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ABSTRACT 

A new version of the NJOY Nuclear Data Pro^ssing Code is de
scribed. This version is called NJOY 89, and it supports most of the 
features of the new ENDF-6 format including the Reich-Moore and 
Hybrid R-Function resonance representations, heating and damage 
calculations that make use of File 6 energy-angle distributions, the 
revised File 7 format for thermal data, and multigroup transfer ma
trices based on File 6. The multigroup matrices can be computed 
for incident neutrons or charged-particles, and for outgoing neutrons, 
photons, charged particles, and recoil nuclei. The MATXS output 
module has been upgraded to handle charged particles in order to 
enable the TRANSX code to prepare multiparticle coupled sets. The 
plotting module can display ENDF-6 format File 6 data in both 2-d 
and 3-d perspective forms. In addition, some remaining problems are 
discussed. 

INTRODUCTION 

The NJOY Nuclear Data Processing System has been under development 

since 1974. During these last 15 years, it has gone through a number of versions^ 

as new formats appeared, in order to add new capabilities, in response to chang

ing computer systems, and in order to fix errors. The newest version, called 

NJOY 89, was released in May of 1989. This version includes changes designed 

to support the new ENDF-6 format,** which will be used for both the ENDF/B-

VI and the JEF-II evaluated nuclear data libraries. 

The ENDF-6 changes in this version are not quite complete, and they have 

not been evhaustively tested. Nevertheless, it was thought to be important to 

prepare a new, clean, and resequenced version to act as a basis for the changes 

that will inevitably be required as users gain experience with new evaluations in 

the ENDF-6 format. The master NJOY 89 code will be maintained using the 



UPDATE system (which is generally available on CDC or Cray machines) or an 

UPDATE emulator like UPEML. As each set of changes (or "idcnf) is added, 

the version decimal will be updated, and the code "banner" that is printed at 

the top of the output listing will also be updated to show the version that was 

used to make the run. Therefore, NJOY users should not be surprised to see 

references to NJOY 89.35 and the like. An attempt will be made to label each 

ident with a date in order to provide an audit trail for the effects of code changes, 

but in some cases, the need to avoid "updates upon update" may require changes 

to earlier idents. Such changes will be clearly noted in the UPDATE directives 

file and will include the date of the change. 

The next section describes the features of the new ENDF-6 format that affect 

the new version of NJOY, and the following sections describe the changes in the 

various modules of NJOY. In addition, places where additional work is required 

are indicated. There is no doubt that more improvements will be suggested as 

ENDF-6 format evaluations are processed. As usual, suggestions, patches to the 

coding, and even entire new modules should be submitted for inclusion in future 

updates to NJOY 89. 

ENDF-6 FEATURES 

The latest version of the ENDF (Evaluated Nuclear Data Files) format is 

officially called "the ENDF-6 format". The new version of the U. S. library 

will be called "the ENDF/B-VI library". This is a strange nomenclature, but 

it leaves other national or international nuclear data committees free to use the 

descriptive term "ENDF-6 format" without implying any relation to the U. S. 

data library. 

The main features of the new ENDF-6 format that affect the NJOY code are 

the new sublibrary structure, the new conventions for naming reactions, several 

new resonance representations, the new File 6 format for energy-angle distribu

tions, a charged-particle capability, and a number of new covariance formats. 

Sublibraries 

When using the new format, ENDF-format libraries are divided into subli

braries. Each sublibrary contains a different type of evaluated data: for example, 

incident neutron data, incident proton data, photonuclear data, photoatomic 

data, thermal neutron data, radioactive decay data, fission product yield data, 

and so on. Using different sublibraries for different incident particles makes it 

easy to take advantage of the similarities in the representation of the data without 
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having to overcomplicate the naming scheme. Separating out special-purpose in

formation like radioactive decay data and fission product yields allows for simpler 

codes and more flexible administration. The sublibrary for a given evaluation is 

specified by a single new card image in File 1. For some applications, the only 

change needed to adapt an older code to the ENDF-6 format is to allow for thi? 

card. 

React ion Naming 

The goal used in designing the new reaction naming system for the ENDF-6 

format was to allow for high-energy reactions and charged particles while pre

serving as mush of the old ENDF scheme as possible. Basically, the MT number 

determines the outgoing particles; for example, MT=1€ is both (n,2n) and (p,2n), 

and MT=112 is both (n,pa) and (a,pa). Elasiic is always MT=2. Normally, 

the list of emitted particles is in ZA order, and there must be a residual nu

cleus. Therefore, the reaction d+ t -»n+a is 3H(d,n0)4He (MT=50), not 3H(d,na) 

(MT=22). Neutron levels use the 50 series where MT=51 is both (n,"i) and 

(p,n,), and where the new MT=50 can be used for reactions like (p,n0). Parti

cles levels use 600-648, 650-698, 700-748, etc., for p, d, t, etc. Because MT=2 is 

always elastic, MT=50 is not allowed for incident neutrons, MT=600 is not al

lowed for incident p, MT=650 is nat allowed for incident d, and so on. Continuum 

reactions use MT=91, 649, 799, etc. Breakup reactions such as 9Be(o,n3)nC(3o) 

(MT=53) use either LR=23 as before, or explicit subsections in File 6 (see be

low). Breakup reactions can go through different paths (note that the particles 

in each set of parentheses are in ZA order): 

12C(n,n)12C(3a) or 12C(n,a)9Be(n2o) 

6Li(d,p4)7Li(to) or 6Li(d,p<)7Li(n6Li) 

Finally, there is a general "complex reaction" for high energies (MT=5). It is 

used to represent the sum of all reactions not given explicitly in another MT, and 

it simply treats the process as a "black box" by specifying the incident particle 

and the identity, yield, and energy-angle distribution for every outgoing particle. 

The user will have to look in File 6 (see below) to find out exactly what MT=5 

represents in a given evaluation. 

New Capabili t ies 

The new resonance region capabilities include a reintroduced Reich-Moore 

representation, the Hybrid R-Function representation, the Generalized R-Matrix 
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representation, and the new LSSF option for treating the unresolved range using 

separate infinitely-dilute cross sections and self-shielding factors. They will be 

discussed in more detail below (see RECONR and UNRESR). 

In the old formats, separated angle and energy distributions were given in 

Files 4 and 5 for neutrons only (with a few exceptions). The new version of 

Fiie 6 for the ENDF-6 format gives combined energy-angle or angle-energy dis

tributions for ail emitted particles. There are several options. Using "Law 1", 

the distribution is given by looping over the variables in the order E, E\ angle, 

where the angular part may be given as Legendre coefficients, a tabulation, or 

a Kalbach-type distribution. Using "Law 7", the distribution is given in the 

order E, ft, E'—more like the order common in experimental data. Other laws 

are provided for discrete two-body scattering (similar to File 4), charged-particle 

scattering, and phase-space distributions. 

Except for Coulomb scattering in the elastic channel (MT=2), the cross 

section representation for incident charged particles is very similar to that for 

neutrons. There are some naming differences (see above). Several options for 

describing Coulomb scattering in File 6 will be discussed below. Of course, a 

treatment for incident charged particles requires a complete representation for 

outgoing charged particles, and File 6 fills this requirement. 

There have been a number of modest changes in the covariance files, and one 

big one (File 30) shows great promise for the future. G'ovariance data will not 

be discussed in the report. 

