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Outline (roughly)

HOUR 1
 Goals, use cases, etc.
 Preliminaries

• low-level containers
• designators
• documentation

 The Top: <evaluation>
• <reactions>

- special two-body
- plain old reactions

• <resonances>

 The Other Top: 
<setOfCovariance>

HOUR 2
 <metaEvaluation>
 Special cases:

• Atomic data
• Fission
• Fission Product Yields
• Large Angle Coulomb 

Scattering
• Particle production
• Thermal Scattering Law

 Odds-n-ends
 Thanks & Blame
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Goals

 The hierarchy should reflect our understanding of 
nuclear reactions and decays, and clearly and uniquely 
specify all data.

 It should support storing multiple representations of the 
same quantity simultaneously (e.g. evaluated and 
processed data).

 Should support both inclusive and exclusive reaction 
data (i.e., discrete reaction channels as well as sums over 
those channels).

 It should eliminate redundancy where possible.
 It should make use of the general-purpose data 

containers designed by the first SG38 project group.

5
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Bonus goals

(1) Support all data and 
all forms in ENDF format and 
all ENDF-formatted libraries

(2) Fix (or at least document) 
all of the corners cut in the 
development of ENDF

6
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Use cases to keep in mind

 Particle Transport: 
• All cross sections 
• All outgoing energy and angle probabilities for all emitted particles for 

chosen reactions that are energetically possible
• Multiplicities for all emitted particles if not constant.  

 Isotope Burn-Up: 
• cross sections and 
• optionally outgoing spectra for chosen reactions that are energetically 

possible 
• all produced particles decay so that a time dependent isotope 

inventory may be computed.

 Web Retrieval: data will only most likely be visualized

7
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Gotchas

 Is it a material property or a reaction property?
• Answer: It is a material property if it is independent of the excitation 

mechanism
• Examples: mass, level excitation, BR’s for decays out of a level, ...

 Different optimal representation in different physical 
regimes
• Example: resonances and high energy data in same evaluation
• Part of solution: <metaEvaluation> (an enhanced xsdir-like facility)

 Ensuring consistency
• Some things we can do in the format (e.g. material database)
• Some things need to be done in the supporting infrastructure

- Need checking functions
- Need fixing functions

8
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Notational aside(s)

 Data is viewed as a tree
 Nodes on tree are 

denoted <element>
 Attributes/member data of 

a node are denoted 
attribute

 Names are for discussion 
purposes only; change 
them if you don’t like 
them, you won’t hurt my 
feelings

9

<crossSection>

<nubar>

<MadlandNix>

nativeData 
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Caveat: In only two hours, we won’t 
get to many details

 No talk of cross section representations
 No discussion of how to reconstruct resonances & how to 

connect them to the cross sections
 No talk of any parameterized data, including, but not limited 

to:
• Kalbach-Mann systematics
• Madland-Nix model
• interpolation schemes
• ...

10
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Preliminaries: low-level containers (1)
To be discussed in detail by M. White

 float, int and string
 <list> or vector must specify 

type of object in the list
 <matrix>, must specify 

dimensions.  May be banded, 
symmetric, etc.

 <table>, like a matrix, but the 
columns have labels and units 
and maybe even data-type 
information

 orthogonal function expansion, 
Legendre polynomials being the 
most obvious

12
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Preliminaries: low-level containers (2)
To be discussed in detail by M. White

 <interp2d>: interpolation 
table for univariate data, i.e. 
x vs. f(x)

 <interp3d>: interpolation 
table for bivariate data, i.e. 
(x,y) vs. f(x,y)

 <interp4d>: interpolation 
table for trivariate data, i.e. 
(x,y,z) vs. f(x,y,z)

 Should we put δf(x) in the 
container too?

13
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Preliminaries: low-level containers (3)
To be discussed in detail by M. White

 <axis>: Where appropriate 
(particularly on interpolated 
types), we need to specify 
interpolation details, units, 
labels, etc.
• Specify names of x, y, z, ... axes
• Specify normalization (if any)
• Specify units in all directions
• Specify interpolation scheme(s) or 

group boundaries
• Specify reference frame
• If interpolation the table refers to a 

probability distribution function 
(PDF), we also must specify whether 
is Normal or Log-Normal 

14
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Preliminaries: low-level containers (4)
To be discussed in detail by M. White

 <text>: marked up text, 
either in HTML, Markdown, 
or plain old text.  The format 
must be denoted.  Must 
allow unicode!!!!

 <link>, a relative or 
absolute URL 

15
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Preliminaries: material designators
Just a suggestion as C. Mattoon will discuss

 Aliases: A limited number/scope of aliases 
for commonly used particles or to 
associate a level of an isotope with an 
isomer.

 Compounds: e.g. 
c_Free_String_Describing_Materi
al, Useful for TSL data

 Elements: Sym0 for atomic data
 Isotopes: SymA e.g. Fe56
 Levels of an isotope: SymA_eN, V51_e1 

for the first excited state.  Use SymA_c for 
continuum.

 Electronic shells of an atom: Sym0_eN, 
e.g. V0_e1 for the first shell.  Use Sym0_c 
for continuum.

16
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Preliminaries: reaction designators 
Just a suggestion as C. Mattoon will discuss
 Shared/agreed upon with EXFOR
 Not be limited to simple targets (for TSL)
 Aliases for things like elastic, total_fission, capture
 Need to distinguish input vs. output channels
 Allow n-body processes
 Variable multiplicity processes
 Sequential processes (esp. 2-body)
 Annotation (e.g. compound_elastic and shape_elastic)

17

Triple-alpha reaction:
He4 + He4 -> Be8 + g
He4 + Be8 -> (C12_Hoyle -> C12 + g)
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Preliminaries: 
All data contained in <form> elements 
(this name is from GND)

 All the data needed to reconstruct the observable
• Examples: 

- x-y interpolation table for a cross section
- grouped cross sections
- Legendre moments of an angular distribution
- parameters of the Madland-Nix PFNS model

 There may be more than one for an observable
 Only one original data; this one may have <link>s to 

covariance data
 All derived point to original with a nativeData link

 The nativeData concept is so useful that we will use 
it in several places

18
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Preliminaries: documentation
 Allow metadata (just keywords for search engines?)
 DOI markup (using a <link> element)
 Have markup for title (using a <text> element)
 Evaluation date markup
 Library acceptance date markup 

(library maintainers make this up)
 Have markup for abstract (optional, using <text>) 
 Have markup for authors (names, affiliation, email, 

etc.).  Who is corresponding author?  How should 
this be structured?

 Have markup for the evaluation version
 Allow free text write up (using a <text> element)
 Have markup for the bibliography.  How should this 

be structured?  In principal it should be shared with 
EXFOR.

19
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DOI’s are unique id’s on a 
publication/dataset; 
doi.org resolves them to URLs 

20
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DOI’s are unique id’s on a 
publication/dataset; 
doi.org resolves them to URLs 
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osti.gov and datacite.org want 
DOI’s on all nuclear data in US;
likely by end of FY14
DOI’s are unique id’s on a publication/

dataset
• NNDC will generate them for NNDC-generated data
• If CSEWG & USNDP OK, we will assign DOI’s for all US nuclear 

databases
• We decide on URL scheme
• We provide a permanent URL to a dataset, 

datacite.org maintains the DOI->URL redirect
• We promise to maintain URL’s forever (or provide tombstone)

This is a very good thing
• Gives proper credit to evaluators
• Generates citations (always good for performance appraisals)

22
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How does this affect us?

 ENDF borrows from other 
libraries 
We’d like to be able to give proper credit; 
e.g a JAEA DOI for a JENDL-4.0 derived 
evaluation rather than an NNDC DOI

 What about partial 
evaluations?  
Fine grained DOI’s (i.e. on evaluation parts) 
allow us to make Frankenevaluations with 
proper attribution.

23

My 90Zr evaluation, part 
ENDF, part JENDL-4, all ugly

Sunday, December 8, 13



Preliminaries: documentation

24

Frankenevaluation (built from other evaluations); 
DOI’s for each unique contribution, linked to URL of contribution

Therefore, 
<documentation> 
is a legal element 
that may appear in 
numerous levels in 
the hierarchy
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The top level: an <evaluation>

 One temperature only; one projectile; one target material 
 <localMaterialDatabase> Fulfills need to override 

default material information with what is in a file (esp. for older 
evaluations) -- will not cover, see C. Mattoon 

 <reactions> is the base of most kinds of reaction data
 <resonances> are for anything explicitly described by the R 

matrix (basically ENDF MF=2, MT=151)
26
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How to organize: 
Energy-major or Reaction-major?

Energy-major is good?
 Natural output of a reaction model 

such as EMPIRE or TALYS
 Energy-major is natural for sampling 

in Monte Carlo transport
 One can see at a glance what 

channels open and compete with one 
another

 Helps eliminate background cross 
sections in the resonance region

Energy-major is bad?
 Very difficult to plot say a cross 

section as a function of incident 
energy

 Very difficult to compare to 
experimental data

 Requires major refactoring of Monte 
Carlo codes are needed to get 
benefits

 Difficult to diagnose unphysical 
discontinuities as a function of incident 
energy

 Hard for deterministic codes to use
 Not familiar to users as legacy ENDF 

data is stored with the reaction-major 
arrangement

27

On the balance, 
I recommend 
reaction-major
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<reactions>
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What do we need to know about to 
designate a reaction?

<reaction> or 
<parameterizedTwoBodyReact
ion>
 reaction designator
 kinematics type
 relativistic/non-relativistic flag
 ENDF MT (if appropriate)

<resonances> (only 2 body)

 reaction designator
 kinematics type
 relativistic/non-relativistic flag
 ENDF MT (if appropriate)
 s, l, J, ∏ 
 other user-definable quantum 

numbers (e.g. K)
 boundary parameter Bc

 channel radius information
 sign of reduced width

29

Should there be a 
shared <channel> 
markup?
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Specifying the kinematics with a 
kinType

30

B The <parameterizedTwoBodyReaction> and <dcrossSection dOmega> elementsIII THE TOP LEVEL: ONE EVALUATION

FIG. 5. Top level arrangement of an <evaluation> element. The “
�

+” symbol means that there may be at most one of these
child elements.

