributions of the form 

where the pk are the fractional probabilities for each of the partial distributions 
f at energy E. The partial distributions can be represented using one of six 
different distribution laws, as described below. 

Secondary Energy Distribution Laws 

LF=1, Arbitrary tabulation function: A set of incident energies is given, 
and a normalized tabulated distribution g(E,E’) is given at each incident 
energy E. 

LF=5, General evaporation spectrum: A temperature-like quantity 8 is 
tabulated against incident energy E, and a single spectrum is tabulated as a 
function of E’lB (E).  



LF=7, Simple Maxwellian fiision spectrum: The effective temperature 8 is 
tabulated against the incident energy E, and the spectrum is given by 

The constant U is introduced to define the range of final energies allowed 
(zero to E-U). 

LF=9, Evaporation spectrum: The effective temperature 8 is tabulated 
against the incident energy E, and the spectrum of emitted particles is given 
by 

The range of final energies allowed is from zero to E-U. 

LF=ll, Energy-dependent Watt spectrum: Two functions a(E) and b(E) are 
tabulated, and the spectrum is calculated using 

The range of final energies allowed is from zero to E-U. 

LF=12, Madland-Nix fission spectrum: Two constants EFX and EFH, the 
average kinetic energies of the light and heavy fragments, respectively, and a 



temperature-like quantity TM(E) are tabulated, and the spectrum is computed 
using 

where El and Y are the standard exponential integral and gamma functions. 

Formats 

Each section of File 5 contains the data for a particular reaction type (MT 
number), starts with a HEAD record, and ends with a SEND record. A section 
may be divided up into several subsections, each containing the data for one 
partial energy distribution. The structure of a subsection depends on the value 
of LF. The following quantities are defined: 

NK 

U 
number of partial distributions. 

constant that defines the upper energy limit for the secondary particle; 
the energy can vary from 0 to E-U. 

effective temperature used to parameterize the secondary energy 
distribution for LF=5,7, or 9. 

flag specifying the distribution law for this subsection. 

fraction of the distribution that can be described by the partial 
distribution in this subsection. 

partial distribution in this subsection. 

energy-dependent parameters used in the Watt spectrum, 

constant parameters used in the Madland-Nix spectrum, 

energy-dependent parameter used in the Madland-Nix spectrum, 

9 

LF 

PktE) 

f ktE) 

a, b 

EFL,EFH 

TM 



The structure of a section of File 5 has the following form: 

[MAT, 5, MT/ ZA, AWR, 0, 0, NK, 01 HEAD 
subsection for  k=l 
subsection for  k=2 

subsection fo r  k=NK 
... 

[MAT, 5, O /  0.0, 0.0, 0, 0, 0, 03 SEND 

The structure of a subsection depends on the value of LF. The formats for the 
various values of LF are given below. 

LF=l, Arbitrary tabulated function 

[MAT, 5, MT/ ZA, AWR, 0, LF, NR, NP/ Eint/ p(E)] TABl LF=1 
[MAT, 5, MT/ O., O., 0, 0, NR, NE/ Eint] TAB2 
[MAT, 5, MT/ O., O., 0, 0, NR, NF/ E'int/ g(E1,E')l TAB1 
[MAT, 5, MT/ O., O., 0, 0, NR, NF/ E'int/ g(E2,E')I TABl 
... continue for  NE TABl recor ds.... 

Note that the incident energy mesh for pkcE, doesn't have to the same as the 
E mesh used to specify the energy distributions. The interpolation scheme 
used between incident energy point E and secondary energy points E' should 
be linear-linear. 

LF=5, General evaporation spectrum 

[MAT, 5, MT/ U, 0.0, 0, LF, NR, NP/ Eint/ p(E)I TABl LF=5 
[MAT, 5, MT/ 0.0, 0.0, 0, 0, NR, NE/ Eint/ theta(E)] TAB1 
[MAT, 5, MT/ 0.0, 0.0, 0, 0, NR, NF/ xint/ g(x)l TABl x=E'/theta(E) 

LF=7, Simple Maxwellian fission spectrum 

[MAT, 5, MT/ U, 0.0, 0, LF, NR, NP/ Eint/ p(E)] TABl LF=7 
[MAT, 5, MT/ 0.0, 0.0, 0, 0, NR, NE/ Eintl theta(E)] TABl 

LF=9, Evaporation spectrum 

[MAT, 5, MT/ U, 0.0, 0, LF, NR, NP/ Eint/ p(E)I TABl LF=9 
[MAT, 5, MT/ 0.0, 0.0, 0 ,  0, NR, NE/ Eint/ theta(E)] TABl 

LF=11, Energy-dependent Watt spectrum 

[MAT, 5, MT/ U, 0.0, 0, LF, NR, NP/ Eintl p(E)] TABl LF=11 
[MAT, 5 ,  MT/ 0.0, 0.0, 0, 0, NR, NE/ Eke/ a ( E ) ]  TAB1 
[MAT, 5, MT/ 0.0, 0.0, 0, 0, NR, NE/ Eint/ b(E)1 TABl 

LF=12, Madland-Nix fission spectrum 

[MAT, 5 ,  MT/ U, 0.0, 0 ,  LF, NR, NP/ Eint/ p(E)] TABl LF=12 
[MAT, 5, MT/ EFL, EFH, 0, 0, NR, NE/ E i n t /  TM(E)] TABl 
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Energy- Angle Distributions 

The old-fashioned approach of representing an energy-angle distribution as a 
product of an angular distribution (MF=4) and a secondary energy 
distribution (MF=5) is no longer adequate for modern evaluations. For 
incident energies larger than a few MeV, preequilibrium effects begin to 
appear, which lead to a coupling between the emission angle and the emission 
energy. In addition, it is sometimes necessary to have detailed information 
about the emission of other particles tban neutrons, for example, the protons 
from an (n,n’p) reaction. The combination of File 4 and File 5 only allows 
one particle to be represented. Most modern evaluations are made with the 
help of a nuclear model code, such as GNASH, to complete the ranges of 
energy and angle that are not available from experiment. These codes follow 
all reaction channels and emitted particles, and it is important to have a way 
to include all the code results into the ENDF format. It was these kinds of 
arguments that led to the development of File 6 as introduced for the ENDF-6 
format. 