The following sections discuss how these format changes affect the modules 

of NJOY 89. 

NJOY 

The NJOY module is the driver program that calls in other modules on 

request, and it also contains a library of common subroutines used by the other 

modules. There were only minor changes made for the version. The default for 

character handling in NJOY 89 is for Cray computers; that is, for 64-bit words 

containing 8 ASCII characters per word. 

RECONR 

The RECONR module is used to reconstruct the cross section vs energy 

functions a(E) from ENDF resonance parameters and nonlinear interpolation 

laws. The result is written as a pointwise ENDF, or PENDF, file in which each 
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reaction is represented by a table of values of E and a using linear interpolation, 

and all the energy values are members of a single unionized energy grid. 

Resolved-Resonance Representat ions 

One of the important changes in the ENDF-6 format is the reintroduction oi 

the Reich-Moore resonance representation. Although this format was originally 

introduced for ENDF/B-1V, its use was forbidden for ENDI'/B-V because of its 

impact on codes like MC2-II that use resonance parameters directly to obtain 

effective resonance integrals that include the complex effects of interference be

tween resonances. However, the Reich-Moore approach includes both multilevel 

and multi-channel effects that are necessary to explain modern high-resolution 

experimental data for materials like M5U. In addition, the single-channel ver

sion of the representation does a very good job of fitting cross sections for other 

important materials like iron, nickel, and chromium. The Oak Ridge National 

Laboratory (ORNL) SAMMY code makes extremely effective use of the Reich-

Moore formulas. Recent theoretical work by Frohner and Hwang" define ana

lytic methods that remove some of the previous objections to the Reich-Moore 

format, and many other users need only the ietailed kernel broadening method 

incorporated in the BROAD I module (which is not sensitive to the particular 

resonance representation used). Therefore, in order to gain the advantages and 

with due regard for the risks, the Reich-Moore representation was included in 

the ENDF-6 format, and the subroutine CSRMAT was added to NJOY 89 to 

piocess it. This subroutine is based on the work of M. Bhat and C. Dunford of 

the National Nuclear Data Center, and it has already received some international 

verification attention thanks to the work of D. C. "Red" Cullen. 

The Reich-Moore representation has no provision for treating overlap of the 

elastic oi capture reactions with inelastic and particle producing reactions. Since 

such overlaps are common in the structural materials, a new representation called 

the "Hybrid R-Function" representation was developed for the ENDF-6 format. 

In this method, elastic scattering and radiative capture are treated exactly as 

in the scalar version of Reich-Moore method (no fission), but competing reac

tions like (n,n'), (n,p), or (n,a) are treated using the single-level Breit-Wigner 

line shape. Provisions are made to tabulate a background R-function, optical 

model phase shifts, and charged-particle penetrabilities, or these functions can 

be computed from simple hard-sphere formulas. The presence of these features 

promises to allow this method to be used to quite high energies. The new sub

routine CSHYBR is also based on the work of C. Dunford with extensions and 
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adaptations to the NJOY environment. 

There is a third new resonance representation in the ENDF-6 format: the 

Generalized R-Matrix representation. It was developed by C. Lubitz of the Knolls 

Atomic Power Laboratory to include all of the capabilities needed for a full R-

Matrix definition of the cross sections for all reactions for light, medium, and 

heavy nuclei. The Reich-Moore and the R-Function approaches are subsets of 

this new method, but the Lubitz approach is much more general. However, 

with this generality comes some increase in complexity, and the ENDF/B-VI 

evaluators do not intend to use this format in the near future. This version of 

NJOY cannot process the Generalized R-Matrix representation, but it is hoped 

that this capability will be added as soon as realistic test cases are available. 

The ENDF-6 format includes an option to tabulate an energy-dependent 

scattering radius. It is not implemented. There is also a related option to 

use the ENDF value for the scattering radius instead of the so-called "channel 

radius" in calculating penetrabilities and shift factors. This option is needed for 

ENDF/B-VI evaluations from ORNL, and it has been implemented. 

Angular Distributions 

All three of these new resolved resonance representations can be used to com

pute detailed angular d.stributions directly from the resonance parameters if the 

evaluator says so by setting the LAD parameter. In such evaluations, the evalu-

ator still provides the conventional (more approximate) angular distributions in 

File 4 for users who are not prepared to use the resonance parameters. Several 

of the ENDF/B-VI evaluations from the Oak Ridge National Laboratory will 

permit this calculation, but unfortunately, the necessary coding has not yet been 

added to RECONR. This is a high priority for an early update. 

Unresolved-Resonance-Range Changes 

The unresolved range has been a problem for both evaluators and users for a 

long time. It is assumed that the cross sections for the resonance reactions can 

be obtained from a set of average resonance parameters by averaging theoretical 

distributions of resonance widths and spacings. Infinitely-dilute or thin-sample 

cross sections can be computed using simple formulas. Self-shielded cross sections 

can be computed analytically by expanding the resonance-resonance overkps and 

integrating over the distributions for resonance widths and spacings, or they can 

be produced statistically by averaging of a number of ladders of resonances drawn 

from the appropriate distributions. 
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Energy (eV) 

Figure 1: Test of the preliminary ENDF/B-VI Reich-Moore evaluation 
for M5U (solid) compared to ENDF/B-V (dashed) where this range was 
unresolved, 

This model implicitly assumes that there are enough resonances in the vicinity 

of the energy of interest to justify the use of statistics. This assumption is violated 

for the existing evaluation for 335U in the region just above 82 eV where some 

of the fluctuations in the unresolved resonance parameters are actually trying to 

represent partially resolved resonances showing up in old poor-resolution data. 

This problem is being attacked in modern evaluations by using high-resolution 

experimental data and modern fitting codes to extend the resolved range to 

higher energies. Fig. 1 shows an example of this improvement. 

Once the lower limit of the unresolved range has been increased sufficiently, 

the unresolved parameters and cross sections should be fairly smooth functions of 

energy. However, measurements for MSU show additional "intermediate" struc

ture. It has been suggested that this structure is due to the double-humped 

fission barrier.' If this is the case, the simple Porter-Thomas distributions used 

in the ENDF representation are not correct. Even if one were to install more 

complex distributions, there would be no way to make the peaks and valleys of 

the calculated fluctuations line up with the peaks and valleys of the data. For 

ENDF/B-V, a rough attempt was made to represent some of the largest flue 

tuations using variations in the average resonance parameters, but there is no 
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reason to believe that these parameters give good self-shielded results. In addi

tion, the large number of energy grid points used (135) made processing this file 

very expensive. 

In order to alleviate this problem, the ENDF-6 format has introduced the 

LSSF option. When this option is set, File 3 contains the infinitely-dilute un

resolved cross sections on a grid fine enough to represent all the observed inter

mediate structure to the evaluator's satisfaction. File 2 contains a set of average 

unresolved parameters on a coarser energy grid. The actual cross section at 

a desired energy is obtained by multiplying the value interpolated from File 3 

times a self-shielding factor computed from the resonance parameters (see UN-

RESR and GROUPR). With this representation, a user who is interested in thin 

samples—perhaps for dosimetry—where self shielding is not too important can 

do detailed calculations on a fine energy grid, while a user working with mixtures 

or thick samples can do a self-shielding calculation using conventional multigroup 

methods where the intermediate structure is not too important. 