TABLE II. Kinematic types for <channel> elements.

kinType Description
two-body only two products are emitted per

channel, the products are cor-
related, and only the center-of-
mass angular distribution is needed
in order to calculate the double-
di↵erential distribution

uncorrelated the products are uncorrelated from
each other, and a complete double-
di↵erential distribution is required
in order to describe each product

activation no outgoing particle distributions
are needed since this is just activa-
tion data

B. The <parameterizedTwoBodyReaction> and
<dcrossSection dOmega> elements

There are many cases where it is more convenient to
write two-body scattering data as d�(E)/d⌦ rather than
as a separate cross section �(E) and angular distribution
P (µ|E) where d�(E)/d⌦ = �(E)P (µ|E). These include:

• Thermal Scattering Law (TSL) data, see Section XI

• Large Angle Coulomb Scattering (LACS) data, see
Section IX

• Photo-atomic data described with the Klein-
Nishina (KN) formula, see Section VIA

Indeed, in the case of large angle Coulomb scattering
(LACS) data, the singularities in the Rutherford cross
section prevent us from integrating to find the total cross
section �(E). Therefore, we must provide a facility for
flagging a reaction as a special parameterized two-body
reaction and a facility for storing d�(E)/d⌦.

<parameterizedTwoBodyReaction> requirements

R:1 A <channel> to define the reaction

R:2 An optional <documentation>

R:3 The <dcrossSection dOmega> to collect all the
original and derived data

<dcrossSection dOmega> requirements

R:1 One or more <distribution>s to store the actual
data in whatever representation is required. This is
described in Subsection IIIG

R:2 An optional <documentation>

C. The <reaction> element

With a reaction major arrangement, there is one com-
mon motif in the three di↵erent sublibraries, which for a
lack of a better name, we call the <reaction> element.
This element denotes one reaction that can be sampled
in a Monte Carlo code. In it, we specify the <channel>,
the reaction <crossSection> and the outgoing particle
distributions for all emitted particles. An example is pre-
sented in Figure 6.

THIS IS WORKHORSE PART OF HIERARCHY.
MOST DATA WILL GO THROUGH THESE FORMS
BEFORE PLOTTING, PROCESSING FOR TRANS-
PORT ETC.

NEED TO DESCRIBE THE MENTAL MODEL OF
MONTE CARLO CODES AND HOWTHAT INFORMS
THIS DATA ARRANGEMENT

NEED THE TABLE OF ALLOWED COMPONENTS
AND FORMS

Applies to all hadronic projectiles (excludes
(anti)electrons) and gammas

No longer distinct resonances; smooth cross sections;
“reasonable” number of open channels enumerable by ex-
citation of residual+list of emitted particles. Typically
En =100s keV � > 20-30 MeV

discussion point Implementation of breakup
and/or multistep reactions? GND scheme complex.
Occurrences include

• light element breakup

• (n,gf) reactions

10
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Left branch: The 
<parameterizedTwoBodyReaction>

 Two-body kinematics
 Store                    as 

parameterized data
 Sometimes it is the only way, 

• e.g. Large Angle Coulomb 
Scattering (LACS) data

 <products> element contains 
data <form>s (deep down)

 Used in a variety of special 
cases:
• atomic scattering using Klein- 

Nishina formula
• Thermal Scattering Law (TSL)
• LACS 31

d�(E)/d⌦

+
+

= 1
= 1 or 0

= Any 
num.
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Right branch: 
Familiar <reaction> tree

 Two-body reactions:

 Everything else: 

32

d�(E)

d⌦
=

1

2⇡
�(E)P (µ|E)

d�(E)

d⌦dE0 =
1

2⇡
�(E)P (µ,E0|E)
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<product> element holds everything 
about a product

 Multiplicity may be just an int and be 
obvious (n,2n)

 May be interpolation table (for nubar 
data)

 May want to rename for e.g. nubars
 May want P(nu) for fission
 The distributions are divided into 

components; they are listed on the next 
slide

33
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A <distribution> collects all the 
possible representations of an 
observable together

34

2 Energy spectra: P (E0|E) F LIST OF MISC. MARKUPS

XII. CASE STUDY: PACKING ENDF/B-VII.1

discussion point WRITE ME IF THERE IS
TIME
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Appendix A: List of <reaction> requirements

1. Average Energy and/or Forward Momentum
Released

also KERMA

2. Fission Energy Release

3. Transfer matrices

Appendix B: List of <resonances> requirements

1. Cross section probability tables for URR

Appendix C: List of <dcrossSection dOmega>s

KN
TSL
LACS

Appendix D: List of <distribution> requirements

1. Angular distributions: P (µ|E)

used by atomic scattering and nuclear reaction data as
a table vs. Legendre moments

MUBAR? WHAT ABOUT MUBAR COVARIANCE?

2. Energy spectra: P (E0|E)

used by decay data, atomic scattering and nuclear re-
action data

3. Energy-Angle distributions: Variations on
P (µ,E0|E)

as a table vs. Legendre moments

4. Angle-Energy distributions: Variations on
P (E0, µ|E)

5. Uncorrelated Energy-Angle distributions:
Variations on P (µ|E)P (E0|E)

Appendix E: List of <forms>s

TABLE III. Partial list of distribution components and forms
currently allowed in GND.

Component Form ENDF equivalent

angular

pointwise MF4 LTT2
Legendre MF4 LTT1
isotropic MF4 LTT0
recoil MF6 LAW4

energy

pointwise MF5 LF1
Evaporation Spectrum MF5 LF9
Maxwellian MF5 LF7
Watt Spectrum MF5 LF11
Madland-Nix MF5 LF12
N-Body Phase Space MF6 LAW6

energy-angular Kalbach-Mann MF6 LAW1 LANG2
angular-energy pointwise MF6 LAW7
uncorrelated combination of ‘angu-

lar’ and ‘energy’
MF4 and MF5

Appendix F: List of misc. markups

[1] Ed. by A. Trkov, M. Herman, D.A. Brown, ENDF/B-
VII.1 Manual, ENDF-6 Formats Manual: Data For-
mats and Procedures for the Evaluated Nuclear Data
Files ENDF/B-VI and ENDF/B-VII, CSEWG Docu-
ment ENDF-102, BNL Report BNL-90365-2009 Rev.2

(2011).
[2] C.M. Mattoon, B.R. Beck, N.R. Patel, N.C. Sum-

mers, G.W. Hedstrom, D.A. Brown, Generalized Nu-
clear Data: A New Structure (with Supporting Infrastruc-
ture) for Handling Nuclear Data, Nuclear Data Sheets,

28
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Sunday, December 8, 13



<resonances>

 Standard ENDF MF=2, MT=151 
(but improved)

 <reactionList>: the list of 
channels/reactions in this 
element

 <RRR> are the resolved 
resonances

 <URR> are average resonance 
data

 Based on R matrix theory, so 
helps to have some background 

35

+
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R matrix background

 Divide the universe with a spherical box.
 Outside box, use two-particle “free” wave functions 
 Somewhere inside the box is the reaction zone; we don’t 

care about the details.  Can write those details as the 
Green’s function solution of Schoedinger’s equation.  

 The R matrix is the Green’s function.
 “Everything” can be written in terms of R; with it we can 

compute the scattering matrix U, so we have dσ/dΩ.
36
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H Resonances III THE TOP LEVEL: ONE EVALUATION

R matrix formalism can support any two-body final
state.

R:3 Expanded channel capabilities:

R:3.a Configurable ignored or collapsed channels
(like � ones in Reich-Moore approximation)

R:3.b Configurable channels to denote whether cor-
responds to actual two-particle final state or
e↵ective one (as in fission or competitive chan-
nels). Only two-body channels can be used to
compute angular distributions; need to be able
to flag “e↵ective” channels

R:3.c Channel points to or has a unique reaction
string

R:3.d If channel not in reaction list, specify particles
out, Q, etc.; particles in particle database so
have spin, parity, energy, mass, charge, etc

R:3.e List s of each resonance (resolves and ENDF
ambiguity).

R:3.f List K, if appropriate (esp. for deformed nu-
clei).

R:3.g User-definable (possibly fake) quantum num-
bers, e.g. fission mode. Must define whether
combine using angular momentum adding
rules (for BB) or incoherently.

R:3.h Boundary parameter

R:3.i channel radius vs true channel radius

R:3.j Decay-out probabilities (to accommodate
(n, �f) channels?)

R:3.k sign of reduced width

R:4 A resolved resonance region

R:5 Optionally an unresolved resonance region

discussion point The channel wish list is very big.
Would it make more sense to completely separate it from
the channel concept of the <reaction> element?
To understand the hierarchy of resonance data, it is

helpful to understand a little about R matrix theory. In
it, we divide the universe into the inside of a box and
the outside of the box. Inside the box is the reaction
zone, where all the interesting nuclear (or other) reaction
business occurs (see Figure 10). We have little chance
of modeling what goes on the box correctly without a
lot of work. Outside the box we write all incoming and
outgoing relative two-body scattering states in a basis
of analytic wave functions, usually taken to be free ones.
We then match wave functions on the box boundary. This
matching is done in a clever way involving Bloch surface
operators on the box boundary and from this we arrive
at a Green’s function of the projected Bloch-Schödingier
equation, also known as the R matrix:

Rcc0 =
X

�

��c��c0

E� � E
(1)

I Oa 

Wednesday, August 14, 13

FIG. 10. A cartoon representation of R matrix theory. We
first divide the universe into inside a box and out. Inside the
box is the reaction zone, that we have little chance of modeling
correctly without a lot of work. Outside the box we write all
incoming and outgoing relative two-body scattering states in
a basis of analytic wave functions, usually taken to be free
ones. We then match wave functions on the box boundary.

These factors ��c are the reduced widths of the channel
c, E� becomes the resonance energy (it is a pole in the
Laurent series expansion of the Green’s function) and � is
the resonance (pole) index. The channel index c contains
all the quantum numbers needed to describe the outgoing
two-particle state and all of those quantum numbers are
described in the <channel> element markup above.

discussion point Putting the R matrix itself in the
format is silly because we’d be replacing a set of reso-
nance parameters with basically a reconstructed version
(see Eq. (1)), but packed in an complicated and not very
usable fashion. If you want a reconstructed version, use
point-wise cross section tables.

discussion point Kapur-Peiers and/or Wigner-
Eisenbud? Both approaches use di↵erent boundary
parameters Bc. They are mathematically equivalent,
but the RRR approximations in ENDF all use Wigner-
Eisenbud formulation.
With the R matrix, it is possible to compute exactly

the channel-channel scattering matrix Ucc0 :

Ucc0 =e�i('c+'c0 )
p

Pc

p

Pc0

⇥ {[1�R(L�B)]�1[1�R(L⇤ �B)]}cc0
(2)

where The logarithmic derivatives of the outgoing chan-
nel function are

Lc ⌘ ac
O0

c(ac)

Oc(ac)
=



rc
@ lnOc

@rc

�

rc=ac

(3)

and we write

Lc = Sc + iPc. (4)
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outgoing relative two-body scattering states in a basis
of analytic wave functions, usually taken to be free ones.
We then match wave functions on the box boundary. This
matching is done in a clever way involving Bloch surface
operators on the box boundary and from this we arrive
at a Green’s function of the projected Bloch-Schödingier
equation, also known as the R matrix:
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FIG. 10. A cartoon representation of R matrix theory. We
first divide the universe into inside a box and out. Inside the
box is the reaction zone, that we have little chance of modeling
correctly without a lot of work. Outside the box we write all
incoming and outgoing relative two-body scattering states in
a basis of analytic wave functions, usually taken to be free
ones. We then match wave functions on the box boundary.