A section of File 6 is divided into subsections, one for each product. The 
products can include neutrons and light charged particles ordered by ZA, 
followed by residual nuclei ordered by ZA, followed by photons, followed by 
electrons: 

[MAT, 6 ,  MT/ ZA, A m ,  0 ,  LCT, NK, 03 HEAD 
[MAT, 6 ,  MT/ ZAP, AWP, LIP, L A W ,  NR, NP/  Eint/ Y ( E ) ]  TABl 

law-dependent data for product 1 

repeat TABl and law-dependent data 
for the rest of the NK products 

[MAT, 6, O /  0 . 0 ,  0.0, 0 ,  0 ,  0 ,  03 SEND 

---------____--___________________ 

--------___-______________________ 

The individual products are identified by ZAP, AWP, and LIP (to allow for 
isomers). The different representations allowed in a subsection are defined by 
the value of LAW: 

0 LAW=O, Unknown distribution.; 
0 LAW= 1, Energy-angle distribution.; 
0 LAW=2, Two-body angular distribution.; 
0 LAW=3, Isotropic two-body distribution; 
0 LAW=4, Recoil distribution for a two-body reaction; 
0 LAW=5, Charged-particle elastic scattering; 
0 LAW=6, N-body phase-space distribution; and 
0 LAW=7, Laboratory angle-energy law. 

NEXT INDEX 
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Kalbach Distributions 

File 6 with LAW=1 provides for an especially elegant and compact 
representation of coupled energy-angle distributions for neutrons and charged 
particles developed by Kalbach based on systematics. The general shape of 
the function was later shown to come directly out of preequilibrium theory by 
Chadwick. The Kalbach distribution for a reaction of the form 

A + a -> C -> B + b 
can represented by 

where r(Eu,Eb) is the precompound fraction as given by the evaluator, and 
a(Eu, E6) is a simple parameterized function that depends on emission energy, 
incident energy, and particle type. 

Note that if r and a are small, the distributions are basically isotropic. This 
corresponds to emission from a well equilibrated compound system. As r 
increases, the distribution becomes more forward peaked. Because Y tends to 
increase with the emission energy, we see forward peaking for high particle 
energies and isotropy for low particle energies. This is the effect that cannot 
be represented using the combination of File 4 and File 5. 

The following is an example taken from the ENDFB-VI evaluation for 27Al. 
It shows the (n,2n) neutron emission distribution for an incident energy of 40 
MeV. Each line contains two triplets: E’, f(E,E’), and r(E,E’). Note the 
increase in Y with increasing E’. 

o.oooooo+o 
o.oooooo+o 
7.219623+4 
1.684579+5 

4.091120+6 
5.053736+6 
6.016353+6 
6.978969+6 
7.941585+6 
8.904202+6 
9.866818+6 
1.082943+7 
1.179205+7 
1.275467+7 
1.371728+7 
1.467990+7 

... 

4.000000+7 
1.463653-8 
3.562323-8 
5.047795-8 

5.029411-8 
4.182685-8 
3.515369-8 
2.981761-8 
2.592982-8 
2.364081-8 
2.272568-8 
2.312538-8 
2.465185-8 
2.726533-8 
3.098722-8 
3.557207-8 

0 1 198 661325 6 16 

3.043292-4 1.203271+5 4.369308-8 3.222684-41325 6 16 
3.402077-4 2.165887+5 5.644923-8 3.581469-41325 6 16 

2.774204-4 3.609812+4 2.663865-8 2.908748-41325 6 16 

8.229791-3 4.572428+6 4.580329-8 
1.619895-2 5.535044+6 3.824886-8 
3.071985-2 6.497661+6 3.237198-8 
5.597233-2 7.460277+6 2.765722-8 
9.753015-2 8.422894+6 2.461467-8 
1.603900-1 9.385510+6 2.298213-8 
2.456513-1 1.034813+7 2.276480-8 
3.510374-1 1.131074+7 2.376400-8 
4.658113-1 1.22733617 2.581909-8 
5.776199-1 1.32359817 2.899395-8 
6.779314-1 1.41985917 3.324436-8 
7.621944-1 1.516121+7 3.833738-8 

1.160481-21325 6 16 
2.245802-21325 6 16 
4.158862-21325 6 16 
7.438953-21325 6 16 
1.260132-11325 6 16 
2.006077-11325 6 16 
2.963706-11325 6 16 
4.081861-11325 6 16 
5.226821-11325 6 16 
6.296106-11325 6 16 
7.218539-11325 6 16 
7.979111-11325 6 16 



... 
2.430606+7 1.964407-9 9,958412-1 2.478737+7 O.OOOOOO+O 0.000000+01325 6 16 

The Kalbach representation is used in many of the Los Alamos evaluations in 
ENDFB-VI, and it is an important factor in the new high-energy libraries to 
150 MeV now being constructed for accelerator applications at several 
laboratories in the world. 
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Formal Specifications for File 6 

The following is based on ENDF-102, 
Data Formats and Procedures for the 
Evaluated Nuclear Data File ENDF-6. 

This file is provided to represent the distribution of reaction products (i.e., 
neutrons, photons, charged particles, and residual nuclei) in energy and angle. 
It works together with File 3, which contains the reaction cross sections, and 
replaces the combination of File 4 and File 5. Radioactive products are 
identified in File 8. The use of File 6 is recommended when the energy and 
angular distributions of the emitted particles must be coupled, when it is 
important to give a concurrent description of neutron scattering and particle 
emission, when so many reaction channels are open that it is difficult to provide 
separate reactions, or when accurate charged-particle or residual-nucleus 
distributions are required for particle transport, heat deposition, or radiation 
damage calculations. 

For the purposes of this file, any reaction is defied by giving the production 
cross section for each reaction product in barns/steradian assuming azimuthal 
symmetry in normalized form as shown by the following equations: 

In these equations, i denotes one particular product, E is the incident energy, E' 
is the energy of the product emitted with cosine u, a(E) is the interaction cross 
section (File 3), yi is the product yield or multiplicity, and f is the normalized 
distribution with units (eV-unit cosine)-'. 

