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ABSTRACT

In 1980 the multilevel multichannel R-matrix code SAMMY was released for use in
analysis of neutron-induced cross section data at the Oak Ridge Electron Linear Accelerator.
Since that time, SAMMY has evolved to the point where it is now in use around the world for
analysis of many different types of data. SAMMY is not limited to incident neutrons but can
also be used for incident protons, alpha particles, or other charged particles; likewise, Coulomb
exit channels can be included. Corrections for a wide variety of experimental conditions are
available in the code: Doppler and resolution broadening, multiple-scattering corrections for
capture or reaction yields, normalizations and backgrounds, to name but a few. The fitting
procedure is Bayes’ method, and data and parameter covariance matrices are properly treated
within the code. Pre- and post-processing capabilities are also available, including (but not
limited to) connections with the Evaluated Nuclear Data Files. Though originally designed for
use in the resolved resonance region, SAMMY also includes a treatment for data analysis in the
unresolved resonance region.

This document serves as a users’ guide for SAMMY and many of its auxiliary codes.

Citations:
Citations for use of the SAMMY code should refer to this manual as

N. M. Larson, Updated Users’ Guide for SAMMY: Multilevel R-Matrix Fits to Neutron Data
Using Bayes’ Equations, ORNL/TM-9179/R8, Oak Ridge National Laboratory, Oak Ridge, TN,
USA (2008). Also ENDF-364/R2. The manual is available on the SAMMY web site at
http://www.ornl.gov/sci/nuclear_science_technology/nuclear_data/sammy/
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. INTRODUCTION

This document serves as a users’ guide to the multilevel multichannel R-matrix code
SAMMY. Beginning with Revision 6, the organization of this manual has been redesigned in an
effort to make it more legible, logical, and useful. A summary of the structure of this document is
given here.

Introductions for the original version of this manual through the previous revision are
available in Appendix A. An introduction specifically for the current revision, describing recent
modifications and additions to the code and the manual, is found immediately following this general
introduction. All SAMMY users are encouraged to read Section I.A for an overview of recent
developments.

Analysis of neutron cross-section data in the resolved resonance region (RRR) has three
distinct aspects, each of which must be included in any analysis code: First, an appropriate
formalism is needed for generating theoretical cross sections. Second, a plausible mathematical
description must be provided for every experimental condition that affects the values of the
quantities being measured. Third, a fitting procedure must be available to determine the parameter
values which provide the “best” fit of theoretic experimental numbers. These three aspects of
the SAMMY code are described in Sections Eﬁ andf this manual, respectively.

Calculation of the cross sections in the RRR is described in with emphasis on the
Reich-Moore approximation to R-matrix theory. Explicit equations are given for the various types
of energy-differential cross sections (total, elastic, capture, fission, other reaction) and for the angle
and energy-differential cross sections (elastic, reaction). Both Coulomb and non-Coulomb (neutron)
formulae are shown.

Experimental modifications to the theoretical cross sections in the RRR are described in
Section 111 Included here are such effects as Doppler and resolution broadening, normalization and
packgrounds, finite-size corrections, and treatment of more than one nuclide in the target sample.

SAMMY ’s fitting procedure is described in Bayes’ equations are derived from
Bayes’ theorem plus assumptions about normality and linearity. The relationship between Bayes’
equations and the more familiar least-squares equations is described. Emphasis is placed on
methodologies for properly including all measurement uncertainty in the analysis process, including
the many SAMMY options for inclusion of data covariance information.

Section V |describes such topics as post-processor options (calculating multigroup cross
sections or other averages) and other miscellaneous features.

The input to SAMMY s detailed in Output is described in|Section VI

SAMMY ’s treatment of the unresolved resonance region (URR) is discussed in
The theoretical treatment was borrowed directly from Fritz Frohner’s FITACS program;
subsequently, input/output and certain details of the calculation have been augmented to increase the
functionality of this code.
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Bection 1X]describes the relationship of SAMMY to the Evaluated Nuclear Data Files
(ENDF). Certain types of ENDF files can be used to provide resonance parameters, parameter
covariance matrices, or experimental data as input to SAMMY. Likewise, SAMMY can produce
ENDF files containing resonance parameters, point-wise cross sections, or uncertainty information.

A number of auxiliary programs are available for use with SAMMY input or output.
ontains a brief description of those for which the SAMMY author has maintenance
responsibility.