These factors ��c are the reduced widths of the channel
c, E� becomes the resonance energy (it is a pole in the
Laurent series expansion of the Green’s function) and � is
the resonance (pole) index. The channel index c contains
all the quantum numbers needed to describe the outgoing
two-particle state and all of those quantum numbers are
described in the <channel> element markup above.

discussion point Putting the R matrix itself in the
format is silly because we’d be replacing a set of reso-
nance parameters with basically a reconstructed version
(see Eq. (1)), but packed in an complicated and not very
usable fashion. If you want a reconstructed version, use
point-wise cross section tables.

discussion point Kapur-Peiers and/or Wigner-
Eisenbud? Both approaches use di↵erent boundary
parameters Bc. They are mathematically equivalent,
but the RRR approximations in ENDF all use Wigner-
Eisenbud formulation.
With the R matrix, it is possible to compute exactly

the channel-channel scattering matrix Ucc0 :

Ucc0 =e�i('c+'c0 )
p

Pc

p

Pc0

⇥ {[1�R(L�B)]�1[1�R(L⇤ �B)]}cc0
(2)

where The logarithmic derivatives of the outgoing chan-
nel function are

Lc ⌘ ac
O0

c(ac)

Oc(ac)
=



rc
@ lnOc

@rc

�

rc=ac

(3)

and we write

Lc = Sc + iPc. (4)
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R matrix background

 “Everything” can be written in terms of R; with it we can 
compute the scattering matrix U:
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H Resonances III THE TOP LEVEL: ONE EVALUATION

R matrix formalism can support any two-body final
state.

R:3 Expanded channel capabilities:

R:3.a Configurable ignored or collapsed channels
(like � ones in Reich-Moore approximation)

R:3.b Configurable channels to denote whether cor-
responds to actual two-particle final state or
e↵ective one (as in fission or competitive chan-
nels). Only two-body channels can be used to
compute angular distributions; need to be able
to flag “e↵ective” channels

R:3.c Channel points to or has a unique reaction
string

R:3.d If channel not in reaction list, specify particles
out, Q, etc.; particles in particle database so
have spin, parity, energy, mass, charge, etc

R:3.e List s of each resonance (resolves and ENDF
ambiguity).

R:3.f List K, if appropriate (esp. for deformed nu-
clei).

R:3.g User-definable (possibly fake) quantum num-
bers, e.g. fission mode. Must define whether
combine using angular momentum adding
rules (for BB) or incoherently.

R:3.h Boundary parameter

R:3.i channel radius vs true channel radius

R:3.j Decay-out probabilities (to accommodate
(n, �f) channels?)

R:3.k sign of reduced width

R:4 A resolved resonance region

R:5 Optionally an unresolved resonance region

discussion point The channel wish list is very big.
Would it make more sense to completely separate it from
the channel concept of the <reaction> element?
To understand the hierarchy of resonance data, it is

helpful to understand a little about R matrix theory. In
it, we divide the universe into the inside of a box and
the outside of the box. Inside the box is the reaction
zone, where all the interesting nuclear (or other) reaction
business occurs (see Figure 10). We have little chance
of modeling what goes on the box correctly without a
lot of work. Outside the box we write all incoming and
outgoing relative two-body scattering states in a basis
of analytic wave functions, usually taken to be free ones.
We then match wave functions on the box boundary. This
matching is done in a clever way involving Bloch surface
operators on the box boundary and from this we arrive
at a Green’s function of the projected Bloch-Schödingier
equation, also known as the R matrix:
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FIG. 10. A cartoon representation of R matrix theory. We
first divide the universe into inside a box and out. Inside the
box is the reaction zone, that we have little chance of modeling
correctly without a lot of work. Outside the box we write all
incoming and outgoing relative two-body scattering states in
a basis of analytic wave functions, usually taken to be free
ones. We then match wave functions on the box boundary.

These factors ��c are the reduced widths of the channel
c, E� becomes the resonance energy (it is a pole in the
Laurent series expansion of the Green’s function) and � is
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two-particle state and all of those quantum numbers are
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IV. OBSERVABLES

A. Cross sections

Angle integrated cross section can be written as sum
over all entrance channels c = {↵J`s} and exit channels
c0 = {↵0J 0`0s0} that lead from partition ↵ to ↵0:

�
cc

0 = ⇡�2

c

g
c

|�
cc

0 � U
cc

0 |2 (77)

So, the total cross section for channel c is

�
c

⌘
X

c

0

�
cc

0 = 2⇡�2

c

(1�<U
cc

) (78)

The factor of g
c

is the probability of getting the correct
J from the spins of the collision partners (according to
Fröhner) and is g

c

= (2J + 1)/((2i+ 1)(2I + 1)).
Detailed balance (swapping c and c0 in U

cc

0) (⌘ time
reversal invariance) gets us

�
c

0
c

g
c

0�2

c

0
=

�
cc

0

g
c

�2

c

(79)

Note, these equations only make sense for di↵erential
cross sections that can actually be integrated. For un-
charged projectiles (n’s and �’s) these equations make
sense. For e.g. protons, one cannot integrate the elastic
di↵erential cross section d�/d⌦ over angles because of the
Coulomb singularity. In those cases, one must use di↵er-
ential cross sections given below in the section of angular
distributions.

B. Integrals of the cross section

Several integral quantities are easy to measure and thus
are useful for data comparison and testing:

• Resonance integrals (RI):

RI =

Z 1

Ec

�(E)dE/E (80)

Here the lower cut-o↵ is usually taken to be the
Cadmium cut-o↵ energy of E

c

= 0.5 eV (see S.
Mughabghab, Atlas of Neutron Resonances). If the
covariance is provided, the uncertainty on the res-
onance integral will be computed.

• Maxwellian averaged cross section (MACS):

MACS(kT ) =
2p
⇡

m2

(kT )2

Z 1

0

dEE�(E)e�mE/kT

(81)

E is the incident neutron energy in the lab frame
and m = m

2

/(m
1

+m
2

)
• Wescott G-factor:
is the ratio of Maxwellian averaged cross section (at
room temparature) and the room temperature cross
section. Should be pretty close to 1 if cross section
goes like 1/v.

C. Angular distributions for two-particle out
channels

The Blatt-Beidenharn to construct the d�
c

/d⌦ for the
(usu.) elastic channel [8]. Is valid for any two-body sys-
tem in the center-of-momentum (⌘ center of mass usu.).
Spin algebra may only be valid in non-relativistic limit
(HAVE TO CHECK). Although d�

c

/d⌦ can be written
as a Lorenz covariance quantity, we will write the outgo-
ing dependence on angle in the pair center of mass frame
and the incident energy in the laboratory frame.
For spin zero particles, we have

d�
↵,↵

0(E)

d⌦
=

1

k2

1X

L=0

B
L

(↵,↵0;E)P
L

(µ) (82)

and

B
L

(↵,↵0;E) =
1

4

X

`,`

0

(2`+ 1)(2`0 + 1)(``000, L0)2(1� U⇤
`

(E))(1� U
`

0(E)) (83)

Here U
`

is the scattering matrix and only depends on ` because we have spin zero particles.
For particles with arbitrary spin, we have

d�
↵,↵

0(E)

d⌦
=

1

k2(2i+ 1)(2I + 1)

X

s,s

0

1X

L=0

B
L

(↵s,↵0s0;E)P
L

(µ) (84)
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R matrix background

 R matrix theory works for any two particles
 R matrix theory is exact
 R matrix theory is elegant

38

Sunday, December 8, 13



R matrix background

 R matrix theory works for any two particles
 R matrix theory is exact
 R matrix theory is elegant
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The original developers of 
ENDF should be tried for 
crimes against humanity for 
what they did to the R matrix
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Reiterating what we need for a 
channel

<resonances> (only 2 body)
 reaction designator
 kinematics type
 relativistic/non-relativistic flag
 ENDF MT (if appropriate)
 s, l, J, ∏ 
 other user-definable quantum numbers (e.g. K)
 boundary parameter Bc

 channel radius information
 sign of reduced width
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RRR

 ENDF gives a lot of possible approximations and 
modifications to the R matrix; not all of these are faithful to 
R matrix theory

 ENDF provides a lot of tricks to help repair damage bad 
approximations cause

 ENDF also doesn’t store        ; it stores
Should we store the partial widths?

 We will need to grandfather in all of the ENDF 
approximations, no matter how bad they are.

 We will need to grandfather in all the ENDF tricks to fix 
the ENDF approximations, no matter how bad they are.
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H Resonances III THE TOP LEVEL: ONE EVALUATION

R matrix formalism can support any two-body final
state.

R:3 Expanded channel capabilities:

R:3.a Configurable ignored or collapsed channels
(like � ones in Reich-Moore approximation)

R:3.b Configurable channels to denote whether cor-
responds to actual two-particle final state or
e↵ective one (as in fission or competitive chan-
nels). Only two-body channels can be used to
compute angular distributions; need to be able
to flag “e↵ective” channels

R:3.c Channel points to or has a unique reaction
string

R:3.d If channel not in reaction list, specify particles
out, Q, etc.; particles in particle database so
have spin, parity, energy, mass, charge, etc

R:3.e List s of each resonance (resolves and ENDF
ambiguity).

R:3.f List K, if appropriate (esp. for deformed nu-
clei).

R:3.g User-definable (possibly fake) quantum num-
bers, e.g. fission mode. Must define whether
combine using angular momentum adding
rules (for BB) or incoherently.

R:3.h Boundary parameter

R:3.i channel radius vs true channel radius

R:3.j Decay-out probabilities (to accommodate
(n, �f) channels?)

R:3.k sign of reduced width

R:4 A resolved resonance region

R:5 Optionally an unresolved resonance region

discussion point The channel wish list is very big.
Would it make more sense to completely separate it from
the channel concept of the <reaction> element?