This representation ignores most correlations between products and most 
sequential reactions; that is, the distributions given here are those that would be 
seen by an observer outside of a "black box" looking at one particle at a time. 
The process being described may be a combination of several different 
reactions, and the product distributions may be described using several 
different representations, or "LAWS", as shown in the following table: 



LAW Meaning 

II 0 unknown distribution II 
1 continuum energy-angle distribution 

2 two-body reaction angular distribution 

' 

11 3 1 isotropic two-body distribution II 

11 7 1 laboratory angle-energy law II 
Formats 

The following quantities are defined for all representations: 

ZA,AWR 

LCT reference system for secondary energy and angle (incident energy is 
standard material charge and mass parameters. 

always given in the LAB system). 
LCT=l , laboratory (LAB) coordinates used for both. 
LCT=2, center-of-mass (CM) system used for both. 

NK number of subsections in the this section (MT). Each subsection describes 
one reaction product. There can be more than one subsection for a given 
particle or residual nucleus (see LIP). 

ZAP product identifier 1000*Z+A with z-0 for photons and A=O for electrons 
and positrons. A section with A=O can also be used to represent the 
average recoil energy or spectrum for an elemental target. 

product mass in neutron units. 
AWP 

LIP product modifier flag. 
LAW 

distinguishes between different representations for the distribution 
function fi: see table above. 

standard TAB 1 parameters. 
NR,NP,EINT 

A section of File 6 has the following form: 

[MAT, 6, MT/ ZA, AWR, 0, LCT, NK, 03 HEAD 
[MAT, 6, MT/ ZAP, AWP, L I P ,  LAW, NR, NP/ EINT/ Y-l(E)] TAB1 

[LAW-dependent structure for product 13 



repeat TAB1 and LAW-dependent structures 
for the rest of the NK subsections -------__-_--______________ 

[MAT, 6, MT/ 0.0, 0.0, 0, 0, 0, 01 SEND 

File 6 should have a subsection for every product of the reaction or sum of 
reactions being described except for MT=3,4, or 103-107 when they are bing 
used to represent lumped photons. The subsections are arranged in the 
following order: (1) particles (n, p? d, etc.) in order of ZAP and LIP, (2) 
residual nuclei and isomers in order of ZAP and LIP, (3) photons, and (4) 
electrons. The contents of the subsection for each LAW are described in the 
following pages: 

Unknown Distribution (LAW&) 
Continuum Energy-Angle Distribution (LAW=l) 
Two-Body Reaction Angular Distribution (LAW=2) 
Isotropic Two-Body Distribution (LAW=3) 
Recoil Distribution of a Two-Body Reaction (LAW=4) 
Charged-Particle Elastic Scattering (LAW=5) 
N-Body Phase-Space Distribution (LAW=6) 
Laboratory Angle-Energy Law (LAW=7) 

NEXT INDEX 
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File 6 - Unknown Distribution 
(LAW=O) 

This law simply identifies a product without specifying a distribution. It can 
be used to give production yields for particles, isomers, radioactive nuclei, or 
other interesting nuclei in materials that are not important for particle 
transport, heating, or radiation damage calculations. No law-dependent 
structure is given. 
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File 6 - Continuum Energy-Angle 
Distributions 

This law is used to describe particles emitted in multi-body reactions or 
combinations of several reactions, such as scattering through a range of levels 
or reactions at high energies where many channels are normally open. For 
isotropic reactions, it is very similar to File 5 with LF=1 except for a special 
option to represent sharp peaks as "delta functions" and the use of LIST 
instead of TAB 1. 

The following quantities are defined for LAW=l: 

LANG 
indicator that selects the angular representation to be used: 
LANG=l, Legendre coefficients are used; 
LANG=2, Kalbach systematics is used; 
LANG=l l-15, a tabulated angular distribution is given using NA/2 
cosines and the interpolation scheme specified by LANG-10 (for 
example, LANG= 12 selects linear-linear interpolation). 

interpolation scheme for secondary energy: 
LEP= 1, histogram; 
LEP=2, linear-linear, etc. 

LEP 

NR,NE,EINT 

NW 

NEP 

ND 

NA 

standard TAB2 parameters. 
INT=l is allowed (the upper limit is implied by File 3), INT=12-15 is 
allowed for corresponding-point interpolation, INT=22-25 is allowed for 
unit-base interpolation, 

total number of words in the LIST record: NW=NEP*(NA+2). 

number of secondary energy points in the distribution. 

number of discrete energies given. The first ND entries in the list of 
NEP energies are discrete, and the remaining NEP-ND entries are to be 
used with LEP to describe a continuous distribution. Discrete primary 
photons should be flagged with negative energies. ND can be zero, and 
it must be less than or equal to NEP. 

number of angular parameters: 
use NA=O for isotropic distributions (note that all options are identical if 
NA=O); 
use NA=1 with LANG=2 (Kalbach). 



The structure of a subsection is 

[MAT, 6, MT/ 0.0, 0.0, LANG, LEP, NR, NE/ EINT] TAB2 
[MAT, 6, MT/ 0.0, El, ND, NA, NW, NEP/ 

EP1, BO(El,EPI), Bl(El,EPl), ... BNA(El,EPl), 
EP2, BO(El,EP2), ... 
EPNEP, BO (El, EPNEP) , . . . BNA (El, EPNEP) ] LIST 
continue with LIST records for the 
rest of the incident energies 

--------__--_-_----- 

-----___-__________- 

where the contents of the BO, B 1, etc. entries depends on LANG (see below). 

LANG =l -- Legendre Coefficients 

If LANG= 1, Legendre coefficients are used as follows: 

where NA is the number of angular parameters, i denotes the product being 
described, E is the incident energy, E’ is the energy of the product emitted 
with cosinea, f i  is the normalized distribution with units (eV-unit cosine)-’, 
fl(E,E’) are the Legendre coefficients, and Pha) are the Legendre 
polynomials. Note that these coefficients are not normalized like those for 
discrete two-body scattering (LAW=2); instead, fo(E,E’) gives the total 
probability of scattering from E to E’ integrated over all angles. This is just 
the function g(E,E’) normally given in File 5. 

The Legendre coefficients are stored with fo in BO, fl in B 1, etc. Therefore, 
an isotropic distribution would go like this 

EP1, fO(E,EPl), EP2, fO(E,EP2), EP3, fO(E,EP3), 
EP4, fOIE,EP4), ..., 

a P, distribution would go like this 

EP1, fO(E,EPl), fl(E,EPl), EP2, fO(E,EP2), fl(E,EP2), 
EP3, . - - ,  

and so on. 