BROADR 

The BROADR module Doppler broadens the cross sections on its input 

PENDF tape and writes the results on a new PENDF tape. The accurate ker

nel broadening method is used, and the results are independent of the particular 

resonance representation used. In addition, smooth cross sections and resonance-

region backgrounds are correctly broadened. The changes to BROADR required 

for the ENDF-6 format were trivial. 

UNRESR 

The UNRESR module uses an analytic method to compute self-shielded cross 

sections versus temperature T and background cross section a0 and writes them 

onto the PENDF tape using a specially defined section of File 2. No important 

changes were required for the ENDF-6 format, but the user should be aware of 

the LSSF option described above (see RECONR). When this option is used, the 

unresolved cross sections are computed as products of infinitely-dilute cross sec

tions from the fine energy grid in File 3 and shielding factors computed from the 

unresolved resonance parameters on a coarser grid in File 2. As far as UNRESR 

is concerned, the calculation proceeds as before. The GROUPR module then 

reads the special section of File 2 from the PENDF tape, interpolates for the 

appropriate self-shielded cross sections vs a0 from the coarse File 2 grid, divides 

each one by the corresponding infinitely-dilute value, and multiplies by a new 
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infinitely-dilute cross section interpolated from the finer energy grid in File 3. 

HEATR 

The IIKATR module computes the heat production and damage energy pro 

duction cross sections and adds them to the PENDF tape. This calculation has 

been a difficult problem for previous ENDF libraries because the format lacked 

the detailed energy-angle distributions for neutrons and charged-particles needed 

get good results at higher energies and because many of the evaluations had se

vere energy-balance problems. A number of the new features of the ENDF-6 

format were added specifically to alleviate these problems. As a result, the 

NJOY 89 version of HEATR has many changes. 

Heating versus KERMA 

The local heat produced by a nuclear reaction comes from the kinetic energy of 

the charged products, including the recoil nucleus. Neutrons or photons emitted 

from the reaction travel elsewhere before eventually causing additional heating 

by inducing other reactions. However, the older ENDF/B libraries do not contain 

these energies. 

One way around this deficiency is the "energy-balance method". The energy 

carried away by neutrons and photons is subtracted from the available energy. 

The result should be the energy of the remaining charged particles. The problem 

with this method is that this difference is often small compared to the available 

energy. Therefore, modest errors in the photon or neutron emission tables can 

lead to very large errors in the local heating. As an example, if the evaluator 

gives a value for the photon average energy that is too large, the resulting heat 

production value can be negative. On the other hand, this excess photon energy 

will be redeposited when the photons react elsewhere in the system. Clearly, the 

energy-balance method conserves total system heating. Errors in the evaluation 

lead to problems with heat distribution. 

In NJOY terminology, the result obtained using the energy-balance method 

is called "heating", and it is written on the PENDF tape using MF=3 and 

MT=301. 

In some cases, the energy carried away by charged particles can be computed 

by conservation of momentum. This is clearly true for elastic and discrete-level 

inelastic scattering, and an approximate relation is useful for radiative capture. 

Continuum inelastic scattering is a problem because energy-angle correlations 
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Figure 2: Comparison of heating (solid) with kinematic KERMA 
(dashed). The solid line should always be lower than the dashed line. 

can be significant, but a kinematic value can be obtained by assuming isotropy. 
For particle-producing reactions, kinematic limits can sometimes be established. 
For example, after an (n,o) reaction, the a could go to the ground state with no 
photon emission at all (maximum heating), or the a could come out with a very 
small energy leaving most of the rest of the available energy with the photons 
(minimum heating). 

The upper kinematic limit provides a reasonable conservative estimate of the 
heating. It is called "KERMA" in NJOY, and it is stored on the PENDF tape 
using MF=3 and MT=443. The NJOY KERMA (Kinetic Energy Release in 
MAterials) is very similar to that computed my the MACK code.̂  

Comparisons of the NJOY heat and KERMA values make good checks on 
the energy-balance consistency of evaluations. An example is shown in Fig. 2. 
The MATXSR module stores both types of heating cross sections on the library. 
The TRANSX user can choose which one to use based on plots like Fig. 2 and 
the needs of his calculation. It is hoped that the new evaluations in ENDF-6 
format will not have these kinds of problems. 

Damage Calculations 

The fast recoil nucleus from a reaction causes displacement damage, which is 
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often represented by DPA (displacements per atom). HEATR computes a dam

age energy production cross section (in eV-barns) that can be used to calculate 

DPA. It requires an integration over ti.e energy spectrum of the recoil nucleus. 

Before the ENDF-6 format was introduced, this spectrum was obtained from the 

kinematics formulas used to compute KERMA as described above. An excep

tion was made for reactions like (n,p) and (n,o), where a simple model based 

on a Coulomb barrier was used. Reactions like (n,np) and (n,no) were treated 

like (n,n') reactions. This turned out to be a made approximation. In practice, 

much of the recoil of such reactions comes from the charged-particle emission; 

the neutron doesn't usually contribute very much recoil energy. Therefore, the 89 

version of HEATR treats these reactions like (n,p) and (n,ct) reactions instead. 

The ENDF-6 format allows for improvement here. 

File 6 Heating and Damage Calculations 

In the new ENDF-6 format, evaluators are encouraged to include energy-angle 

distributions for all the emitted particles—including the residual nucleus—in File 

6. If File 6 uses "Law 1" in the laboratory system (that is E, E\ \i ordering), it 

is easy to integrate over the spectrum for each particle to find the average energy. 

These values are then multiplied by the associated yield and cross section, and 

added into both the heat and the KERMA. For "Law 7" (£ , /i, E' order), the 

average energy is first computed by integrating over the spectrum for each \i 

value, then the results are integrated over \i. For "Law 1" data in the center-

of-mass system, the E' integration is done adaptively using the H6CM routine 

from GROUPR to generate the laboratory-frame integrand. This procedure is 

discussed in more detail below. 

Parallel methods can be used to compute the damage function at the same 

time as the heating. Since the evaluation gives the recoil spectrum directly, the 

burden of getting good results for the damage has been shifted from HEATR 

to the evaluator. When the evaluation is done using a nuclear model code (the 

modern practice), the evaluator has access to intermediate results that can aid 

in calculating good estimates for the recoil. 

Charged-Particle Levels 

A few materials in ENDF/B-V (notably silicon) include angular distributions 

in File 4 and energy distributions in File 5 for the discrete levels and continuum 

of reactions like (n,p) and (n,a). The formulas needed to calculate the recoil 

from such reactions are very similar to those for neutron levels except for some 
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slight extensions to the kinematics relationships to allow the outgoing particle 

mass to be different from the incoming particle mass. The results are included in 

HEATR's kinematic limits, thereby reducing the uncertainty band between the 

low and high limits, and they are used directly in the calculation of damage. 

THERMR 

The THERMR module is used to compute neutron scattering at low ther

mal energies where the binding of the scatterer in a material or the motion of 

atoms in a gas is important. The results are written on the PENDF tape us

ing MT numbers in the range 221 to 250 in Files 3 and 6. The File 6 format 

is nonstandard. The methods used for thermal scattering calculations haven't 

really changed since the original work was done for ENDF/B-III. However, a 

number of changes were made in the the File 7 format for ENDF-6 in order to 

include some additional parameters that earlier users had to provide separately. 

Also, the earlier use of File 3 and File 4 for part of the thermal data has been 

eliminated; File 7 is completely self contained. 