To understand the hierarchy of resonance data, it is
helpful to understand a little about R matrix theory. In
it, we divide the universe into the inside of a box and
the outside of the box. Inside the box is the reaction
zone, where all the interesting nuclear (or other) reaction
business occurs (see Figure 10). We have little chance
of modeling what goes on the box correctly without a
lot of work. Outside the box we write all incoming and
outgoing relative two-body scattering states in a basis
of analytic wave functions, usually taken to be free ones.
We then match wave functions on the box boundary. This
matching is done in a clever way involving Bloch surface
operators on the box boundary and from this we arrive
at a Green’s function of the projected Bloch-Schödingier
equation, also known as the R matrix:

Rcc0 =
X
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��c��c0

E� � E
(1)
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FIG. 10. A cartoon representation of R matrix theory. We
first divide the universe into inside a box and out. Inside the
box is the reaction zone, that we have little chance of modeling
correctly without a lot of work. Outside the box we write all
incoming and outgoing relative two-body scattering states in
a basis of analytic wave functions, usually taken to be free
ones. We then match wave functions on the box boundary.

These factors ��c are the reduced widths of the channel
c, E� becomes the resonance energy (it is a pole in the
Laurent series expansion of the Green’s function) and � is
the resonance (pole) index. The channel index c contains
all the quantum numbers needed to describe the outgoing
two-particle state and all of those quantum numbers are
described in the <channel> element markup above.

discussion point Putting the R matrix itself in the
format is silly because we’d be replacing a set of reso-
nance parameters with basically a reconstructed version
(see Eq. (1)), but packed in an complicated and not very
usable fashion. If you want a reconstructed version, use
point-wise cross section tables.

discussion point Kapur-Peiers and/or Wigner-
Eisenbud? Both approaches use di↵erent boundary
parameters Bc. They are mathematically equivalent,
but the RRR approximations in ENDF all use Wigner-
Eisenbud formulation.

With the R matrix, it is possible to compute exactly
the channel-channel scattering matrix Ucc0 :

Ucc0 =e�i('c+'c0 )
p

Pc

p

Pc0

⇥ {[1�R(L�B)]�1[1�R(L⇤ �B)]}cc0
(2)

where The logarithmic derivatives of the outgoing chan-
nel function are

Lc ⌘ ac
O0

c(ac)

Oc(ac)
=



rc
@ lnOc

@rc

�

rc=ac

(3)

and we write

Lc = Sc + iPc. (4)
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H Resonances III THE TOP LEVEL: ONE EVALUATION

The penetration factor is Pc = <Lc and the shift factor
is Sc = =Lc. Both take their names from their function
in the simple complex square well scattering model. 'c

is the phase factor

'c ⌘ argOc(ac) = arctan
=Oc(ac)

<Oc(ac)
(5)

The constant Bc is the so-called “boundary parameter”
which must be specified to correctly compute the scatter-
ing matrix, but is not always clearly given.

With the scattering matrix, one can compute the chan-
nel cross sections, the total cross section, and all angular
distributions. This is detailed in several places including
[4–7]. Given the mathematical completeness of the the-
ory, it is no surprise that we mostly just view the R matrix
parameters as simple fit parameters and then essentially
get all of this for free.

discussion point We comment that the R matrix
approach works for any two-body reaction, relativistic or
not, as long as the incoming and outgoing relative states
can be clearly defined. In the nuclear data community we
often forget this fact and so lose the ability to represent
our charged particle data in an R matrix inspired form,
reducing the quality and scope of data available to several
communities who need it:

• Inertial Confinement Fusion community needs all
sorts of charged particle incident data

• Astrophysical community needs the (p, �) reaction
among many others

• For Nuclear Resonance Fluorescence, need to sup-
port (�, �0) data

• Primary gammas are a complete mess. How do
we handle these? ENDF approach is a kludge. A
multi-step R matrix approach could handle it.

1. Resolved Resonances

The ENDF format supports several di↵erent approx-
imations to the full R matrix theory. It also supports
background cross sections to add into the reconstructed
resonances and a background R matrix to build in cor-
rectly the e↵ects of distant resonances (replacing Rcc0 !
Rcc0 + Rback

c �cc0). In ENDF, what is stored is the reso-
nance energy and the resonances widths ��c = 2Pc�

2

�c.
discussion point Option to store width amplitudes

��c instead of widths. No sign confusions, they are not
energy dependent and they do not vanish at threshold.
(Thank you Fröhner for this suggestion). Means we’d
need to have an excellent grasp on what the penetrabil-
ities really mean for � (we know what they are for neu-
trons and charged particle channels). We’ll still need ��c

for fission and competitive channels too since there is no
notion of penetrability in those cases. We’d also need to
know the relativistic version of the penetrabilities too.

discussion point Channel major arrangement or
maintain resonance major arrangement? What I mean
is, are the rows in the “table” mean one row/resonance
with all the channels as columns as in ENDF? Or do we
switch to having a list of channels at the top with a list
of resonances associated with each channel? Either way
the matrix ��c is sparse.

resolved resonance region requirements

R:1 NLS-like thing (tells the number of spin-groups) to
get potential scattering correct

R:2 LRF=7 like with KLRF style flag to denote approx-
imation. Supported approximations should include:

R:2.a Pure potential scattering with either
hard sphere or tabulated energy and/or
`-dependent scattering radius, (cs, ang dist)

R:2.b SLBW, 1 resonance (cs, ang dist)

R:2.c SLBW, ENDF style (cs only) – U not calcula-
ble

R:2.d MLBW, (cs, ang dist)

R:2.e MLBW, ENDF style (cs, ang dist) – use U for
angular distributions only

R:2.f Reich-Moore (cs, ang dist)

R:2.g Reich-Moore, ENDF style (cs, ang dist) – use
U for angular distributions only

R:2.h Full R matrix (cs, ang dist)

R:3 Options to calculate or tabulate various parameters

R:3.a shift

R:3.b penetrability

R:3.c hard-sphere scattering radius

R:4 The boundary parameter (to eliminate guess work)
unless given in the channel

R:5 All background R matrix options KBK of ENDF. The
ENDF manual lists several approaches:

R:5.a KBK=0 Dummy resonances

R:5.b KBK=1 Tabulated complex function of energy

R:5.c KBK=2 Fröhner’s parameterization

R:5.d KBK=3 Tabulated phase shifts

R:6 Other background cross sections:

R:6.a Use a set of fake resonances (with Er<0), need
a flag

R:6.b Not given for (n,tot), but associated with the
actual reaction it is getting added.

R:6.c They should be kept with the RR, not the high
energy file so that the association is explicit.

R:6.d basically like fast region cross section data ta-
bles

15
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RRR
 The RRR doesn’t need a complicated format, but it 

needs a complete one.  All we need is a <table>:

 Must also store 
• background corrections to R matrix
• background kludges to cross sections
• approximation flags
• overridden values of scattering radius, penetrability, shift, ...
• outgoing distributions if not calculable from RR parameters?

42

Eλ Γλtot Γλc0 Γλc1 Γλc2 ...
eV eV eV eV meV ...

1.23 9.433 0 2.33E-03 7.1 ...
1.46 4.833 0 2.33E-03 4.6 ...
3.45 1.78 1.78 0 0 ...
... ... ... ... ...
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URR

 We don’t know the resonances (they are unresolved)
 We assume 

• the resonance energies are distributed according to random matrix 
theory

• the widths of the resonances are distributed with chi2 distributions

 ENDF further assumes the resonances were given in 
SLBW

 With these assumptions, can compute
• average cross sections
• probability distributions for cross sections, e.g. P(σ|E) using NJOY’s 

PURR module

43
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URR

 Need: degree of freedom for each channel
 Need: table with:

• incident energy
• average level spacing
• average width for each channel

 Need interpolation scheme for average parameters 
 Should we also put a flag for the approximation (to 

allow other than SLBW)?
 Should we provide a spot for PURR probability 

distributions?

44
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Outline (roughly)

HOUR 1
 Goals, use cases, etc.
 Preliminaries

• low-level containers
• designators
• documentation

 The Top: <evaluation>
• <reactions>

- special two-body
- plain old reactions

• <resonances>

 The Other Top: 
<setOfCovariance>

HOUR 2
 <metaEvaluation>
 Special cases:

• Atomic data
• Fission
• Fission Product Yields
• Large Angle Coulomb 

Scattering
• Particle production
• Thermal Scattering Law

 Odds-n-ends
 Thanks & Blame

45
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The Other Top Level: 
<setOfCovariances>

 Covariances can be big
 They can encode correlations 

across material, reaction, 
observable

However

 They are just matrices
 You just have to know how to 

pack them
 <setOfCovariances> is easy 

way to group them
46

+
+

= 1
= 1 or 0

= Any 
num.
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View covariances using block matrix 
construction

47

-covarianceSuite
 -section 0
  -data
 -section 1
   -data
 -section 2
  -data
 ...

Pu239
(n,elastic)  (n,gamma)  (n,f)        ...

(n,elastic)    (n,gam
m

a)    (n,f)     ...

A section could also 
represent a sum over 

several reactions
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Blocks of a covariance have to be 
associated with the data in the <form> 
elements

 Why?
• <form>s have the data
• <covariance> are the covariance on the data

48

-reactionSuite
 -reaction 0
  -crossSection
 -reaction 1
  -crossSection
 ...

-covarianceSuite
 -section 0
  -data
 -section 1
  -data
 ...

single
reaction

cross
term
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covariance

 Need <row> to describe the <form>↔<covariance> 
mapping

 If cross-correlation, need <column> too
 The matrix itself is in <matrixData>

49

+
+

= 1
= 1 or 0

= Any num.
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matrixData

 For cross-correlations, 
need two sensitivity 
matrices

50

+
+

= 1
= 1 or 0

= Any 
num.

H Resonances IV THE OTHER TOP LEVEL: ONE COLLECTION OF COVARIANCES

R:6.g Again with the scattering radius, but this time
with a flag to denote when to use it (ENDFs
NAP+NRO flags)

discussion point tricky things: (*,gf), reactions
through class II states

2. Unresolved Resonances

Averaged version of R-matrix motivated pa-
rameterization R-matrix approximation flag

unresolved resonance region requirements

R:1 URR-SLBW (ave cs only) – U calculable, but use-
less

R:2 URR, what else?

R:3 PURR: spot for P (�x|E) for all x 2 [�, el, tot, f ]
reactions

3. How to use the RRR markup for special circumstances

For just a scattering radius: there is no special markup,
just use the RR scheme, but dont have any resonances
and set NLS to 0. Specify the scattering radius.
For Potential Scattering: dont have special markup,

just use RR scheme, but dont add resonances or make
NLS >> number of specified resonances. Either way, set
NLS.