LANG=2 -- Kalbach Systematics 

For LANG=2, the angular distribution is represented by using Kalbach-Mann 
systematics in the extended form developed by Kalbach in 1987. This 



formulation addresses reactions of the form 

A + a  -> C -> B + b 

where 

A 
a 
C 
b 
B 

is the target, 
is the incident particle, 
is the compound system, 
is the emitted particle, and 
is the residual nucleus. 

The following quantities are defined: 

E, energy of the incident projectile a in the laboratory system (normally 
called E), 

eps, entrance channel energy, the sum of the kinetic energy of the incident 
projectile a and the target particle A in the center-of-mass system, 

epsb emission channel energy, the sum of the kinetic energy of the emitted 
particle b and the residual nucleus B in the center-of-mass system, 

Eb energy of the emitted particle in the center-of-mass system (normally 
called E'), and 

ub cosine of the emission angle of particle b in the center-of-mass system. 

These energies are related as follows: 

I t  is required that LCT=2 with LANG=2. 

The Kalbach distribution is represented by 

where r(E,,Eb) is the pre-compound fraction as given by the evaluator and 
a(E,,Eb) is a simple parameterized function that depends mostly on the 
center-of-mass emission energy Eb, but also depends slightly on particle type 
and the incident energy at higher values of Ea (see below). 



The center-of-mass energies and angles Eb and ub are transformed into the 
laboratory system using the expressions 

The pre-compound fraction r, where r goes from 0.0 to 1.0, is usually 
computed by a model code, although it can be chosen to fit experimental data. 

The formula for calculating the Kalbach slope parameter, a(Ea, Eb), is 

a(&,Eb) =CtXi +C2X: + C & h ~ X t  

where 

C3 = 6.7~1O-~/MeV 

Etl = 130 MeV Et3 = 41 MeV 

M,= 1 M p =  1 

Md= 1 Malpha = 
m = 1  m, = 1/2 

md= 1 mt= 1 

m3He= maEpha = 

P 

The quantities Sa and s b  are the separation energies for the incident and 
emitted particles, respectively, neglecting pairing and other effects. The 
formulas for the separation energies are: 



where Sa and Sb are the separation energies in MeV; the subscripts A, B, and 
C refer to the target nucleus, the residual nucleus, and the compound nucleus 
as before; the quantities N, Z, and A are the neutron, proton, and mass 
numbers of the nuclei; and la and 1, are the energies required to break the 
incident and emitted particles into their constituent nucleons as taken from the 
following table: 

The parameter fo(E,,E,) has the same meaning as f o  in the first equation of 
this page; that is, the total emission probability for this Ea and 
of angular parameters (NA) is always 1 for LANG=2, and the f o  and r are 
stored in the positions of BO and B 1, respectively. Therefore, a particular 
distribution goes as follows: 

The number 



EP1, fO(E,EPl), r(E,EPl), EP2, fO(E,EP2), r(E,EP2), 
EP3, ..., 

This formulation uses a single-particle-emission concept; it is assumed that 
each and every secondary particle is emitted from the original compound 
nucleus C. When the incident projectile a and the emitted particle b are the 
same, Sa = Sb, regardless of the reaction. For incident projectile z, if neutrons 
emitted from the compound nucleus C are detected, the same Sb would be 
used for all reactions, for example both (z,n') and (z,2n). 

LANG=ll-15 -- Tabulated Angular Distribution 

For LANG=l l-15, a tabulated function is given for flu) using the 
interpolation scheme defined by LANG minus 10. For example, if LANG=12, 
use linear-linear interpolation (never use log interpolation with the cosine!). 
The cosine grid of N N 2  u values must span the entrie angular range open to 
the particle for this E and E', and the integral of flu) over all angles must give 
the total emission probability for the E and E' (that is, it must equal fo as 
defined above). The value off below the first u value or above the last u value 
is zero. The tabulation is stored in the angular parameters as follows: 

BO=fo, 
B1 = u l ,  
B2 = 0.5*fl( ul)/f0, 

B3 = u2, 

In order to make things line up neatly, the preferred values for NA are 4,10, 
16,22, etc. As an example, a simple distribution with NA=4 might look like 
this: 

EP1, fO(E,EP1), -1.0, 0.5, 1.0, 0.5, 
EP2, fO(E,EP2), -1.0, 0.4, 1.0, 0.6, 
EP3, .... 

In order to provide a good representation of sharp peaks, LAW=1 allows for a 
superposition of a continuum and a set of delta functions. These discrete lines 
could be used to represent particle excitations in the CM frame, because the 
method of corresponding points can be used to supply the correct energy 
dependence. However, the use of LAW=:! together with MT=50-90,600-650, 
etc., is preferred. This option is also useful when photon production is given in 
File 6. 
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File 6 - Discrete Two-Body Scattering 
(LAW=2) 

This law is used to describe the distribution in energy and angle of particles 
described by two-body kinematics. It is very similar to File 4, except its use in 
File 6 allows the concurrent description of the emission of positrons, 
electrons, photons, neutrons, charged particles, residual nuclei, and isomers. 
Since the energy of a particle emitted with a particular scattering cosine u is 
determined by kinematics, it is only necessary to give 

J 

where the P, are the Legendre polynomials with the maximum order NL. Note 
that the angular distribution p i  is normalized. 

The following quantities are defined for LAW=2: 

LANG 
flag that indicates the representation: 
LANG=O, Legendre expansion; 
LANG=12, tabulation with pi(@) linear in u; 
LANG=14, tabulation with lnpiu) linear inu. 

standard TAB2 parameters 

for LANG=O, NL is the highest Legendre order used, 
for LANG>O, NL is the number of cosines tabulated. 

number of parameters given in the LIST record: 
for LANG=O, NW=NL; 
for LANG>O, NW=2*NL. 

for LANG=O, the Legendre coefficients, 
for LANG>O, the u,pi pairs for the tabulated angular disiibution. 

NR,NE,EINT 

NL 

Nw 

AL 

The format for a subsection with LAW=:! is 

[MAT, 6, MT/ 0.0, 0.0,  0,  0, NR, NE/ EINT] TAB2 



[MAT, 6, MT/ 0.0, El, LANG, 0, NW, NL/ AL(E1)I LIST -__-------__-----___ 
continue with LIST records for the 
rest of the incident energies --___------___---_-_ 

Note that LANG=O is very similar to File 4 with LTT=l and LVT=O. The 
tabulated option is similar to File 4 with LTT=2 and LVT=O, except that a 
LIST record is used instead of TAB 1. The kinematical equations require 
AWR and AWP from File 6 and QI from File 3. 