Advice for running SAMMY is presented in[Section XI.] Even experienced SAMMY users
are encouraged to read this section, as it contains information about recent developments that may be
unfamiliar (but potentially useful) to long-time users. Novices are likely to find valuable
suggestions in this section. Anyone requesting the author’s help is expected to have read and

followed the procedures outlined in Section XI.BI

Sample runs are described in[Section X11] These include (1)ltutorial exercises (designed to
familiarize a novice user with running the code), (2) (designed for quality control, to
ensure that the code gives consistent answers from one platform to another and from one version to
another, but also useful as examples of input for specific features of the code), and (3)[simulations |
(Monte Carlo simulations of multiple-scattering corrections, designed to test the accuracy of the
SAMMY treatment for those corrections).

Mbrovides an introduction to the computer code itself, for the benefit of the code
managers at various sites. The casual user will probably not need the information from this section.
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ILA. MODIFICATIONS AND ADDITIONS IN REVISION 8

Modifications, additions, and improvements to SAMMY subsequent to the publication of

Revision 7 of this manual are summarized here. Because the time elapsed after the release of
Revision 7 is relatively short, and this author is now officially retired, there are relatively few
changes to be reported here.

New features have been added to SAMMY.

1.

~

The value of v (NU) for n (ETA) calculations can now be energy dependent. See|card set 11 |
in Table VI B.2 (PARameter file) for details. See also test case tr176.

Extensive revisions have been made to the self-shielding multiple-scattering (ssm) module of
the code. Corrections have been made in the computation of derivatives. More input options
are available; see |card set 11 in Table VI.A.1 |(|NPut file).

Tabulated values (from Monte Carlo calculations) can be used instead of SAMMY -generated
double-plus scattering corrections. See |Section I11.D [for the description and simulation
sim009 for examples.

The “simple” resolution function may include a Gaussian whose width is a linear function of
energy. SeeSection I11.C.1.d for details, [card set 4 of Table VI B.2 for input, and test case
tr022 runs e and f for examples.

Input resonance parameters can now be presented as reduced width amplitudes y instead of
partial widths T'=2Py*. In this case, resonance energies are given as ,/E, , and all

quantities are in units of v/eV . See fard set 1a of Table VI.B.2 for input and test case tr002

run k for an example. This feature should be especially useful for situations in which a
resonance is very near threshold, particularly in the case of Coulomb interactions.

For transmission measurements, the sample thickness may be non-uniform. In
|Sect|on I11.E.1.a] the sample thickness is assumed to be a piecewise linear function of radius.

SAMMY now produces a third type of output file from which plots may be made. In
addition to the ORELA Data Format file (with extension “ODF”) and the generic binary file
(with extension “PLT”), an ASCII file (with extension “LST”) is created containing the same
information. Details are in Section VII.C.

Other features on the SAMMY ““wish list”” are itemized in|[[NLO6b]] These will be added to the code

as time permits.
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Additional changes have been made in the manual.

1.

Section V.A,| “RECONSTRUCTING POINT-WISE CROSS SECTIONS,” has been

rewritten to clarify its meaning.

Section IV.E.6, “Modifying the parameter uncertainties,” has been modified slightly and
demoted to|Section IV.E.6a| A new|Section IV.E.6,[“Augmenting the Resonance Parameter
Covariance Matrix,” has been created to describe the rationale underlying the use of
additional terms (beyond those obtained from the resonance parameter covariance matrix) in
generating the evaluated cross section covariance matrix.

Bugs have been repaired in the FORTRAN coding. Generally these bugs affected only highly
specific combinations of features; many were corrected for release sammy-7.0.1. A brief description
of some of these corrections is given here.

1.

The option to insert|BROADeni ng|parameters into the INPut file rather than the PARameter
file now functions properly.

Likewise, the use offM SCEI | aneous| parameters in INPut file now works properly.

When a|pseudo cross section typq: (constant, linear, quadratic, Dirac, or 1/v) is specified, a
single pass is now made through SAMMY.

A bug was corrected in|mu|tip|e scattering correction# with several nuclides, in situations
where the nuclide definitions are ordered differently from the spin group definitions.

Use of the[*RETROACTI VE"|command simultaneously with “DROP SMALL VALUES OF
correlation matrix” isnow allowed.