IV. THE OTHER TOP LEVEL: ONE
COLLECTION OF COVARIANCES

ENDF way too complex
Should be one (“simple”) format to rule them all (note

this also relates to the work of the ‘data containers’ group,
since they are designing the matrix container. Do you
have recommendations to make for them?)
How do our users actually use the covariances? MC

UQ? Deterministic codes can propagate covariances ana-
lytically

discussion point keep them separate, but associ-
ated

A. Covariance Definitions

Always refers to a multivariate PDF, so specify whether
is Normal or Log-Normal [3]
measurement xi. expectation value is hxii =

R

dxiPDF (xi)xi and is stored in the ENDF file. the un-
certainty is �xi. assumes normal (or log-normal) PDF

• covariance: covxij = (�2x)ij =
R

dxidxjPDF (xi, xj)(xi � hxii)(xj � hxji) =
hxixji � hxii hxji

FIG. 10.

• variance: varxij = covxii�ij = (�xi)2�ij

• uncertainty: uncxi =
p
varxii = �xi

• correlation: corrxij = covxij/uncxiuncxj =
covxij/�xi�xj

• relative covariance: rcovxij = covxij/ hxii hxji

Covariance is a real, symmetric, positive N⇥N matrix
May be sparse or dense or even (band) diagonal

B. The “Sandwich Formula”

If ~f(~x), sensij = @fi(h~xi)/@xj is the sensitivity matrix.
Assuming that

fi(~x) ⇡ fi(h~xi) +
X

j

@fi(h~xi)
@xj

(xj � hxji) (6)

is a good approximation to the variation of ~f(~x) around
h~xi, we can evaluate the covariance of f using the “sand-
wich formula”:

covfij =
X

i0j0

sensii0covxi0j0sensj0j (7)

The “sandwich formula” can be reframed in terms of the
relative covariance

rcovfij =
X

i0j0

rsensii0rcovxi0j0rsensj0j (8)
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since they are designing the matrix container. Do you
have recommendations to make for them?)
How do our users actually use the covariances? MC

UQ? Deterministic codes can propagate covariances ana-
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discussion point keep them separate, but associ-
ated

A. Covariance Definitions

Always refers to a multivariate PDF, so specify whether
is Normal or Log-Normal [3]
measurement xi. expectation value is hxii =

R

dxiPDF (xi)xi and is stored in the ENDF file. the un-
certainty is �xi. assumes normal (or log-normal) PDF

• covariance: covxij = (�2x)ij =
R

dxidxjPDF (xi, xj)(xi � hxii)(xj � hxji) =
hxixji � hxii hxji
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• variance: varxij = covxii�ij = (�xi)2�ij

• uncertainty: uncxi =
p
varxii = �xi

• correlation: corrxij = covxij/uncxiuncxj =
covxij/�xi�xj

• relative covariance: rcovxij = covxij/ hxii hxji

Covariance is a real, symmetric, positive N⇥N matrix
May be sparse or dense or even (band) diagonal

B. The “Sandwich Formula”

If ~f(~x), sensij = @fi(h~xi)/@xj is the sensitivity matrix.
Assuming that

fi(~x) ⇡ fi(h~xi) +
X

j

@fi(h~xi)
@xj

(xj � hxji) (6)

is a good approximation to the variation of ~f(~x) around
h~xi, we can evaluate the covariance of f using the “sand-
wich formula”:

covfij =
X

i0j0

sensii0covxi0j0sensj0j (7)

The “sandwich formula” can be reframed in terms of the
relative covariance

rcovfij =
X

i0j0

rsensii0rcovxi0j0rsensj0j (8)
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 We understand <matrix>, but 
what is a <matrixSandwich>?

 It is just sandwich rule for 
propagating covariance:
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sensitivity

 Sensitivity can be given by equation (e.g. RRR)
 Or can be a matrix
 <row> links to data form
 <column> links to parameter covariance
 Both row and column must be specified

51

+
+

= 1
= 1 or 0

= Any num.
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Outline (roughly)

HOUR 1
 Goals, use cases, etc.
 Preliminaries

• low-level containers
• designators
• documentation

 The Top: <evaluation>
• <reactions>

- special two-body
- plain old reactions

• <resonances>

 The Other Top: 
<setOfCovariance>

HOUR 2
 <metaEvaluation>
 Special cases:

• Atomic data
• Fission
• Fission Product Yields
• Large Angle Coulomb 

Scattering
• Particle production
• Thermal Scattering Law

 Odds-n-ends
 Thanks & Blame

52
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Gluing together evaluations: 
<metaEvaluation>

 An xsdir-like facility is used by many institutions to glue 
together evaluations
• In LANL's MCNP code system, the xsdir file allows one to connect the thermal 

neutron scattering data with the neutron nuclear reaction data and even various high 
energy models such as CEM.  

• The LLNL transport codes AMTRAN and Mercury both allow one to define target 
macros to describe the material in a zone.  

• AECL, there is another, similar, facility to connect thermal neutron scattering data at 
different temperatures and even different phases of the target material.   

 There are other uses for connecting evaluations:
• Defining elemental evaluations
• Grouping data on same target, but heated to different temperatures
• Defining generic fission fragments through  a weighted average of fission fragment 

evaluations
• Putting together the parts of a TSL evaluation at fixed temperature, but including all 

the scatterers.
• ...

53
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Once we allow very energetic 
projectiles, we need to consider 
model-switching 

54

 6 

[5], simulations of neutrons colliding with hydrogen can use the ACE "lwtr.10t" data from 1E-5 to 
4 eV, the ACE "1001.70c" data from 4 eV to 150 MeV, the CEM event generator from 150 to 800 
MeV, and the FLUKA event generator at energies above 800 MeV. A structure that groups data 
by energy range could help clarify how the data will be used. An example of this type of 
organization is seen in figure 2. 

 
Figure 2 shows another possible hierarchy for organizing nuclear data. Here the data are grouped first 
by energy range and then by reaction channel, etc. This structure might better reflect how the data are 
used by simulation codes, where different models are used in different incident energy regimes. 

Organizing the hierarchy to reflect nuclear reaction physics should help improve data quality and 
consistency. For example, when the elastic cross section and angular data are separated in 
ENDF-6 format into MF3 and MF4, it is easy to update the cross section (MF3) and forget to 
simultaneously update the angular data (MF4) to be consistent. This may lead to problems, as 
recent studies have shown the importance of emission distributions, particularly for elastic and 
inelastic reactions. 

Organizing the hierarchy also offers the opportunity to store and use data at a level best suited to 
a given application. For example, models of the Prompt Fission Neutron Spectrum often can 
provide estimates of nubar, and both should be collocated in the same fission reaction hierarchy. 
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Think about water from a neutron’s 
perspective

55

Dissociated 
H & O

Water vapor

Liquid water

Water ice

(use TSL)

(use TSL)

(use TSL)

2 x elemental H

1 x elemental O

1H (99.985%) 2H 
(0.005%)

18O (0.2%)17O 
(0.038%)

16O (99.762%)

T 
(°

K
)

373.3

273.16

E (eV)
10-5 5
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... versus water from an electron’s 
perspective

56

Dissociated 
H & O

Water vapor

Liquid water

Water ice

2 x elemental H

1 x elemental O

T 
(°

K
)

373.3

273.16

E (eV)
10-5 5
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Defining a metaTarget
<metaTarget name=”water” projectile=”n”>

<documentation>...</documentation>

<axes>

<axis index=”0” label=”temperature_bounds” unit=”K” interpolation=”linear,flat” 
length=”4”>

0.0 273.16 373.16 1e9</axis>
<axis index=”1” label=”incident_energy_bounds” unit=”eV” 
interpolation=”linear,flat” length=”3”>

1e-5 5 1e9 </axis>
</axes>

<referredTargets>

<referredTarget index=”0” name=”Water ice” xlink:type="simple" xlink:href=”...” 
axisCoords=”0,0” stoichiometricFraction=”1.0”/>
<referredTarget index=”1” name=”Liquid water” xlink:type="simple" xlink:href=”...” 
axisCoords=”1,0” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”2,0” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”0,1” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”1,1” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”2,1” stoichiometricFraction=”1.0”/>

</referredTargets>

</metaTarget>
57
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Defining a metaTarget
<metaTarget name=”water” projectile=”n”>

<documentation>...</documentation>

<axes>

<axis index=”0” label=”temperature_bounds” unit=”K” interpolation=”linear,flat” 
length=”4”>

0.0 273.16 373.16 1e9</axis>
<axis index=”1” label=”incident_energy_bounds” unit=”eV” 
interpolation=”linear,flat” length=”3”>

1e-5 5 1e9 </axis>
</axes>

<referredTargets>

<referredTarget index=”0” name=”Water ice” xlink:type="simple" xlink:href=”...” 
axisCoords=”0,0” stoichiometricFraction=”1.0”/>
<referredTarget index=”1” name=”Liquid water” xlink:type="simple" xlink:href=”...” 
axisCoords=”1,0” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”2,0” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”0,1” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”1,1” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”2,1” stoichiometricFraction=”1.0”/>

</referredTargets>

</metaTarget>
58

names it and 
defines the valid 
projectile
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Defining a metaTarget
<metaTarget name=”water” projectile=”n”>

<documentation>...</documentation>

<axes>

<axis index=”0” label=”temperature_bounds” unit=”K” interpolation=”linear,flat” 
length=”4”>

0.0 273.16 373.16 1e9</axis>
<axis index=”1” label=”incident_energy_bounds” unit=”eV” 
interpolation=”linear,flat” length=”3”>

1e-5 5 1e9 </axis>
</axes>

<referredTargets>

<referredTarget index=”0” name=”Water ice” xlink:type="simple" xlink:href=”...” 
axisCoords=”0,0” stoichiometricFraction=”1.0”/>
<referredTarget index=”1” name=”Liquid water” xlink:type="simple" xlink:href=”...” 
axisCoords=”1,0” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”2,0” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”0,1” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”1,1” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”2,1” stoichiometricFraction=”1.0”/>

</referredTargets>

</metaTarget>
59

gotta say where we 
got it from
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Defining a metaTarget
<metaTarget name=”water” projectile=”n”>

<documentation>...</documentation>

<axes>

<axis index=”0” label=”temperature_bounds” unit=”K” interpolation=”linear,flat” 
length=”4”>

0.0 273.16 373.16 1e9</axis>
<axis index=”1” label=”incident_energy_bounds” unit=”eV” 
interpolation=”linear,flat” length=”3”>

1e-5 5 1e9 </axis>
</axes>

<referredTargets>

<referredTarget index=”0” name=”Water ice” xlink:type="simple" xlink:href=”...” 
axisCoords=”0,0” stoichiometricFraction=”1.0”/>
<referredTarget index=”1” name=”Liquid water” xlink:type="simple" xlink:href=”...” 
axisCoords=”1,0” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”2,0” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”0,1” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”1,1” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”2,1” stoichiometricFraction=”1.0”/>

</referredTargets>

</metaTarget>
60

defines regions of 
validity of 
metaTarget parts
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Defining a metaTarget
<metaTarget name=”water” projectile=”n”>