LAW=2 can be used in sections with MT=50-90,600-648,650-698, etc. only, 
and the center-of-mass system must be used (LCT=2). 
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File 6 - Isotropic Discrete Emission 
(LAW=3) 

This law serves the same purpose as LAW=2, but the angular distribution is 
assumed to be isotropic in the CM system for dl incident energies. No 
LAW-dependent structure is given. This option is similar to LI=1 in File 4. 
The energy of the emitted particle is completely determined by AWR and 
AWP in this section and QI from File 3. 
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File 6 - Discrete Two-Body Recoils 
(LAW=4) 

If the recoil nucleus of a two-boy reaction (e.g., nn’, pn) described using 
LAW=:! or 3 doesn’t break up, its energy and angular distribution can be 
determined by kinematics. No LAW-dependent structure is given. If isomer 
production is possible, multiple subsections with L A W 4  can be given to 
define the energy-dependent branching ratio for the production of each 
excited nucleus. Finally, LAWA may be used to describe the recoil nucleus 
after radiative capture (MT= 102), with the understanding that photon 
momentum at low energies must be treated approximately. 
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File 6 - Charged-Particle Elastic 
Scattering (LAW=5) 

Elastic scattering of charged particles includes components from Coulomb 
scattering, nuclear scattering, and the interference between them. The 
Coulomb scattering is represented by the Rutherford formula, and electronic 
screening is ignored. 

We define the following parameters: 

A 

k 

‘Cd (’,E) 
differential Coulomb scattering cross section (barnslsr) for 
distinguishable particles 

cross section for identical particles 

energy of the incident particle in the laboratory system (eV) 

cosine of the scattering angle in the center-of-mass system 

incident particle mass ( M U )  

charge numbers of the incident particle and target, respectively 

spin (identical particles only, s = 0, 1/2, 1,3/2, etc.) 

targedprojectile mass ratio 

oci (’,El 

E 

u 

ml 

ZP z2 

S 

particle wave number (barns-”2) 

dimensionless Coulomb parameter 
eta 

The Coulomb cross sections can now be written as follows: 



-2 

Note that A=l and Zl = Z2 for identical particles. In the equation for k, u is 
the reduced mass. The symbol V represents the relative velocity. The 
constants in the last two equations are reduced to numerical form with our 
choice of units for the user's convenience. 

The net elastic scattering cross sections for distinguishable and identical 
particles are as follow: 

where the al are complex coefficients for expanding the trace of the nuclear 
scattering amplitude matrix, and the b, are real coefficients for expanding the 
nuclear scattering cross section. The value of NL represents the highest partial 
wave contributing to nuclear scattering. Note that the following holds: 

The three terms in the equations for the net elastic cross section are Coulomb, 



interference, and nuclear scattering, respectively. Since an integrated cross 
section is not defined for this representation, a value of 1 .O is used in File 3. 

When only experimental data are available, it is convenient to remove the 
infinity due to aC by subtraction and to remove the remaining infinity in the 
interference term by multiplication, thereby obtaining the residual cross 
section representation: 

The OR can be given as Legendre expansions in the forms 

A cross section value of 1 .O is used in File 3. Because the interference term 
oscillates as u goes to 1, the limit of the Legendre representation of the 
residual cross section at small angles may not be well defined. However, if the 
coefficients are chosen properly, the effect of this region will be small due to 
the large magnitude of the Coulomb term. 

It is also possible to represent experimental data using the nuclearplus 
interference representation. The cross section for File 3 and the angular 
distribution for File 6 are defined as follows: 

where urnin is -1 for distinguishable particles and 0 for identical particles. The 
maximum cosine should be as close to 1 .O as possible, especially at high 
energies where Coulomb scattering is less important. The Coulomb cross 
section oC(u,E) is to be computed using one of the first two equations on the 
page, depending on whether distinguishable or identical particles are being 
considered. 



The following quantities are defined for LAW=5: 

SPI 

LIDP 
spin of the particle. Used for identical particles (SPI = 0, 112, 1, etc.). 

flag that indicates that the particles are identical when LIDP=l; 
otherwise, LIDP=O. 

flag that indicates the representation: 
LTP= 1, nuclear amplitude expansion; 
LTP=2, residual cross section expansion as Legendre coefficients; 
LTP=12, nuclear plus interference distribution with lnp, linear in U; 
and 
LTP=14, nuclear plus interference distribution with pNI linear in u. 

NR,NE,EINT 
standard TAB2 parameters 

LTP 

NL 

Nw 

for LTPc3, NL is the highest Legendre order of nuclear partial waves 
used; and 
for L m 2 ,  NL is the number of cosine tabulated. 

number of parameters given in the LIST record: 
for LTP= 1 and LIDP=O, use NW=4*NL+3; 
for LTP= 1 and LIDP= 1, use NW=3*NL+3; 
for LTP=2, use NW=NL+l; and 
for L T b 2 ,  use NW=2*NL. 

AL@) 
coefficients ai, b ,  or ci in barns/sr as described below, or u,p pairs with 
p dimensionless 

A subsection for LAW=5 has the following form: 

[MAT, 6 ,  MT/ SPI, 0 .0 ,  LIDP, 0, NR, NE/ EINT] TAB2 
[MAT, 6, MT/ 0.0, E l ,  LTP, 0, NW, NL/ A L ( E ) ]  LIST ----------____-_--__ 

continue with LIST records for the 
rest of the NE incident energies ----------_______-__ 

The coefficients in the text of the LIST are organized as follows: 

LTP=1 and LIDP=O 

LTP=1 and LIDP=l 

LTP=2 

bo, b,, ... b2*m, Rae, Iao, Ra,, Ia,, ..-laNL; 

bo, b,, ... b,,, Rao, I%, Ra,, Ial, ... Ism; 

cO, cI ,  ... cNL; and 
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File 6 - N-Body 
Distributions 

Phase-Space 
(LAW=6) 

In the absence of detailed information, it is often useful to use n-body 
phase-space distributions for the particles emitted from neutron and 
charged-particle reactions. These distributions conserve energy and 
momentum, and they provide reasonable kinematic limits for secondary 
energy and angle in the LAB system. 