Coherent Elastic Scattering 

This type of scattering occurs for powdered crystalline materials like graphite, 

Be, and BeO. This data used to be tabulated in Files 3 and 4 on the ENDF 

thermal tapes as P 0 through P 3 cross sections. In the new ENDF-6 format, the 

quantity C(E) = Ea^^E) is given as a function of E and T using MF=7 and 

MT=2. It has a stair-step form with jumps at the Bragg edges, £,. The complete 

energy-angle cross sections can be reconstructed using 

crcoh(E) = C(E)/E1 (1) 

and 

<rcoh(E,E',ri = \ £ [<W ~ C(£.-i)]^ - »ME - £')' (2) 

where 
Ei 

/<. = 1 " J- (3) 

The GROUPR module uses this approach to generate multigroup cross sections 

for coherent elastic scattering. 

Incoherent Elastic Scattering 

Incoherent elastic scattering occurs in hydrogenous materials like polyethy

lene and ZrH. It depends on a characteristic cross section at, and a Debye-Waller 
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factor W(T): 

aM(F E',ft) = 2 e -WB<i-M>a (£_ E'). ( 4 ) 

In previous versions of THERMR, the necessary parameters were tabulated in 

data statements. Now they are given in MF=7 and MT=2. The evaluation 

completely controls the result. 

Incoherent Inelastic Scattering 

This portion cf the thermal scattering is computed from a scattering law 

S(a,ft) tabulated in File 7. The methods are the same as before except for 

the use of the short-collision-time (SCT) approximation for a and ft values that 

are outside the range of the table. The SCT approximation requires an effective 

temperature value. In early versions of THERMR, this value was read from input 

cards; later versions used internal data statements. In either cas% the numbers 

were obtained from the original GA report. *• The new ENDF-6 version of File 7 

includes a direct tabulation of the effective temperature. This gives the evaluator 

complete control of the data, and allows the evaluation to be changed without 

altering the code. 

In the existing thermal evaluations, BeO and benzine give an S(a,ft) for 

the molecule renormalized to be used with the cross section for the dominant 

scatterer (Be or H). These cases require that effective temperatures be given for 

both scattering nuclei. The new format allows this, and THERMR handles the 

calculation. 

Miscellaneous THERMR Changes 

An option was added to allow THERMR to be used to calculate free-gas 

scattering at high temperatures. For 7>3000deg, EM AX and the incident energy 

grid are scaled by T/300. 

In the other limit, the capabilities of THERMR to handle cold moderators 

like liquid hydrogen were improved by allowing smaller values of S(a, ft) (as low 

as 10"99), and allowing for S(a,ft) functions that are not symmetric in ft. This 

is necessary for working with ortho- and para-hydrogen. 

Earlier version of THERMR did not use a tight enough error criterion in 

fitting sharp features, and this sometimes led to noticeable problems in the inte

grated cross section. The criteria have been tightened up for NJOY 89. 
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GROUPR 

The GROUPR module is used to generate multigroup cross sections and 

transfer matrices for neutrons, photons, and charged particles. There are massive 

changes in the 89 version of this module. The most noticeable ones have to due 

with reaction and particle selection, File 6 processing, and charged particles. 

Reaction and Particle Selection 

l u e user controls which reactions and data types (for example, cross sections 

or transfer matrices) that GROUPR generates by giving a set of MFD, MTD, 

and MTNAME parameters. Old-time users will remember that this had to be 

done in exhausting detail. Newer versions of the code provided automatic short

cuts. These shortcuts have been extended and improved in NJOY 89 to include 

charged-particle reactions, and the MTNAME strings are now generated auto

matically. Most reactions and particles of intcest can now be processed using 

the following: 

3 / do all reactions in File 3 on input PENDF 

6/ do all matrix reactions in ENDF directory 

13/ do all photon production cross sections 

10/ do all photon production matrices 

21 / do all proton production matrices 

22/ do all deuteron production matrices 

23/ do all triton production matrices 

24/ do all 3He production matrices 

25/ do all a production matrices 

26/ do all A>4 production matrices 

Some use of specific MFD and MTD input lines are still required for fission data, 

special quantities like Ji, and thermal cases. The identity of the incident particle 

is recognized automatically. 

At the current time, the group structure for both incoming and outgoing 

charged particles must be the same as the neutron group structure. A different 

structure is allowed for photons. 

File 6 Processing 

If the File 6 data is expressed as a continuous energy-angle distribution (Law 

1) in the laboratory system, it is fairly easy to generate the multigroup transfer 
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matrix. As usual for GROUPR, the task is to calculate the "feed function" (the 

Legendre moments for transferring to all possible secondary energy groups start

ing with incident energy E). The E' integration is controlled by the GETMF6 

subroutine, which calls F6LAB to generate the integrands. The only problems 

here are handling the new ENDF-6 interpolation laws for two-dimensional tab

ulations (for example, unit base) and converting tabulated angle functions into 

Legendre coefficients (which is done with a Gauss-Legendre quadrature of order 

8). 

If the File 6 data is given in the angle-energy form (Law 7), GROUPR converts 

it to the Law 1 form using subroutine LL2LAB. It does this by stepping through 

an £" grid that is the union of the E' grids for all the different angles given. 

At each of these union E' values, it calculates the Legendre coefficients using a 

Gauss-Legendre quadrature of order 8, md checks back to see if the preceding 

point is still needed to represent the distribution to the desired degree of accuracy. 

Now GETMF6 and F6LAB can be used to complete the calculation as above. 

If the File 6 data is expressed in the CM system, or if the phase-space option is 

used, more processing is necessary to convert to the LAB system. This conversion 

is done for each incident energy E given in the file. The grid for laboratory 

secondary energy E'L is obtained by doing an adaptive reconstruction of the 

emission probability pi((E,E'L) such that each Legendre order can be expressed 

as a linear-linear function of E'L. This part is done in subroutine CM2LAB. The 

values for pu(E,E'L) are obtained in subroutine F6CM by doing an adaptive 

integration along the contour ££=const in the E'c,nc plane using \ii as the 

variable of integration: 

PL((E, E'L) = [+1 pc(E, E'c, nc) Pt{n) J d»L, (5) 

where /i is a scattering cosine and L and C denote the laboratory and center-of-

mass (CM) systems, respectively. The Jacobian of the transformation is given 

by 

= x/l + ^ - 2 ^ ' ( 6 ) 

and the cosine transformation is given by 

Hc = J{^L-f). (7) 

J = 
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Figure 3: Coordinate mapping between center-of-mass and laboratory 
reference frames for A=2. 

The constant c is given by 

c = A + l\E'L 
(8) 

where A is the ratio of the atomic weight of the target to the atomic weight of 
the projectile. The lower limit of the integral depends on the maximum possible 
value for the CM secondary energy as follows: 

E', ) ' 

where 

E', Xmu 

(9) 

(10) 

An example of the integration contours for this coordinate transformation is 
given in Fig. 3. 