<documentation>...</documentation>

<axes>

<axis index=”0” label=”temperature_bounds” unit=”K” interpolation=”linear,flat” 
length=”4”>

0.0 273.16 373.16 1e9</axis>
<axis index=”1” label=”incident_energy_bounds” unit=”eV” 
interpolation=”linear,flat” length=”3”>

1e-5 5 1e9 </axis>
</axes>

<referredTargets>

<referredTarget index=”0” name=”Water ice” xlink:type="simple" xlink:href=”...” 
axisCoords=”0,0” stoichiometricFraction=”1.0”/>
<referredTarget index=”1” name=”Liquid water” xlink:type="simple" xlink:href=”...” 
axisCoords=”1,0” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”2,0” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”0,1” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”1,1” stoichiometricFraction=”1.0”/>
<referredTarget index=”2” name=”Dissociated water” xlink:type="simple" 
xlink:href=”...” axisCoords=”2,1” stoichiometricFraction=”1.0”/>

</referredTargets>

</metaTarget>
61

defines the 
metaTarget parts
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Notes on metaTarget concept
 referredTarget points to a reactionSuite or another 
metaTarget

 stoichiometricFraction tag lets you specify, say, 
chemical or isotopic make-up if multiple 
referredTargets are allowed

 stoichiometricFraction better add up to 1!
 outside of parameter ranges in axis tags, the metaTarget 

does not exist
 metaTarget only valid for listed projectile
 need to make sure every region in axes covered by a 
referredTarget

 metaTargets are often reusable across different libraries 
62

Sunday, December 8, 13



Outline (roughly)

HOUR 1
 Goals, use cases, etc.
 Preliminaries

• low-level containers
• designators
• documentation

 The Top: <evaluation>
• <reactions>

- special two-body
- plain old reactions

• <resonances>

 The Other Top: 
<setOfCovariance>

HOUR 2
 <metaEvaluation>
 Special cases:

• Atomic data
• Fission
• Fission Product Yields
• Large Angle Coulomb 

Scattering
• Particle production
• Thermal Scattering Law

 Odds-n-ends
 Thanks & Blame

63
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Special case: Atomic data

 Includes electromagnetic (electrons & gammas) 
interactions with electronic orbitals of an atom

 Most needs we have already addressed:
• variable yields of electrons and gammas
• binding energies of shells (material database issue)
• tabulated energy transferred to atom (need a special <form> in 

the <distribution>)
 but...

64
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 For (in)coherent photon scattering, it is more efficient and 
appropriate to use parameterized form of two body 
reactions in a <parameterizedTwoBodyReaction>

 Incoherent scattering:

 Coherent scattering:

 Atomic form factors should go in there own special 
<dcrossSection_dOmega> <form>

Special case: Atomic data

65

A Atomic form-factors for photon scattering VI SPECIAL REACTION CASE: ATOMIC SCATTERING DATA

Dissociated 
H & O

Water vapor
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2 x elemental H
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FIG. 17. Gluing together thermal neutron scattering with the
higher energy nuclear reaction data.

ual atom

R:2 subshell binding energy, a float with units of energy
(do we need this? wouldn’t it go in a materials
database?)

R:3 fluorescence yield, a float with units
eV/photoionization

R:4 outgoing photons may optionally use form fac-
tors for coherent and incoherent scattering (see
MF=27), see next subsubsection; if this is given,
but there are no electrons emitted, then one can
skip the cross section since it is given below. Can
this be mix and matched with outgoing electron
data? need correct kinType for channel

R:5 usual outgoing distributions, with

R:5.a should include multiplicity (yields)

R:5.b outgoing electrons or photons may use form
equivalent to LAW=1 (continuum, used for
bremsstrahlung and ionization) (same as
MF=6, LAW=1), or

R:5.c outgoing electrons or photons may use form
equivalent to LAW=2 (two-body elastic)
(same as MF=6, LAW=2), or

R:5.d outgoing electrons or photons may use
form equivalent to LAW=8 (energy trans-
fer for excitation, used for excitation and
bremsstrahlung), described in MF=26; if so
use <interp2d> to tabulate the energy trans-
fer ET (E) for LAW=8

R:6 documentation optional

R:7 covariance links

A. Atomic form-factors for photon scattering

Klein-Nishina
incoherent scattering function

coherent scattering function
anomalous form factor (both real and imaginary parts)
The ENDF system for neutron and photon production

data allows two alternatives for storing angular distri-
bution data. One is by probability per unit cos(✓) vs.
cos(✓), and the other is by Legendre coe�cients. Actu-
ally, neither of these is a ”natural” method for photons.
The natural method would be atomic form factors or in-
coherent scattering functions. These are discussed briefly
below.

1. Incoherent Scattering

The cross section for incoherent scattering is given by:

d�
incoh

(E,E0, µ)

dµ
= S(q;Z)

d�KN (E,E0, µ)

dµ
, (21)

where:

d�i/dµ the Klein-Nishina cross section [12] which can be
written in a closed form.

S(q;Z) the incoherent scattering function. At high momen-
tum transfer (q), S approaches Z. In the other
limit, S(0, Z) = 0.

q the momentum of the recoil electron (in inverse
angstroms).

q = ↵

"

1 +

✓

↵0

↵

◆

2

� 2µ

✓

↵0

↵

◆

#

1/2

(22)

↵ = E�/m0

c2,

E0

� = scattered photon energy,

µ = cos✓.

The angular distribution can then easily be calculated.
Values of S(q;Z) are tabulated as a function of q in
File 27. The user presumably will have subroutines avail-
able for calculating q for energies and angles of interest
and for calculating Klein-Nishina cross sections. The user
will then generate the cross sections for the appropriate
cases by calculating q’s, looking up the appropriate values
of S, and substituting them in the above formula.

2. Coherent Scattering

The coherent scattering cross section is given by:

d�
coh

(E,E0, µ)

dµ
= ⇡r2

0

�

1 + µ2

�

n

[F (q;Z) + F 0(E)]
2

+ F 00(E)2
o

,

(23)

where:
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FIG. 17. Gluing together thermal neutron scattering with the
higher energy nuclear reaction data.

ual atom

R:2 subshell binding energy, a float with units of energy
(do we need this? wouldn’t it go in a materials
database?)

R:3 fluorescence yield, a float with units
eV/photoionization

R:4 outgoing photons may optionally use form fac-
tors for coherent and incoherent scattering (see
MF=27), see next subsubsection; if this is given,
but there are no electrons emitted, then one can
skip the cross section since it is given below. Can
this be mix and matched with outgoing electron
data? need correct kinType for channel

R:5 usual outgoing distributions, with

R:5.a should include multiplicity (yields)

R:5.b outgoing electrons or photons may use form
equivalent to LAW=1 (continuum, used for
bremsstrahlung and ionization) (same as
MF=6, LAW=1), or

R:5.c outgoing electrons or photons may use form
equivalent to LAW=2 (two-body elastic)
(same as MF=6, LAW=2), or

R:5.d outgoing electrons or photons may use
form equivalent to LAW=8 (energy trans-
fer for excitation, used for excitation and
bremsstrahlung), described in MF=26; if so
use <interp2d> to tabulate the energy trans-
fer ET (E) for LAW=8

R:6 documentation optional

R:7 covariance links

A. Atomic form-factors for photon scattering

Klein-Nishina
incoherent scattering function

coherent scattering function
anomalous form factor (both real and imaginary parts)
The ENDF system for neutron and photon production

data allows two alternatives for storing angular distri-
bution data. One is by probability per unit cos(✓) vs.
cos(✓), and the other is by Legendre coe�cients. Actu-
ally, neither of these is a ”natural” method for photons.
The natural method would be atomic form factors or in-
coherent scattering functions. These are discussed briefly
below.

1. Incoherent Scattering

The cross section for incoherent scattering is given by:

d�
incoh

(E,E0, µ)

dµ
= S(q;Z)

d�KN (E,E0, µ)

dµ
, (21)

where:

d�i/dµ the Klein-Nishina cross section [12] which can be
written in a closed form.

S(q;Z) the incoherent scattering function. At high momen-
tum transfer (q), S approaches Z. In the other
limit, S(0, Z) = 0.

q the momentum of the recoil electron (in inverse
angstroms).

q = ↵

"
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↵ = E�/m0

c2,

E0

� = scattered photon energy,

µ = cos✓.

The angular distribution can then easily be calculated.
Values of S(q;Z) are tabulated as a function of q in
File 27. The user presumably will have subroutines avail-
able for calculating q for energies and angles of interest
and for calculating Klein-Nishina cross sections. The user
will then generate the cross sections for the appropriate
cases by calculating q’s, looking up the appropriate values
of S, and substituting them in the above formula.

2. Coherent Scattering

The coherent scattering cross section is given by:

d�
coh

(E,E0, µ)

dµ
= ⇡r2

0
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[F (q;Z) + F 0(E)]
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where:
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Special case: Fission

 Allow reaction aliases “total_fission'”, 
“1st_chance_fission”, 
“2nd_chance_fission”, etc.  Probably 
reaction designator annotations can 
help with this.

 Allow fission to be broken out by 
chance, but ensure sum rules obeyed.

 Allow FPY data
 Allow prompt, delayed and total 

nubar.  Ensure sum rules obeyed.
 Allow PFNS using tables or Madland-

Nix model
 Allow P(nu) data 

 Break out delayed data by time group 
and put each group's delayed nubar 
with the groups DFNS and time 
constant

 Allow the emission of neutrons, 
gammas, fission fragments (FF), 
electrons, neutrinos

 Allow all ejected particles to have 
variable multiplicities and energy-
angle spectra

 Allow for semi-derived data such as 
energy release broken out into 
components

66

 In my mind, this is a regular channel, even though in reality it is a 
large collection of channels leading to an even larger number of 
decay products.

 We have all the parts in the top level to support it, but there are 
things we can do to make life easier:
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Special case: Fission Product Yield

 Held discussions with R. Mills at last WPEC-SG37 meeting 
in Paris

 Results presented to the SG and was well received

 That talk now follows

67
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Brainstorming GND Markup 
for Fission Product Yields

David Brown
NNDC, Brookhaven National Laboratory
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The Generalized Nuclear Data (GND) 
format is a possible replacement for 
the ENDF format
 Under active development under auspices of WPEC/

SG-38

 Lead by D. McNabb, outgrowth of earlier LLNL (US) 
project

 Initial focus was neutron and charged particle 
transport data

 Now looking to other ENDF format/data, in particular, 
FPY formats

69
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Fission Product Yield tables give the 
number of nuclides of a given type, 
post-fission
 Independent Fission Product Yields (IFPY)

These are the fragments immediately after fission and de-
excitation from prompt neutron and gamma emission

 Cumulative Fission Product Yields (CFPY)
These are the fragments after they are allowed to undergo 
all (beta and other) decays

 If you think about it, if you know all possible decays of all 
fission products, you can construct a matrix that relates the 
IFPY and CFPY.
• Both A. Sonzogni and R. Mills have codes that can compute this 

matrix from the decay sublibrary
• Implies only one of IFPY and CFPY needed

70
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There are two MT’s in ENDF that use 
the same FPY format.  MT=454 is IFPY 
and MY=459 is CFPY.