The phase-space distributions are described by the following formulas: 

where 

E 

E9# 
is the projectile energy in the laboratory; 

are the energy and cosine for the outgoing particle, both in the lab or 
CM, depending on LCT; 

Ei- 
is the maximum possible CM energy for particle i;  

is the energy of the CM motion in the laboratory; 

is the energy available in the CM for a one-step reaction; 

is the total mass of the n particles being treated by this law; 

ECM 

Ea 

M 



mi 
is the mass of the particle being described in this section of File 6; 

is the projectile mass; 

is the target mass; and 

is the reaction QI values from File 3. 

P m 

mT 

e 

Note that M may be less than the total mass of products for reaction like 

a + 9Be -> n + 3a 

where the neutron can be treated as a two-body event and the alphas by a 
3-body phase-space law. The parameter APSX is provided so the Ejm can be 
determined without having to process the other subsections of this section. 

The following quantities are defined for LAW=6: 

APSX 
total mass in neutron units of the n particles being treated by the law; 
and 

number of particles distributed according to the phase-space law. 
NPSX 

Only a CONT record is given for a LAW=6 subsection: 

[MAT, 6, MT/ APSX, 0.0, 0, 0, 0, NPSX] CONT 
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File 6 - Laboratory Angle-Energy Law 
(LAW=’-/) 

The continuum energy-angle representation (LAW= 1) is good for nuclear 
model code results and for experimental data that have been converted to 
Legendre coefficients. However, since experiments normally give spectra at 
various fixed angles, some evaluators may prefer to enter data sorted 
according to (E,u,E’), rather than the LAW=1 ordering (E,E’yu). 

The following quantities are defined for LAW=7: 

NR,NE,EINT 

NM,NMU,MUINT 

NRP,NEP$PINT 

normal TAB2 parameters for incident energy E; 

normal TAB2 parameters for emission cosine MU; and 

normal TAB 1 parameters for secondary energy EP. 

The structure of a subsection is: 

[MAT, 6, MT/ 0 . 0 ,  0.0, 0, 0, NR, NE/ EINT] TAB2 
[MAT, 6, MT/ 0.0, El, 0, 0, NRM, NMU/ MUINT] TAB2 
[MAT, 6, MT/ 0 . 0 ,  MU1, 0, 0, NRP, NEP/ EPINT/ 

EP1, f(El,EPl,MUl), EP2, f(El,EP2,MUl), . _ .  
EPNEP, f(El,EPNEP,MUl)] TABl 

continue with TABl structures for 
the rest of the NMU emission cosines 

continue with TABZ/TABl structures for 
the rest of the NE incident energies 

----_-----_---__-___________ 

--------------_____-________ 

--------------______________ 

Emission cosine and secondary energy must be given in the laboratory system 
for LAW=7. Also, both variables must cover the entire angle-energy range 
open to the emitted particle. 
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Coming Attractions 

This online course on the ENDF formats is not yet complete. We have to 
provide pages on the other resonance parameters beside SLBW. Soon, we 
hope to provide a detailed discussion of the complex formats used to describe 
photon production. Further down the line, you can expect discussions of 
photoatomic interactions, radionuclide production, fission yields, 
covariances, and so on. 

Even though the course in not complete, we hope that it has served as an 
suitable introduction for you. Please check back occasionally to see how we 
are doing. 

INDEX 
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Exercise 1: Simple Cross Sections 

Use your text editor to open the file T5 1 1 as provided with the NJOY97 
package. This is the "Standards" tape from ENDFB-V. 

Search for the beginning of the elastic cross section tabulation (Hint: look for 
MAT= 130 1, MF=3, and MT=2): 

0 

0 
0 

0 
0 

What is the elastic cross section at 0.0253 eV? This is the nominal 
energy used in ENDF files for room temperature. 
What is the mathematical shape of this cross section at low energies? 
Where does the cross section begin to deviate from its lowenergy 
shape? 
What interpolation law is specified for elastic scattering? 
What is the elastic scattering cross section at .0015 eV? 

Search for the beginning of the radiative capture cross section (MT=102): 

What is the capture cross section at 0.0253 eV? 
What is the mathematical shape of this cross section at low energies? 
Where does the cross section begin to deviate from its lowenergy 
shape? 
What interpolation law is specified for capture? 
What is the capture cross section at .0015 eV? 

Search for the beginning of the total cross section (MT=l): 

0 Does the total cross section at 0.0253 eV match the sum of the elastic 
and capture cross sections? 

0 Compute the total cross section at -0015 eV using linear interpolation. 
What is the percent error with respect to the sum of the elastic and 
capture cross sections at that energy? 

0 Does the more complicated interpolation law given for MT=1 really 
solve the problem? 

Congratulations! You now know how to read simple cross sections from a file 
in ENDF format. Just watch out for cases where resonance parameters are 
used to generate part of the cross section. 

NEXT INDEX 
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Exercise 2: Plotting Cross Sections 

This exercise will make use of NJOY to linearize the hydrogen cross sections 
to be accurate within a specified tolerance. We will then plot up the results. 

NJOY runs data through its various modules by using "tapes" to communicate 
between the modules (well, they are really files, except to the nostalgic). 
Therefore, NJOY input files give the module name to use, then the input and 
output units for that module, and then the characteristic input for that module. 
This is repeated for each module to be used, and then terminated with the 
module name "stop". Change to your NJOY working directory, and copy t511 
to tape 20. Type in the following input file (but leave off the comments to the 
right of the slash symbol): 

reconr 
20 21 
'exercise 2'/ 
1301 1/ 
.001/ 
' 1-H-l ' / 
0 1  
plotr 
22 / 
/ 
1/ 
'1-H-l ' / 
/ 
4/ 
le-4 1/ 
/ 
-01 10/ 
/ 
5 21 1301 3 102/ 
/ 
99/ 
viewr 
22 23/ 
stop 

new tape ID title 
MAT 
to1 erance 
descriptive card for new tape 

output file 
default page style 
new axes, new curve 
title line 1 
no line 2 for titles 
log-log 
x-axis range 
default label 
y-axis range 
default label 
data source for curve 
default curve style 
finished 

This file says to run RECONR on MAT1301 with a reconstruction tolerance 
of -00 1 (. 1 %). Take the output on tape2 1 into PLOTR and extract the data for 
MAT1301, MF3, MT102 onto tape22. A title is provided for the graph, and 
special scales are specified for the axes. The default axis labels and line type 
will be used. Finally, a Postscript version of the graph is produced on tape23 
using VIEWR. 