The RECONSTRUCT|and [MAXVAEL LI AN pptions can now be used together.
Significant digits for ENDﬂ file 32 are more properly recorded.

Proper representation off ENDF|File2 and File 32 is now given, even when threshold reaction
channels exist.

The{detector efficiency parameters are now written into the PARameter file only if they are
in the original PARameter file.

14. The logic for adding|direct capture for more than one nuclide is now correct.
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Il. SCATTERING THEORY

Details of scattering theory have been well understood since the middle of the previous
century, when they were summarized in a review article by Lane and Thomas[[AL58]] A wealth
of additional reference material is available to the student of scattering theory; only a few are
listed here. The text by Foderaro [[AF71]|provides a more elementary introduction to the subject.
One publication by Froéhner [FFSOI is based on lectures presented at the International Centre for
Theoretical Physics (ICTP) Winter Courses on Nuclear Physics and Reactors, 1978; this is a
comprehensive and useful guide to applied neutron resonance theory. It includes a variety of
topics, including preparation of data, various approximations to scattering theory, Doppler
broadening, experimental complications, data-fitting procedures, and statistical tests. Another
Frohner paper is somewhat more theoretical, and covers many aspects of data fitting in
the resonance region.

The particular aspect of scattering theory with which we are concerned is the R-matrix
formalism. A summary of the underlying principles is given here.

R-matrix theory is a mathematically rigorous phenomenological description of what is
actually seen in an experiment (i.e., the measured cross section). The theory is not a model of
neutron-nucleus interaction, in the sense that it makes no assumptions about the underlying
physics of the interaction. Instead it parameterizes the measurement in terms of quantities such
as the interaction radii and boundary conditions, resonance energies and widths, and quantum
numbers; values for these parameters may be determined by fitting theoretical calculations to
observed data. The theory is mathematically correct, in that it is analytic, unitary, and rigorous;
nevertheless, in practical applications, the theory is always approximated in some fashion.

R-matrix theory is based on the following assumptions: (1) the applicability of non-
relativistic quantum mechanics; (2) the absence or unimportance of all processes in which more
than two product nuclei are formed; (3) the absence or unimportance of all processes of creation
or destruction; and (4) the existence of a finite radial separation beyond which no nuclear
interactions occur, although Coulomb interactions are given special treatment. [In practical
applications two of these four assumptions may be violated in one degree or another: (1) The
theory may be used for relativistic neutron energies, and corrected for relativistic effects;
nevertheless, non-relativistic quantum mechanics is assumed. (2) A fission experiment with
more than two final products is treated as a two-step process. That is, the immediate result of the
neutron-nuclide interaction is assumed to be limited to two final products, at least one of which
decays prior to detection.]

R-matrix theory is expressed in terms of channels, where a channel is defined as a pair of
(incoming or outgoing) particles, plus specific information relevant to the interaction between
the two particles. A schematic depicting entrance and exit channels is shown in[Figure 11.1.|Note
that entrance channels can also occur as exit channels, but some exit channels (e.g., fission
channels) do not occur as entrance channels. Two interacting particles are shown in the portion
of the figure that is labeled “Interior Region”; here the particles are separated by less than the
interaction radius a.
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In|Section I1.A) general equations of scattering theory are presented and their derivations
discussed. The fundamental R-matrix equations are presented. |Section I1.A.1|gives a detailed
derivation of the equations for a simple case. |Section 11.A.2 shows the relationship between the
R-matrix and the A-matrix, which is another common representation of scattering theory.

The approximations to R-matrix theory available in the SAMMY code are detailed in
Eectlon I1.B.| The recommended choice for most applications is the Reich-Moore approximation,
described in |Section I1.B.1.| For some applications, the Reich-Moore approximation is
inadequate; for those cases, a method for using SAMMY’s Reich-Moore approximation to
mimic the full (exact) R-matrix is presented [Section I1.B.2| Two historically useful but now
obsolete approximations are single-level and multilevel Breit Wigner (SLBW and MLBW),
discussed in [Section II.B.3] Provisions for including non-compound (direct) effects are

discussed in[Section I11.B.4.

In Section I1.C) details are given for the SAMMY nomenclature and other conventions,
for transformations to the center-of-momentum system, and for the calculation of penetrability,
shift factors, and hard-sphere phase shifts in both Coulomb and non-Coulomb cases.