71

8.3. FISSION PRODUCT YIELD DATA
(MT=454, MT=459)

Cn(Ei) Array of yield data for the ith energy point. This array contains NFP sets
of four parameters in the order ZAFP, FPS, YI, and DYI in MT=454 and
ZAFP, FPS, YC, and DYC in MT=459.

NN Number of items in the Cn(Ei) array, equal to 4*NFP.

Ei Incident particle energy of the ith point (eV).

LE Test to determine whether energy-dependent fission product yields given:

LE=0 implies no energy-dependence (only one set of fission product
yield data given);

LE>0 indicates that (LE+1) sets of fission product yield data are
given at (LE+1) incident particle energies.

Ii Interpolation scheme (see paragraph on Two-dimensional Interpolation
Schemes in Section 0.5.2) to be used between the Ei−1 and Ei energy points.

8.3.1 Formats

The structure of a section always starts with a HEAD record and ends with a SEND record.
Sets of fission product yield data are given for one or more incident energies. The sets are
ordered by increasing incident energy. For a particular energy the data are presented by
giving four parameters (ZAFP, FPS, YI, and DYI in MT=454 and ZAFP, FPS, YC, and
DYC in MT 459) for each fission product state. The data are first ordered by increasing
values of ZAFP. If more than one yield is given for the same (Z,A) the data are ordered by
increasing value of the state designator (FPS). The structure for a section is:

[MAT, 8, MT/ ZA, AWR, LE+1, 0, 0, 0]HEAD
[MAT, 8, MT/ E1, 0.0, LE, 0, NN, NFP/ Cn(E1) ]LIST
[MAT, 8, MT/ E2, 0.0, I, 0, NN, NFP/ Cn(E2) ]LIST
[MAT, 8, MT/ E3, 0.0, I, 0, NN, NFP/ Cn(E3) ]LIST

-------------------------
[MAT, 8, 0 /0.0, 0.0, 0, 0, 0, 0]SEND

where MT=454 for independent yield data, and MT=459 for cumulative yield data. There
are (LE+1) LIST records.

8.3.2 Procedures

The data sets for fission product yields should be given over the same energy range as that
used in Files 2 and/or File 3 for the fission cross section. The yields are given as a fractional
value at each energy, and the independent yields (ignoring light charged particle yields) will
sum to 2.0.

160

fudge/legacy/converting/endfFileToGND.py 
has readMF8 function
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This is what the ENDF parameters 
mean (part 1)

72

8.3. FISSION PRODUCT YIELD DATA
(MT=454, MT=459)

LMF=9 implies that the production cross section is the product of the cross section
in File 3 and the multiplicity in File 9.

LMF=10 implies that the production cross section is given explicitly in File 10 (in
barns).

8.3 Fission Product Yield Data
(MT=454, MT=459)

MT numbers 454 and 459 specify the energy-dependent fission product yield data for each
incident particle or photon. These MT numbers can also be used to identify yields for spon-
taneous fission. A complete set of fission product yield data is given for a particular incident
particle energy. Data sets should be given at sufficient incident energies to completely specify
yield data for the energy range given for the fission cross section (as determined from Files 2
or 3). These data are given by specifying fission product identifiers and fission product
yields.

MT=454 is used for independent yields (YI), and MT=459 is used for cumulative yields
(YC). The formats for MT=454 and MT=459 are identical. Independent yields (YI) are
direct yields per fission prior to delayed neutron, beta, etc., decay. The sum of all indepen-
dent yields is 2.0 for any particular incident particle energy, when light charged particles are
ignored (e.g. 1H, 2H, 3H, 3He and 4He). Cumulative yields (YC) are specified for the same
set of fission products. These account for all decay branches, including delayed neutrons.

The fission products are specified by giving an excited state designation (FPS) and a
(charge, mass) identifier (ZAFP). Thus, fission product nuclides are given, not mass chains.
More than one (Z,A) may be used to represent the yields for a particular mass chain.

The following quantities are defined

NFP Number of fission product nuclide states to be specified at each incident
energy point (this is actually the number of sets of fission product identifiers
fission product yields). (NFP≤ 2500).

ZAFP (Z,A) identifier for a particular fission product. (ZAFP = (1000Z + A)).

FPS State designator (floating-point number) for the fission product nuclide (FPS
= 0.0 means the ground state, FPS=1.0 means the first excited state, etc.)

YI (MT=454), independent yield for a particular fission product prior to particle
decay.

DYI (MT=454) 1σ uncertainty in YI.

YC (MT=459) cumulative yield.

DYC (MT=459) 1σ uncertainty in YC.

159
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This is what the ENDF parameters 
mean (part 2)
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8.3. FISSION PRODUCT YIELD DATA
(MT=454, MT=459)

Cn(Ei) Array of yield data for the ith energy point. This array contains NFP sets
of four parameters in the order ZAFP, FPS, YI, and DYI in MT=454 and
ZAFP, FPS, YC, and DYC in MT=459.

NN Number of items in the Cn(Ei) array, equal to 4*NFP.

Ei Incident particle energy of the ith point (eV).

LE Test to determine whether energy-dependent fission product yields given:

LE=0 implies no energy-dependence (only one set of fission product
yield data given);

LE>0 indicates that (LE+1) sets of fission product yield data are
given at (LE+1) incident particle energies.

Ii Interpolation scheme (see paragraph on Two-dimensional Interpolation
Schemes in Section 0.5.2) to be used between the Ei−1 and Ei energy points.

8.3.1 Formats

The structure of a section always starts with a HEAD record and ends with a SEND record.
Sets of fission product yield data are given for one or more incident energies. The sets are
ordered by increasing incident energy. For a particular energy the data are presented by
giving four parameters (ZAFP, FPS, YI, and DYI in MT=454 and ZAFP, FPS, YC, and
DYC in MT 459) for each fission product state. The data are first ordered by increasing
values of ZAFP. If more than one yield is given for the same (Z,A) the data are ordered by
increasing value of the state designator (FPS). The structure for a section is:

[MAT, 8, MT/ ZA, AWR, LE+1, 0, 0, 0]HEAD
[MAT, 8, MT/ E1, 0.0, LE, 0, NN, NFP/ Cn(E1) ]LIST
[MAT, 8, MT/ E2, 0.0, I, 0, NN, NFP/ Cn(E2) ]LIST
[MAT, 8, MT/ E3, 0.0, I, 0, NN, NFP/ Cn(E3) ]LIST

-------------------------
[MAT, 8, 0 /0.0, 0.0, 0, 0, 0, 0]SEND

where MT=454 for independent yield data, and MT=459 for cumulative yield data. There
are (LE+1) LIST records.

8.3.2 Procedures

The data sets for fission product yields should be given over the same energy range as that
used in Files 2 and/or File 3 for the fission cross section. The yields are given as a fractional
value at each energy, and the independent yields (ignoring light charged particle yields) will
sum to 2.0.

160

Sunday, December 8, 13



Where can we put this and how?

 Both IFPY and CFPY are reaction data.  
They should be part of a <reactionSuite> in the fission <reaction>.

 Do we need to store the matrix? 
Currently no easy way to tell if IFPY and CFPY are internally consistent.  

 How do we store dY? 
IFPY and CFPY both have Y and dY.   GND currently doesn’t have a 
provision for uncertainties along side the data.

 What about full covariances?
Neither GND nor ENDF have provisions for them.  In GND it is not hard 
to make a spot for them.  Is there test data to use?

74
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GND version should be part of the 
total fission <reaction>, even if rest of 
reaction unpopulated with data

75
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GND version should be part of the 
total fission <reaction>, even if rest of 
reaction unpopulated with data

76

From ENDFProposed
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In ENDF, both Y and dY stored, can we 
do that in an XY?  Can we put multiple 
<data>’s in a <linear> block?

77
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The optional matrix that couples the 
IFPY and the CFPY can be stored here 
too

78

Is this the 
best way?

Should this be 
energy dependent?
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On the issue of covariances...
 For the individual yields 

• It makes sense to have covariance for either IFPY or CFPY, then 
derive other

• Simple covariance format can be created using existing GND 
covariance markup

 Cross nuclide covariances
• Simple covariance format can also be created using existing GND 

covariance markup
 Covariance on conversion matrix?

• Requires better covariances on data in decay sublibrary
• If care about nuclei after heat death of universe, then T1/2’s drop 

out.  In real life, there are long lived isotopes that don’t finish beta 
decaying by the time of the CFPY.  Uncertainty propagation tough 
here since parameter dependence nonlinear.

79
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 Quantum mechanically, charged particle elastic scattering 
is a sum of Coulomb and Nuclear amplitudes:

 The elastic differential cross section is then:

 But, the Coulomb term is divergent:

 This is analytic, so we don’t store it, but...

Special case: Large Angle Coulomb 
Scattering

80

C Detailed FPY format requirements for GNDIX SPECIAL REACTION CASE: LARGE ANGLE COULOMB SCATTERING (LACS)

R:7 Facility to store per isotope/isomer covariance on
yield (�2Yi(E,E0)), identical format for IFPY and
CFPY.

R:8 Facility to store cross-isotope/isomer covariance
(�2Yii0(Ei, Ei0 ;Ei0 , Ei00)), identical format for
IFPY and CFPY. Only IFPYs may be correlated
with IFPYs and CFPYs with CFPYs, the Q-matrix
couples the IFPY and CFPY.

R:9 Facility to store the Q-matrix which connect the
IFPY and CFPY

R:10 Facility to denote which (if any) of IFPY and CFPY
is a derived quantity

discussion point Additionally, we would like to in-
vestigate the possibility of storing the covariance of the
Q-matrix.