Run the NJOY job with this input file. Use ghostview to look at the resulting 
graph. The curve is a straight line because of its l l v  shape and the log-log 
axes. 



Now change the plot specifications 

from 4/ to 1/ 
le-4 1/ 0 1 . 2 /  
/ / 
-1 10/ 0 1 .2 /  
/ / 

and run the job again. The plot will now show a visible l lv  shape on the 
linear-linear axes. Look at tape22 with your text editor to see what points 
were really used for the plot. Look at tape21 to see what the unionized and 
linearized energy grid looks like, and to see how the total cross section was 
reconstructed from the sum of its parts. 

Some variations: try the entire energy range le-5 to 2Oe6 eV; plot elastic or 
total instead of capture; plot two curves at the same time (just repeat the lines 
from "new axes, new curve" through "default curve style" just before the 
"99", change the 1/ to 2/ to indicate a second curve, change the MT number 
on the data source card, and fix the scales to include both curves). 

NEXT INDEX 
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Exercise 3: Resonance Cross Sections 

This exercise will explore how File 2 and File 3 are used to represent 
resonance cross sections on a typical ENDF file. Open the file for Tape 404 
from the NJOY97 distribution in your text editor. 

First, search down for the start of MAT1050, MF2, MT151, the resonance 
parameters for Pu-238. The structure of MF2MT151 for this material is as 
follows: 

. [MAT,2,15l/ZA,AWR,O,O,NIS,O] HEAD 
[MAT,2,151/ZAI,ABN,O,LFW,NER,O] CONT 
[MAT, 2,151 /EL , EH, LRU, LRF, NRO, NAPS] CONT 

[MAT,2,151/EL,EH,LRU,LRF,NRO,NAPS] CONT 

[MAT,2,0/0. ,O. ,O,O,O,O] SEND 

data €or this part 

data fo r  second part 

using the standard ENDF shorthand. The details of this format are given in 
the Formal Specifications for File 2. For now, just look in the file to find the 
energy range EL,EH for the first part of the parameters (the resolved range). 
Note that LRU=1 (resolved) and LRF=1 (Single-Level Breit Wigner). How 
many resonances are given? The first column shows the resonance energies. 

Scan down a little further to find the second part of the resonance data (the 
unresolved in this case). What is the energy rangle EL,EH for the unresolved 
data? Note that LRU=2 (unresolved) and LRF= 1. 

Now search for MF=3, MT=1 (the total cross section). Read through the file 
to find the energies corresponding to the resonances ranges determined above. 
What total cross section values are given in the resonance ranges? How are 
the boundaries between the nonresonance and resonance ranges handled? 
Look at MT2 (elastic), MT18 (fission), and MT102 (capture). Are the 
treatments of the resonance range consistant with that for the total? 

In practice, a processing code like NJOY is used to generate the resonance 
contribution to the cross sections and combine them with the numbers in File 
3. 

NEXT INDEX 
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Exercise 4: Online ENDF Materials 

This exercise will explore some of the ENDF-related materials available on 
line using the World Wide Web. 

The primary source for information on the ENDF format, or for information 
on the ENDFB libraries, is the National Nuclear Data Center (NNDC) located 
at the Brookhaven National Laboratory (BNL). Point your browser at the 
following URL: http://www.nndc.bnl.gov/. Take the link called "ENDF" and 
experiment by downloading some ENDF data. Note that you can get small 
parts of an evaluation. 

Now go back to the BNL homepage and select "Manuals," then "ENDF- 102." 
You can download a particular chapter of the ENDF format manual in 
Postscript form for viewing or printing. 

Another good source for information on ENDF formats, ENDFB data, and 
evaluated data from other systems, such as JEF, JENDL, BROND, or 
CENDL, is the T-2 Nuclear Information Service. First, take the "Data" link. 
Then scroll down to "ENDFB-VI Neutron Data." You will see an index to all 
the evaluations in ENDFB-VI. Click on the @ @ for some desired material to 
see what data are available for that material. Explore the data sets available for 
that material. When trying the "Interpreted ENDF data" option, investigate the 
online help available for the ENDF formats. 

Go back to the T-2 Data page and select "Nuclear Data Viewer." Check in by 
typing your email address in the text field, then press "continue." Press the 
select button and drag down to select ENDF-VI as the data type. Press 
"Continue." Scroll down to H and select it. press "Continue." Select "la" and 
continue. Select "3 1 (n,total)" and continue. Scroll down to the bottom of the 
page, choose "PS Plot" or "GIF Plot" and press "Continue." You should then 
see a graph of the hydrogen total cross section. 

You can go back and try some variations. For example, try to make a log-log 
plot showing the total as a solid line and the capture as a dashed line. Hint: use 
the "AddCurve" widget. 

Other sources on online nuclear data include the NEA Data Bank, the IAEA 
Nuclear Data Centre, and the JAERI Nuclear Data Center. 

NEXT INDEX 
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ENDF MT Values 

The ENDF format uses MT numbers to define reaction types, and some 
additional MT numbers are used for special sections, such as the descriptive 
data, or the resonance parameters. In the following tables, "z" stands for any 
of the particles, ie., n, p, d, t, He-3, a, or photonuclear gamma. 

Reaction 

(n,total) 

(z,nonelastic) 

(z,anything) 

(z,continuum) 

(z,disap) 

Description 

Neutron total cross section. 
Sum of MT=2,4,5, 11, 
16-18,22-26,28-37,41-42, 
44-45, and 102-1 17. 

Elastic scattering cross 
section for incident 
particles. 

Nonelastic cross section. 
Sum of MT.=4,5,11, 
16-18,22-26,28-37,41-42, 
4445,102-1 17. 

Production of one neutron 
in the exit channel. Sum of 
MT=50-9 1. 

Sum of all reactions not 
given explicitly in another 
MT number. This is a 
partial reaction to be added 
to obtain MT= 1 .  

Not allowed in version 6.  

Total continuum reaction; 
exclues all discrete 
reactions. 

Absorption. Sum of MT=18 
and MTz102-117. 

Disappearance. Sum of 
MT=102-117. 

Comments 

Redundant. Undefined 
for incident charged 
particles. 

Redundant. For photon 
production only. 

Redundant. For incident 
neutrons, this is total 
inelastic scattering 
(MT=50 is undefined for 
neutrons). 

Each particles can be 
identified and its 
multiplicity given in File 
6. Not allowed in Files 
4,5. 