The CM energy-angle distribution can be given as a set of Legendre co

efficients or a tabulated angular distribution for each possible energy transfer 

E-*E', as a "-ptecompound fraction" r[E,E') for use with the Kalbach-Mann12 
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or Kalbach ^ angular distributions,' or as parameters for a phase-space distri

bution. The first three options are processed using F6DDX, and the last using 

F6PSP. The Kalbach option leads to a very compact representation. Kalbach 

and Mann examined a large number of experimental angular distributions for 

neutrons and charged particles. They noticed that each distribution could be di

vided into two parts: an equilibrium part symmetric in fi, and a forward-peaked 

preequilibrium part. The relative amount of the two parts depended on a pa

rameter r, the preequilibrium fraction, that varied from zero for low E' to 1.0 

for large E'. The shapes of the two parts of the distributions depended most 

directly on E'. This representation is very useful for preequilibrium statistical-

model codes like GNASH, because they can compute the parameter r, and all 

the rest of the angular information comes from simple universal functions. More 

specifically, Kalbach's latest work says that 

where a is a simple function of E, E', and Bi,, the separation energy of the 

emitted particle from the liquid-drop model without pairing and shell terms. 

The separation energies are computed by function SEPE. It has a problem for 

elemental evaluations, because it needs an A value for the calculation, and it is 

difficult to guess which A value is most characteristic of the element. A short 

table is included in the function, and an "error in sepe" will result if the function 

is called with an element that doesn't appear in the table. Similar routines 

appear in HEATR and ACER (SEPH and SEP, respectively). A better long-

range solution would be desirable. 

Discrete Scattering and Coulomb Scattering 

File 6 can contain angular distribution for discrete two-body scattering (see 

Law 3). It can also declare that a particular particle is the recoil particle from a 

two-body reaction (Law 4), in which case the appropriate angular distribution is 

obtained from the corresponding Law 3 subsection by complementing the angle. 

The representation of the angular distribution for these laws is almost identical to 

that in File 4, and the new update to GROUPR simply rearranged the existing 

coding into a new subroutine GETDIS to handle the calculation. Of course, 

the kinematics formulas in GETDIS had to be extended slightly to allow the 

incident and outgoing particles to have different masses (see Appendix C of the 

preliminary ENDF-6 manual3). 
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Coulomb scattering only occurs in the elastic channel, and this calculation 

also uses the GETD1S subroutine. The problem with Coulomb scattering is that 

the basic Rutherford formula becomes singular at small angles. In practice, this 

singularity is removed by the screening effects of the atomic electrons. The for

ward transport of charged particles in this screening regime is usually handled by 

continuous-slowing-down theory by using a "stopping power". The new ENDF 6 

format allows for three different ways to handle the large-angle scattering regime. 

First and most general is the Nuclear Amplitude Expansion: 

a = |nucl + coul|2 

= 0nud + <Jcoui + interference (12) 

The Coulomb term is given by the Rutherford formula, a Legendre expansion 

is defined for the nuclear term, and a complex Legendre expansion is defined 

for the interference term. This representation cannot be generated directly from 

experimental data; an R-matrix or phase-shift analysis is accessary. 

A method very closely related to experiment (otxp) is the Nuclear plus Inter

ference (NI) formula: 

crNi(/i,£) = otxv{n,E) -acoa\{n,E), (13) 

where the funct;on is only defined for angles with cosines /i < fimMX. The mini

mum angle is usually taken to be somewhere around 20 degrees (GROUPR uses 

Pmmx=-96). This function is still ill-behaved near the cutoff, and " must be 

tabulated. The third option is the "residual cross section expansion". 

cn(li,E) = (1 - ti)[o„v{n,E)-ocovl{n,E)]. (14) 

The (1 — p) term removes the pole at the origin. The re-idual is uncertain, but 

it is usually small enough that the entire curve can be fitted with Legendre poly

nomials without worrying about what happens at small angles. Fig. 4 shows an 

example of a typical residual cross section. In practice, both the nuclear ampli

tude expansion and the nuclear plus interference representation are converted to 

the residual cross section representation in subroutine CONVER. GETDIS only 

has to cope with the one representation. 

Miscellaneous GROUPR Changes 
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Figure 4: (top) A typical angular distribution for charged-particle elas
tic scattering snowing the singular behavior at small angles, the strong 
interference feature, and nuclear scattering at large angles, (bottom) 
The residual cross section corresponding to the figure above. Note the 
reasonable behavior at small angles. The actual value there is not im
portant, and it can easily be forced to zero. 
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As usual, a few errors were fixed. A temperature-dependence was added to 

the the Maxwellian part of the CLAW weight function. When used with the 

new high-temperature option in THERMR, and taking advantage of the existing 

capabilities of BROADR, this option provides for generating free-gas upscatter 

matrices for materials at very high temperatures. 

In addition, the VITAMIN-E weight function, the VITAMIN-E group struc

ture, and the VIIAMIN-J group structure were added to the list of built-in input 

options. 

GAMINR 

The GAMINR module is used to compute cross sections for gamma ray in

teractions with atoms. The only updates needed for the ENDF-6 format were 

some changes in MT numbers. In order to make more room for MT numbers to 

describe charged-particle levels, MT 602 (photoelectric absorption) was changed 

to 522, and MT 621 (a private value used for photon heating) was changed to 

525. 

In addition, it was found that the cutoff used in calculating the incoherent 

scattering integral was too large, and there was an error in a previous patch to 

the incoherent result. Photon interaction libraries should be regenerated with 

the 89 version. 

ERRORR and COVR 

The ERRORR and COVR modules are used to compute and format cross 

section covariances. There are significant changes in the covariance files for the 

ENDF-6 format, but so far no updates to handle the changes have been made. 

Several small errors were patched. 

MODER 

The MODER module is used to convert back-and-forth between coded file 

modes (that is, ASCII, BCD, EBCDIC, etc.) and the NJOY blocked-binary 

format. It can also be used to build a new ENDF, PENDF, or GENDF tape 

containing materials selected from several input tapes. It was necessary to add 

a few sections of coding to work with new formats introduced by the ENDF-6 

specifications. 

DTFR 

The DTFR module is used to generate tables for transport codes that can 
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accept the DTF format. It also has a capability for plotting the edit cross 

sections, the neutron or photon transport matrix, and the photon production 

matrix. A few minor changes were made in this module to improve portability 

between different computer systems, to increase the size of the problems that 

can be run, and to check for some kinds of input errors. 

CCCCR 

The CCCCR module is used to generate the CCCC standard interface file 

ISOTXG, BRKOXS, and DLAYXS using output from GROUPR. The only change 

made for the 89 version was the removal of the W0T8 routine because of poor 

portability. 

MATXSR 

The MATXSR module is used to convert multigroup data from GROUPR 

into the MATXS format. With ENDF-6 data, a MATXS library can contain 

cross sections and transfer matrices for neutrons, photons, and charged particles. 

The format always allowed for this generality, but some changes in the naming 

conventions have been made for NJOY 89. This means that MATXS files gen

erated with the new version will not be consistent with previous versions. In 

addition, the TRANSX code, which is used to produce libraries for transport 

codes from MATXS files, must be changed to recognize the new names. Once 

these changes have been made, the combination of NJOY and TRANSX is capa

ble of producing multiparticle coupled sets. This capability has been tested by 

generating a n-p-7 coupled set successfully. Fig. 5 shows the layout out the data 

in the transport table. Note that a coupled transport problem of this type must 

be treated as an upscatter calculation. 