D. Discussion of possible implementations

During the WPEC/SG-37 meeting, one “strawman”
format was proposed and in discussion with C. Mattoon
and B. Beck others were discussed. Here we summarize
these discussion and provide pros and cons for each for-
mat. We expect that the format will go through many
iterations as we attempt to meet the above requirements
while maintaining a coherent and (hopefully easy to un-
derstand) structured data format.
Figure 19 shows an example of where fission product

yields could fit in the current GND reaction hierarchy.
As fission products describe the emitted particles of a
fission event, it is logical to place them in the fission
<reaction>s <outgoingChannel> of the corresponding
<reactionSuite>. The collection of all fission product
yield data is collected in a <fissionProductYields> sec-
tion. The FPY section has an optional nativeData at-
tribute that specifies which of the IFPY and CFPY is
the original source distribution. It is unclear where to
put a <fissionProductYields> section for spontaneous
fission because GND does not yet define the top-level tags
when there is no target and projectile.
Within the <fissionProductYields> section, we

imagine an <independentFissionProductYields> sec-
tion for IFPY, a <cumulativeFissionProductYields>
section for CFPY and possibly a
<fissionYieldConversionMatrix> section to store
the Q-matrix. We expect the markup for IFPY and
CFPY be identical, as in the ENDF format. Figures 2
and 3 show two di↵erent possible arrangements for data
in the IFPY and CFPY sections.
Figure 20 shows one option. Here the yield tables use

a modified version of the GND <linear> markup. The
<linear> markup is attractive for several reasons:

• The interpolation rule specification is well devel-
oped.

• Fudge, the main tool for manipulating GND data,
has strong data structures for storing X-Y data,
including linearization, plotting, etc.

• All data for one nuclide is collected together in a
simple, readable way.

The current <linear> markup is a general markup used
to data consisting of X-Y pairs. In our case, we would
like to add dYs as well. The current <linear> markup
also allows for only one <data> tag whereas we imagine
one per nuclide.
Figure 21 show another option for storing FPY. Here

all data is stored in the GND ¡table¿ markup. This
markup is quite general and compact. It can accommo-
date any number of isotopes simply by adding another
column (or pair of columns if dY is included). We would
need to add a provision for specifying an interpolation
rule in energy as this is not already provided by the cur-
rent <table> markup. With this, we would need to add
quite a bit of coding to Fudge in order to generate plots
and manipulate the yield data.
The Q-matrix should be stored in its own section,

here called <fissionYieldConversionMatrix>. GND
already provides a <matrix> markup and it is natural
to store the Q-matrix itself here. However we need to
know how each row/column maps to a yield table. To
solve this, in this example we provide the URL to the
data for each row/column in the IFPY and CFPY ta-
bles. It is unclear at this time if this is the optimal way
of referencing column and row elements and it depends
on the way FPYs are stored in their corresponding data
sections.

IX. SPECIAL REACTION CASE: LARGE
ANGLE COULOMB SCATTERING (LACS)

Quantum mechanically, charged particle elastic scat-
tering is a sum of Coulomb and Nuclear amplitudes:

A = A
Coulomb

+A
nuclear

(25)

The Coulomb piece is analytic and well known. The nu-
clear piece must be evaluated. The cross section for elas-
tic scattering is of course the square of the amplitude so
the di↵erential cross section has three terms:

d�el(E)

d⌦dE0

=
d�

Coulomb

(E)

d⌦dE0

+
d�int(E)

d⌦dE0

+
d�nucl(E)

d⌦dE0

(26)

The last two terms in this equation are traditionally
lumped together in a “nuclear+interference” term.
Whether the target and the projectile are identical or

not, the Coulomb term is very singular:

d�
Coulomb

(E)

d⌦dE0

/ ⌘2

k2(1� µ)2
(27)
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C Detailed FPY format requirements for GNDIX SPECIAL REACTION CASE: LARGE ANGLE COULOMB SCATTERING (LACS)

R:7 Facility to store per isotope/isomer covariance on
yield (�2Yi(E,E0)), identical format for IFPY and
CFPY.

R:8 Facility to store cross-isotope/isomer covariance
(�2Yii0(Ei, Ei0 ;Ei0 , Ei00)), identical format for
IFPY and CFPY. Only IFPYs may be correlated
with IFPYs and CFPYs with CFPYs, the Q-matrix
couples the IFPY and CFPY.

R:9 Facility to store the Q-matrix which connect the
IFPY and CFPY

R:10 Facility to denote which (if any) of IFPY and CFPY
is a derived quantity

discussion point Additionally, we would like to in-
vestigate the possibility of storing the covariance of the
Q-matrix.

D. Discussion of possible implementations

During the WPEC/SG-37 meeting, one “strawman”
format was proposed and in discussion with C. Mattoon
and B. Beck others were discussed. Here we summarize
these discussion and provide pros and cons for each for-
mat. We expect that the format will go through many
iterations as we attempt to meet the above requirements
while maintaining a coherent and (hopefully easy to un-
derstand) structured data format.

Figure 19 shows an example of where fission product
yields could fit in the current GND reaction hierarchy.
As fission products describe the emitted particles of a
fission event, it is logical to place them in the fission
<reaction>s <outgoingChannel> of the corresponding
<reactionSuite>. The collection of all fission product
yield data is collected in a <fissionProductYields> sec-
tion. The FPY section has an optional nativeData at-
tribute that specifies which of the IFPY and CFPY is
the original source distribution. It is unclear where to
put a <fissionProductYields> section for spontaneous
fission because GND does not yet define the top-level tags
when there is no target and projectile.

Within the <fissionProductYields> section, we
imagine an <independentFissionProductYields> sec-
tion for IFPY, a <cumulativeFissionProductYields>
section for CFPY and possibly a
<fissionYieldConversionMatrix> section to store
the Q-matrix. We expect the markup for IFPY and
CFPY be identical, as in the ENDF format. Figures 2
and 3 show two di↵erent possible arrangements for data
in the IFPY and CFPY sections.

Figure 20 shows one option. Here the yield tables use
a modified version of the GND <linear> markup. The
<linear> markup is attractive for several reasons:

• The interpolation rule specification is well devel-
oped.

• Fudge, the main tool for manipulating GND data,
has strong data structures for storing X-Y data,
including linearization, plotting, etc.

• All data for one nuclide is collected together in a
simple, readable way.

The current <linear> markup is a general markup used
to data consisting of X-Y pairs. In our case, we would
like to add dYs as well. The current <linear> markup
also allows for only one <data> tag whereas we imagine
one per nuclide.

Figure 21 show another option for storing FPY. Here
all data is stored in the GND ¡table¿ markup. This
markup is quite general and compact. It can accommo-
date any number of isotopes simply by adding another
column (or pair of columns if dY is included). We would
need to add a provision for specifying an interpolation
rule in energy as this is not already provided by the cur-
rent <table> markup. With this, we would need to add
quite a bit of coding to Fudge in order to generate plots
and manipulate the yield data.

The Q-matrix should be stored in its own section,
here called <fissionYieldConversionMatrix>. GND
already provides a <matrix> markup and it is natural
to store the Q-matrix itself here. However we need to
know how each row/column maps to a yield table. To
solve this, in this example we provide the URL to the
data for each row/column in the IFPY and CFPY ta-
bles. It is unclear at this time if this is the optimal way
of referencing column and row elements and it depends
on the way FPYs are stored in their corresponding data
sections.

IX. SPECIAL REACTION CASE: LARGE
ANGLE COULOMB SCATTERING (LACS)

Quantum mechanically, charged particle elastic scat-
tering is a sum of Coulomb and Nuclear amplitudes:

A = A
Coulomb

+A
nuclear

(25)

The Coulomb piece is analytic and well known. The nu-
clear piece must be evaluated. The cross section for elas-
tic scattering is of course the square of the amplitude so
the di↵erential cross section has three terms:

d�el(E)

d⌦dE0

=
d�

Coulomb

(E)

d⌦dE0

+
d�int(E)

d⌦dE0

+
d�nucl(E)

d⌦dE0

(26)

The last two terms in this equation are traditionally
lumped together in a “nuclear+interference” term.

Whether the target and the projectile are identical or
not, the Coulomb term is very singular:

d�
Coulomb

(E)

d⌦dE0

/ ⌘2

k2(1� µ)2
(27)
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 The interference term carries the square-root of these 
divergences

 Workarounds:
• Start the ``nuclear+interference'' data tables at E>>0 where nuclear 

effects become noticeable.  
• Cut-off the ``nuclear+interference'' term at small angles.  

- At small angles, Coulomb scattering dominates and must be handled in 
particle transport separately with techniques such as condensed history.  

- ENDF data uses 10 degrees as a cut-off (if I remember correctly), but it is not 
documented anywhere I can find.

 Recommend:
• <parameterizedTwoBodyReaction> for LACS data
• <dcrossSection_dOmega> for LACS data
• <form> for ``nuclear+interference'' data
• A spot for the cut-off angle 

Special case: Large Angle Coulomb 
Scattering
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Special case: Particle production

 Basically ENDF’s MT=5
 Above roughly ~20 MeV (for neutrons, higher for charged 

particles), the number of emitted particles explodes.
 We could try to list them all.  Or we could give up and 

assume the emitted particles have an energy dependent 
multiplicity.  

 The facility for both already exist. 
 Would be nice to have a reaction alias e.g. 

“spallation”
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Special case: Thermal Scattering Law

 Neutrons scattering off material with energy low enough 
that their de Broglie wavelength bigger than atomic 
spacing, either coherently or incoherently scatter off 
surface

 3 Cases: 
• coherent elastic (off ordered substances)
• incoherent elastic (hydrogenous solids)
• incoherent inelastic (famous Sαβ data)

 In all cases parameterized form of dσ/dΩ, so use
• <parameterizedTwoBodyReaction> and 
<dcrossSection_dOmega>

• Parameterizations for elastic cases in ENDF manual
• Parameterization for inelastic case sort of in ENDF manual
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Special case: Thermal Scattering Law

 Requested to support covariance data in TSL
 For elastic, tables small and can be handled with <link> 

from <form> to <covariance>
 For inelastic, Sαβ table is 3d object, covariance would be 

immense
 In practice, generate Sαβ using photon spectrum  ρ(ω) of 

material and structure factor S(q) in NJOY’s LEAPR 
module
• Both ρ(ω)  and S(q) are 2d tables that can have covariance
• Would need to “encode” LEAPR somehow
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Outline (roughly)

HOUR 1
 Goals, use cases, etc.
 Preliminaries

• low-level containers
• designators
• documentation

 The Top: <evaluation>
• <reactions>

- special two-body
- plain old reactions

• <resonances>

 The Other Top: 
<setOfCovariance>

HOUR 2
 <metaEvaluation>
 Special cases:

• Atomic data
• Fission
• Fission Product Yields
• Large Angle Coulomb 

Scattering
• Particle production
• Thermal Scattering Law

 Odds-n-ends
 Thanks & Blame
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Odds-n-ends

 Derived data for transport
• Transfer matrices
• Average energy release (or KERMA)
• Average forward momentum deposited in medium
• mubar (average scattering angle)
• mubar covariance

 ENDF sum rules
• sum of parts equal total cross section
• similarly for MT=3
• nubars

 Should decay information be in the reaction somehow?
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