9Be(n,2n) in version 5. 

Redundant; to be used 
for derived files only. 

Redundant. Rarely used. 

Redundant. Rarely used. 



Neutron-Producing Continuum Reactions 
~- 

Comments Reaction 

(z , 2nd) 

Description 
~ __ 

Production of two neutrons and 
i~ deuteron, plus a residual. 

Production of two neutrons, plus 
z residual. 

Production of three neutrons, 
plus a residual. 

Redundant if MT=19 is 
present. Basic 
otherwise. 

rotal fission. Equal to the sum 
Df MT=19,20,21, and 38, if 
present. 

First-chance fission. 

(z,fission) 

Second-chance fission. 

Third-chance fission. 

Production of a neutron and 
alpha particle, plus a residual. 

Production of a neutron and 
three alpha particles, plus a 
residual. 

Production of two neutrons and 
an alpha particle, plus a residual. 

Production of three neutrons and 
an alpha particle, plus a residual. 

Production of a neutron and a 
proton, plus a residual. 

Production of a neutron and two 
alpha particles, plus a residual. 

~ 

Production of two neutrons and 
two alpha particles, plus a 
residual. 

Production of a neutron and a 
deuteron, plus a residual. 

(z,2n2a) 

Production of a neutron and a 
triton, plus a residual. 

Production of a neutron and a 
3He particle, plus a residual. (z,n3He) 



(z,nt2a) 

Production of a neutron, a 
deuteron, and two alpha 
particles, plus a residual. 

Production of a neutron, a triton, 
and two alpha particles, plus a 
residual. 

Production of four neutrons, plus 
a residual. 

Fourth-c hange fission. II 
Production of two neutrons and 
a proton, plus a residual. 

Production of three neutrons and 
a proton, plus a residual. 

I Production of a neutron and two 
protons, plus a residual. 

I Production of a neutron, a 
proton, and an alpha particle, 
plus a residual. 

Neutron-Producing Discrete Reactions 

Production of a neutron, leaving 

state. 
the residual nucleus in the ground 

Production of a neutron, leaving 
the residual nucleus in the first 
excited state. 

Production of a neutron, leaving 
the residual nucleus in the second (z,n2) I excited state. 

I 1  
Production of a neutron, leaving 
the residual nucleus in the 40th 
excited state. 

(2440) 

Production of a neutron in the 
continuum not included in the (z,n,> I above discrete representation. 

Comments 

Not allowed for 
incident neutrons. Use 
MT=2. 



Reactions That Do Not Produce Neutrons 

Reaction Comments Description 

Radiative capture. 

Production of a proton, plus a 
residual. Sum of 
MT=600-649, if they are 
present. 

For incident protons, this 
LS inelastic scattering, and 
MT=600 is undefined (use 
MT=2). 

For incident deuterons, 
this is inelastic scattering, 
and MT=650 is undefined 
(use MT=2). 

Production of a deuteron, 
plus a residual. Sum of 
MT=650-699, if they are 
present. 

Production of a triton, plus a 
residual. Sum of 
MT=700-749, if they are 
present. 

For incident tritons, this is 
inelastic scattering, and 
MT=700 is undefined (use 
MT=2). 

For incident 3He particles, 
this is inelastic scattering, 
and MT=750 is undefined 
(use MT=2). 

Production of a He particles, 
plus a residual. Sum of 
M"=750-799, if they are 
present. 

[z?He) 

Production of an alpha 
particle, plus a residual. Sum 
of MT=800-849, if they are 
present . 

For incident alphas, this is 
inelastic scattering, and 
MT=800 is undefined (use 
MT=2). 

Production of two alphas, 
plus a residual. 

Production of three alphas, 
plus a residual. 

Production of two protons, 
plus a residual. 

Production of a proton and an 
alpha particle, plus a 
residual. 

Production of a triton and 
two alphas, plus a residual. 

Production of a deuteron and 
two alphas, plus a residual. 

Production of a proton and a 
deuteron, plus a residual. 



Charged-Particle-Producing Discrete Reactions 

... 

Production of a proton and a 
triton, plus a residual. 

Production of a deuteron and 
an alpha particle, plus a 
residual. 

Description 

Production of a proton, leaving 
the residual nucleus in the 
ground state. 

Production of a proton, leaving 
the residual nucleus in the first 
excited state. 

Production of a proton, leaving 
the residual nucleus in the second 
excited state. 

Production of a proton, leaving 
the residual nucleus in the 48th 
excited state. 

Production of a proton in the 
continuum not included in the 
above discrete represen tation. 

Production of a deuteron, leaving 
the residual nucleus in the 
ground state. 

Production of a deuteron, leaving 
the residual nucleus in the first 
excited state. 

Production of a deuteron, leaving 
the residual nucleus in the 48th 
excited state. 

Production of a deuteron in the 
continuum not included in the 
above discrete representation. 

Comments 

Not allowed for 
incident protons. Use 
m=2.  

Not allowed for 
incident deuterons. Use 
m=2. 



... 

... 

(z?He48> 

Production of a triton, leaving 
the residual nucleus in the 
ground state. 

Production of a triton, leaving 
the residual nucleus in the first 
excited state. 

~~ ~~ ~~ 

Production of a triton, leaving 
the residual nucleus in the 48th 
excited state. 

Production of a triton in the 
continuum not included in the 
above discrete representation. 

Production of a 3He particle, 
leaving the residual nucleus in 
the ground state. 

Production of a 3He particle, 
leaving the residual nucleus in 
the first excited state. 

Production of a 3He particle, 
leaving the residual nucleus in 
the 48th excited state. 

Production of a 3He particle in 
the continuum not included in the 
above discrete represen tation. 

Production of an alpha particle, 
leaving the residual nucleus in 
the ground state. 

Production of an alpha particle, 
leaving the residual nucleus in 
the first excited state. 

Production of an alpha particle, 
leaving the residual nucleus in 
the 48th excited state. 

_ ~ ~ _ ~  ~ 

Not allowed for 
incident tritons. Use 
MT=2. 

Not allowed for 
incident 3He particles. 
Use MT=2. 

Not allowed for 
incident alphas. Use 
MT=2. 



I Production of an alpha particle in 
849 (W,: the continuum not included in the 

above discrete representation. 

NEXT INDEX 

~~ ~ ~ ~~~ ~~~ 
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