ACER 

The ACER module is used to produce libraries in the ACE format (A Com

pact ENDF) for the MCNP continuous-energy Monte-Carlo code. " At this time, 

MCNP and ACER have only been updated to handle one of the File 6 formats; 

namely, "Law 1" tabulations in the center-of-mass frame using the Kalbach an

gular distribution systematic. A special sampling scheme was developed for this 

case. The MCNP code already had logic to select a secondary energy E' from a 

distribution. The problem was to select an emission cosine \i for this E'. First, 
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Figure 5: Layout of a coupled table for the simultaneous transport of 
neutrons, protons, and gamma rays. Normally, only the lower triangle 
of the "p to n" block would contain values for the upscatter portion of 
the table (the part above the line in the middle). The "group" index 
increases from left to right, and the "position" index increases from top 
to bottom. 
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the Kalbach distribution is written in the form 

/(/<) = 9 • " J ( l " r)cosh(U/0 + r e - ] , (If,) 

Now select a random number R^. If /?i < r, use the first distribution in eq. (15). 
Select a second random number R2, where 

[» acosh(ax) _,_ sinh(a/i) , 1 
J-i 2smh(a) 2sinh(a) 2 

Therefore, the emission cosine is 

/i = -sinh_1[(2/?2-l)sinh(a)]. (17) 

If Ri < r, use the second distribution in eq. (15). Select a random number R2, 

where 

* - £ • 
fleoi e ^ - e " " 

_ . . . . dx = , (18) 
2sinh(a) ea - e~a v ; 

and emit a particle with cosine 

Ai = iln[i?2e
a + (l-i?2)e-a]. (19) 

The ACE format for the File 6 data is similar to the format used for other con

tinuous energy distributions; namely, a cumulative distribution function. To this 

are added tables for the preequilibrium ratio r and the Kalbach slope parameter 

a. 

It is important to add two additional sampling schemes to MCNP as soon 

as possible. The new evaluations from Oak Ridge use "Law 1" tabulated distri

butions in the laboratory system with a Legendre representation of the angular 

distribution for a particular E-*E'. The new 9Be evaluation from the Lawrence 

Livermore National Laboratory uses "Law 7" (that is, E, fi, E' ordering). 

A number of miscellaneous fixes were made in ACER, several contributed by 

european users. Some of them were to improve portability or to clean up obsolete 

coding. In addition, an error in law 44 histograms was fixed, logic was added to 

make sure that thinning does not remove any thresholds, the print out for "type 

1" output was updated, and an error in the endpoint of the photon production 

cr->s secti :. was repaired. 
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P O W R 

The POWR module is used to generate multigroup libraries for the Electric 

Power Research Institute codes EPRI-CELL and EPR1-CPM. No changes have 

been made. 

PLOTR 

The PLOTR module is used to generate plots of ENDF, PENDF, or GENDF 

cross sections, or of experimental data. Multiple curves from any of these sources 

can be overplotted, and the data points can have error bars. All the normal 

combinations of scales are provided, and curves can be labeled with tags and 

arrows or with a legend block. Angular distributions from File 4 or certain 

sections of File 6 can be shown in 3-d perspective plots. Energy distributions 

from File 5 can also be shown as perspective plots. With File 6 data, perspective 

plots can be constructed for any of the emitted particles. In addition, 2-d plots 

can be made of selected spectra extracted from File 6 for a specified particle 

and incident energy. The remainder of this report contains a number of figures 

demonstrating some of the features of PLOTR. 

The most notable changes made for NJOY 89 were a capability to plot the 

"Law 7" form of File 6, improved axes for the 3-d perspective plots, and changes 

to improve portability. 

PLOTR needs several additional capabilities in the near future, the most 

important being the capability to plot single angular distributions extracted from 

File 4 or 6, the capability to plot File 7 data, the capability to plot Coulomb 

scattering data, and a better interface for selecting curves out of distributions. 

PLOTR uses the DISSPLA graphics library, a product of ISSCO Graphics. 
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Figure 6: Multigroup fission cross sections of ENDF/B-V 235U for 
infinite dilution and a 10-barn background compared with the corre
sponding pointwise cross section. Note the use of tags and arrows to 
label the curves. 
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Figure 7: Carbon (n,a) cross section compared with two sets of simu
lated experimental data represented with two types of error bars. Note 
the use of a legend block to identify the curves. 
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Figure 8: Perspective view of the carbon elastic scattering angular 
distribution. 
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Figure 0: Perspective plot of the Li-6 (n,2n)o secondary neutron distribution. 
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The new ENDF-6 format... 

nomenclature 

"the ENDF-6 format" 

"the ENDF/B-VI library" 

some IIIW features 

A new sublibrary structure to organize different 
types of data more logically. 

An extended and more sytematic procedure for 
naming reactions, including complex and charged-
particle reactions. 

New resonance representations for Reich-Moore 
and R-Matrix parameters. 

New energy-angle distributions for all the products 
of a reaction, including recoil. 
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new ENDF-6 format features, continued 

Incident charged-particle data, including large-angle 
Coulomb scattering. 

An extended and separate radioactivity tile for more 
comprehensive activation data. 

Changes to the covariances file 33 to represent shape un
certainty inside large energy bins, some new features in 
File 32, and new formats for Files 34 and 35. 

A new covariance format for data sets that can be ex
pressed in terms of parameters. This allows the evaluator 
to include covariances for secondary angle and energy 
distributions (even when coupled) and also provides 
more realistic smooth cross section covariances. 
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Sublibraries 

different lands of evaluated data 
are given in different "sublibraries" 

Incident neutron data 
Incident proton data 
Incident deuteron data 
• • • 

Photonuclear data 
Photoatomic data 
Thermal neutron data 
Radioactive decay data 
Fission product yields 
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The new card in File 1... 
. • M I I — y — i i i m • • M I • i n u p i m w — ^ W w i n i — i . w m J 

a n£w azni was adtferf to specify the sublibrary 
and the parameters of the incident particle 

projectile AWR 

temperature 

l a n l 
.00100, 
.000 
.986500 

format (ENDF-6) 

version (ENDF/B-VI) 

sublibrary 

minary endf/b-vi 
L700-1 

:oooooo+o 
0.000000+0 

000000+0 0.000000+0 
+ hi lanl eval 

preliminary 
endf/b-vi material 125 
-incident proton data 
—endf-6 format 

d.dodder 

projectile ZA included 

standardized MAT number 

standard eye-readable text 
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» 

Goal: allow for high-energy reactions and charged-particles, 
but preserve as much of the old ENDF scheme as possible. 

• MT number determines outgoing particles 

MT=16 is both (n,2n) and (p,2n) 
MT=112 is both (n,poc) and (oc,pa) 

• Except elastic is always MT=2 

• List of emitted particles is always in ZA order 

• There must be a residual nucleus 
Therefore, d+t-»n+a 

is 3H(d,n0)
4He MT=50 

not 3H(d,na) MT=22 

• Neutron levels use the 50-series 

MT=51 is both (n,nj) and (p,n<) 
MT=50 not allowed for incident neutrons 

• Particle levels use 600-648, 650-698, 700-748, etc. 

MT=600 not allowed for incident p 
MT=650 not allowed for incident d, etc. 
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Reaction naming 
continued 

^ : : ^ : ^ ^ ^ ^ ^ ..... 

Continuum reaction: MT=91, 649, 799, etc. 
Breakup reactions, such as: 

9Be(a,n3)12C(3a) MT=53 
use either LR=23 as before 
or explicit subsections in File 6 

Breakups can go through different paths 
but particles in each paren must be in ZA order 

12C(n,n)12C(3oc) vs 12C(n,ct)9Be(n2a) 
6Li(d,p4)

7Li(ta) vs 6Li(d,p4)
7Li(n6Li) 

The "complex reaction" for high energies, MT=5 

Gives particles and yields 
For all reactions not given in another MT 
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Reconstructs cross section vs energy from resonance 
parameters and nonlmear interpolation schemes. 

Resolved resonance representations. 
Scattering radii. 
No calculation of angular distributions. 
Unresolved LSSF option. 
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RESONANCE PARAMETER DATA 

Tmrrniinr^^ 

pluses and minuses of the existing formats 

Single-Level Breit-Wigner 
+ simple analytic methods can be used 
- inaccurate for total cross sections because 

elastic interference is missing 
- inaccurate for low cross sections between 

resonances 
- can't handle multichannel fission 

Multi-Level Breit-Wigner 
+ better for widely-spaced resonances 
- can't used MC2-type analytic methods 
- still inaccurate for closely-spaced 

resonances 

Adler-Adler 
+ MC2-type analytic methods can be used 
+ generally adequate for fissionables 
+ true multi-channel fission supported 
- parameters not constrained by physics 
- not adequate for structural materials 
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RESONANCE PARAMETER DATA 

features of the new resonance parameter formats 

Reich-Moore 
+ full multilevel treatment with elastic channel 

and two fission channels 
+ good fitting code with phyics constraints 
+ basically adequate for fissile materials and 

many structural materials 

Hybrid R-Function 
+ includes additional effects for structural 

materials, including competitive reactions, 
penetrabilities, phase shifts, R-background 

+ absorptions handled as in SLBW method 

General R-Matrix 
+ everything, including the kitchen sink 
+ not expected to be used for the first new 

libraries in ENDF-6 format 



UNRESOLVED RANGE | 

Basic method: 
Average resonance parameters. 
Statistical distributions for widths and spacing 
Analytic calculation. 
Ladder calculation. 

Implicit assumption: 
There are enough resonances in the vicinity of E 
for statistics to be justified. 

This assumption is often violated. 

The solution: 
Use high-resolution experimental data and 
modern fitting codes to extend the resolved 
range to higher energies. 
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EXAMPLE OF IMPROVEMENT 

tffiiimimrririffiriinim^ 

I 

Test of preliminary ENDFIB-VI 
Reich-Moore evaluation for U-235 
compared with ENDFIB-V, where 
this range was unresolved. 

U235 RM TEST 

TOTAL 

80.0 85.0 90.0 
Energy (eV) 

95.0 100.0 

This kind of detail extends to 1 keVf 
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UNRESOLVED continued 

With a reasonable lower limit, the unresolved 
cross sections should be fairly smooth. 

The intermediate structure problem: 
Due to double-humped fission barrier? 
Porter-Thomas distributions incorrect? 
Better distributions still would not give 

peaks and valleys that line up with data. 
ENDF-type parameter fluctuations are 

not physical. 
Using many energy points makes processing 

very expensive. 

The LSSF option: 

shielded cross section 

File 3 xsec 
on fine 
energy grid 

Shielding factor 
from File 2 on 
coarse energy grid 
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Doppler broadens PENDF data and writes out 
results in PENDF format. 

No significant changes. 

Uses analytic method to compute self-shielded 
cross sections versus T and background cross 
section. 

No significant changes, except note that 
the results are used differently in 

GROUPRifLSSFisset. 



KERMA AND DPA I 
i 

Previous ENDF versions had trouble calcu
lating heating (KERMA) and radiation dam
age (DPA) because... 

• ENDF didn't contain energy distributions 
for charged particles and recoils. 

• The neutron and photon distributions 
together didn't always conserve energy. 

Explicit distributions for all charged prod
ucts can now be given for the more impor
tant materials. 

• The extensive use of nuclear model codes 
for ENDF/B-VI should sharply improve 
energy-balance accuracy. 

• We should see an order-of-magnitude 
improvement in the accuracy of KERMA 
around 14MeV. 



Heating versus KERMA 

Energy-balance method ("heating"): 

Neutron and photon energy is subtracted from the 
available energy. Result is charged-particle energy. 

Differences are often small. 
Modest neutron or photon errors lead to large 
heating errors. 

Total system energy is conserved. 
Heat distribution may be wrong. 

Kinematic method ("KERMA"): 

Use conservation of momentum. 
Elastic and discrete elastic scattering. 
Radiative capture. 
Continuum reactions. 
Kinematic limits for charged-particle reactions. 

Kinematic checks in HEATR. 
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HEATR Continued J 

Damage Calculations: 
Uses kinematic formulas. 
Special model for (n,p) or (n,alpha). 
Choice of models for (n,n'p) and (n,n'alpha). 

Charged-Particle Levels: 
As in silicon. 

File 6 Heating and Damage: 
Necessary spectra are given directly in the file. 
Direct integration in lab system. 
Transformation from lab to CM. 
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Computes scattering at low energies where 
binding or motion of atoms in a gas is impor
tant. Writes the results on the PENDF file us
ing MT 221 - 250. 

The format was changed so that all the data 
needed for a calculation is in the file. 

The evaluator has complete control over the model. 

Coherent Elastic Scattering (graphite, Be, BeO): 

<r«h(£) - C{E)IE, 

Ocdh 
(£,F,M)= 7 Z [CW-CiE^JlSir-fiME-E'), 

E,<E 

1 E' 
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THERMR Continued 

Incoherent Elastic Scattering (poly, ZrH): 

Bound cross section and Debye-Waller factor 
are read directly from file. 

Incoherent Inelastic Scattering: 

Uses S(alpha,beta). 
Extension to large alpha and beta uses 

SCT approximation. 
SCT effective temperatures are now given 

directly in the file. 
Some materials need two effective 

temperature (BeO, benzine). 

Miscellaneous: 

High temperature option. 
Asymmetric S(alpha,beta) for ortho-

and para-hydrogen. 
Smaller S(alpha,beta) allowed for 

cold moderators. 
Tighter error criteria for fitting 

sharp peaks. 
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GR0UPR 

Generates multigroup cross sections and transfer ma
trices for neutrons, photons, and charged particles. 

Reaction and Particle Selection: 

3/ doal 
6/ doal 
13/ doal 
16/ do al 
21/ do al 

do al 
do al 
do al 
do al 

22/ 
23/ 
24/ 
25/ 
26/ do al 

reactions in File 3 on PENDF 
neutron production matrices, 
photon production cross sections, 
photon production matrices, 
proton production matrices, 
deuteron production matrices, 
triton production matrices. 
He-3 production matrices, 
alpha production matrices. 
A>4 production matrices. 

Reaction names are now constructed automatically. 

Some manual input is still required for fission, 
mubar, thermal reactions, etc. 
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ENERGY-ANGLE DISTRIBUTIONS ; 

r fo oW way... 

Separated angle and energy distributions were given 
in File 4 and File 5 for neutrons only. 

The new way... 

Combined energy-angle or angle-energy distribu
tions are given for all emitted particles in File 6. 

Energy-angle options 

1. Give a Legendre distribution for each E,E'-
2. Give a Kalbach-type distribution for each E,E'. 
3. Give E,E' distributions for a number of angles. 
4. Specify that a phase-space law be used for E'. 

The Kalbach option gives an especially compact 
representation that works for neutrons and 
charged particles to more than 100 MeV. 
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MmtiMjiM^&m'timttmi^^ 

• 

• 

Experimental distributions for neutrons 
and charged particles were examined for 
systematic trends. 

They found two components: 
a symmetric equilibrium part, and 
a forward-peaked preequilibrium part. 

The relative amount of the parts depend
ed on a parameter r that varied from 
zero for low E' to 1 for high E'. 

• The shapes of the two distributions 
depended most directly on E'. 

Kalbach's latest work says... 

./iW « [ cosh(fl̂ ) + r sinh(flji) ] 
2 sinh(a) 
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MULTIGROUP TRANSFER MATRICES 

• Easy for data in the LAB system using the 
energy-angle format. Have to handle the 
new 2-d interpolation schemes. 

• Data using the angle-energy format is con
verted to Legendre coefficients in the 
energy-angle format. 

• CM or phase space distributions, including 
Kalbach distributions, must be converted 
from the CM to the LAB. 

• This is done by doing an adaptive recon
struction of 

to a specified accuracy. 

• Each value for the LAB emission proba
bility is computed by doing an integration 

along the contour E'^const in the 

E'Q,\IQ plane using \i^ as the variable of 

integration. 
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COORDINATE MAPPING BETWEEN 
CM AND LAB 

^s^^^a>*w»!»l'SFSJW,W Mjhrv AV<,W A W k ' « U y < 

Transform from CM to LAB by integrating 
along curves of E'r= const. 
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CM TO LAB CONVERSION 
continued 

» _'»'!,«".<. %'miMsim, 

Plt(E,E'L) = [ Vc(E,E'c^c)Pt(^L)Jdii^ 

/-l/S-

He = AHL - c). 

1_ 

n^Ei^+^y. 

The CM frame for a complex reaction in ENDF-6 
format is the CM frame of the initial collision. 
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CHARGED-PARTICLE DATA i 
I 
m 

Charged particles produced by neutron re
actions are handled well in ENDF-6 format 
because their yields and spectra can be giv
en directly in File 6. 

Non-elastic charged-particle reactions can 
be handled using exactly the same proce
dures as for non-elastic neutrons reactions. 

Charged-particle elastic scattering requires 
new methods because of the interference 
between nuclear and Coulomb scattering, 
and because of the screening of the Cou
lomb term at small angles by the atomic 
electrons. 



COULOMB SCATTERING 

rngmmmmmmmmmmmemmms 

Nuclear amplitude expansion... 

2 
o = I nucl + coul' 

= <Tĵ  + <5Q + interference 

Nuclear plus interference 

aNI(u,£)=oe(u,£)-oc(u,£) H<Hmax 

Residual cross section expansion... 

OR(\L,E)=( 1 -u)[ae(^i,£)-ac(M)] 

- 71 -



500 

" 400 
JO 

E 

z 300 O 

u 
UJ 
to 200 -

in 
in 

-

1 

1 

1 

1 1 

p+ 3He elostic 
10 MeV 

1 1 

1 

1 

-

30 60 9 0 120 150 
cm. SCATTERING ANGLE (deg) 

180 

0.3 

~ 0.2 -

0.0 30 60 90 120 150 
cm.SCATTERING ANGLE (deg) 

180 

72 -



CHARGEDPARTICLE STOPPING POWER 

Charged-particle transport is usually handled in two parts: 

• Small-angle scattering — continuous slowing down 
• Large-angle scattering ~ scattering matrix 

The "stopping power", or dEldx is not currently 
included in the ENDF-6 format 

• It may be in the future 

• A number of tabulations are easily available 
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CHARGED-PARTICLE MATRICES 

• Nonelastic reactions are handled exactly 
like neutron reactions except for some 
mass factors in the formulas for two-
body kinematics. 

• Elastic is like neutron scattering except 
for a small-angle cutoff and the recon
struction of the Coulomb terms, or the 
expansion of the nuclear amplitudes. 

• Individual scattering matrices such as np, 
pn, ny, py, and yy can be combined into 
large coupled sets and used in transport 
codes to simultaneously solve the npy prob
lem. In such cases, the energy in heavier 
charged particles can be included in a 
KERMA factor. This combinirg of blocks 
can be performed by TRANSX. 

• Want to do a problem with a 

npdt3HeayP 
coupled set? 
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GAMINR MT number changes. 
Tighter cutoff for inelastic. 

ERROR and COVR 1 Small errors were patched. 

MODER 

Illllli 

m 
Small changes to handle 
ENDF-6 sections. 

wrTTQ&wzr^A 

Small changes to improve portability. 
Allow for larger problems. 
Check some kinds of input errors. 

CCCCR I Removed WOT8 for portability. 

mam 
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MATXSR 

Convert multigroup data from GROUPR to 
MATXS format. Charged particles can be included. 

Charged-particle capability added. 

Some changes in naming have been made. 

A new version of TRANSX can make 
multiparticle coupled sets using the new 
MATXS files. 
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MULTIPARTICLE COUPLED SET 
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Prepare libaries for the MCNP continuous-energy 
Monte-Carlo code. 

Currently only handles one File 6 
format, the Kalbach distributions. 

A special sampling scheme has been 
developed. 

First E, then E\ then angle.... 
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ACER Continued 

Write the Kalbach distribution in the form 

/('') = 2^wl ( 1- r ) < : 0 S h ( <"' ) + r e 0 ' ' ] • 

Choose two random numbers /?* and /?2 in [0,1] 

If/?! <r, 

_ ft* qcosh(qj) , __ 8?nh(a/i) 1 
R* " 7-1 2sinh(a) " 2sinh(a) + 2 

/x = i sinh"1 [(2/*2 - 1) sinh(a)]. 

else 

a* _ „-o 
2~y-i2sinh(a) e ' -e -

/4 = ibf/22ea+(l-JR2)e-a]. 
n. i 
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Generate multigroup libraries for EPRI-CELL and 
EPRI-CPM. 

No changes. 

Do plots of ENDF, PENDF, GENDF, or experimental 
data in 2-d or 3-d with lots of user options. 

A File 6 Law 7 capability was added. 

The appearance and scatles of 3-d perspective plots 
were improved. 

The portability of the coding was improved. 

Future needs: 
Plot angular distributions extracted from 4 or 6. 
Plot File 7 data. 
Plot Coulomb scattering data. 
Improve interface for selecting curves. 

- 80 -



18
 

-

10
" 

C
ro

ss
 S

ec
tio

n 
(b

ar
ns

) 
10

1 
itf

 
C

L
 

i 
i 

i 
1

1
1

1 

m
 

D CD
 

"<
 O

f 

5 

Q
: 



-o 

J
* 

s
S

 

c o
 

•e 
o 
o >

 
H

 
I 

O
 

U
J 

ID en o
 

o
° 

CO
 

<i) 

>>m
 

z'E
H

 
L

d
(/)C

O
 

S
£*0 

0
£

'0 
sz

§o 
oro 

sro 
oro 

(sujoq) u
o

jp
a

s
 S

S
O

JQ
 

—
i

—
 

90'0 
O

O
'O

 

o 

- 
82 



oo 

hNDE^B-V CARBON 

Elastic MF4 



c 
.o

 

3 

"D
 

CO
 

I  
c 

- 
8 

> 

o
 

3 
0 
C

 

I 
\w

u
i \ 

%
S

* 

- 
84 

-