Figure 11.1. Schematic of entrance and
exit channels as used in scattering

theory. For the interior region (with
separation distance r <a), no assumptions
vV are made about the nature of the
interaction. In the figure, m, i, and z refer to
the mass, spin, and charge of the incident
I

particle while M, | and Z refer to the target
particle.  Orbital angular momentum is
denoted by | and velocity by v. Primes are
used for post-collision quantities.

Incident Channel

Vi v

Exit Channel

Interior Region
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1. A. EQUATIONS FOR SCATTERING THEORY

In this section, equations for scattering theory are presented but not derived. Specifics for
the R-matrix formulation of scattering theory are presented in which provides a
discussion of an alternative formulation (the A-matrix). Readers interested in the derivation of
the equations for scattering theory are referred to the Lane and Thomas articlem for a
detailed derivation in the general case, or to|Section I.A.2| of this document for a simplified
version.

In scattering theory, a channel may be defined by ¢ = (a, I, s, J), where the following
definitions apply:

e o represents the two particles making up the channel; a includes mass (m and M), charge (z
and Z), spin (i and | ) with associated parities, and all other quantum numbers for each of the
two particles, plus the Q-value (equivalent to the negative of the threshold energy in the
center of momentum system).

« |is the orbital angular momentum of the pair, and the associated parity is given by (-1) .

e s represents the channel spin (including the associated parity); that is, s is the quantized
vector sum of the spins of the two particles of the pair:5 =i + I .

e Jis the total angular momentum (and associated parity); that is, J is the quantized vector sum
oflands: J =1 +5.

Only J and its associated parity = are conserved for any given interaction. The other quantum
numbers may differ from channel to channel, as long as the sum rules for spin and parity are
obeyed. Within this document and within the SAMMY code, the set of all channels with the
same J and = are called a “spin group.”

In all formulae given below, spin quantum numbers (e.g., J ) are implicitly assumed to
include the associated parity. Quantized vector sum rules are implicitly assumed to be obeyed.
Readers unfamiliar with these sum rules are referred to Section 11.C.1.a|for a mini-tutorial on the
subject.

Let the angle-integrated cross sections from entrance channel ¢ to exit channel ¢' with
total angular momentum J be represented by oc. This cross section is given in terms of the

scattering matrix U . as
2

0w = 15 Q|0 U | 8 (1A

C

where k, is the wave number (and K, =7k, = center-of-mass momentum) associated with
incident particle pair o, gj, IS the spin statistical factor, and w is the Coulomb phase-shift
difference. Note that w, is zero for non-Coulomb channels. (Details for the charged-particle

case are presented in|Section I1.C.4]) The spin statistical factor g is given by
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2J+1

= I1A.2
Y (2i +1) (21 +1) ( )
and center-of-mass momentum K, by
2
K2 = (nk )2=2m—ME . (1 A3)
¢ 7 (meM)

Here E is the laboratory kinetic energy of the incident (moving) particle. A derivation of this
value for K, is given in Section 11.C.2.

The scattering matrix U can be written in terms of matrix W as

U,=0Q.W_. Q. , (IMA.4)
where Q is given by
Q =e' %) (Il A5)

Here again, w is zero for non-Coulomb channels, and the potential scattering phase shifts for
non-Coulomb interactions ¢ are defined in many references (e.g., [AL58]) and shown in
The matrix W in Eq. (Il A.4) is related to the R-matrix (in matrix notation with
Indices suppressed) via

W =PY*(1 —RL)*(1 -RL" )P 2 . (11 A.6)

The quantity I in this equation represents the identity matrix. The form of the R-matrix is given
in Section I1.A.1 in general and in Section 11.B|for the versions used in SAMMY. The quantity L

in[Eq. (11 A.6)lis given by
L=(S-B)+iP , (IMA.7)

with P being the penetration factor (penetrability) S the shift factor, and B the arbitrary boundary
constant at the channel radius a.. P and S are functions of energy E, and also depend on the
orbital angular momentum | and the channel radius a.. Formulae for P and S are found in many

references (see, for example, Eq. (2.9) in|[JL58]).

For non-Coulomb interactions, the penetrability and shift factor have the form
P->PR(p) and S—S(p) . (11 A.8)
where p is related to the center-of-mass momentum which in turn is related to the laboratory

energy of the incident particle (E). For arbitrary channel ¢ with particle pair «, orbital angular
momentum |, and channel radius a;, p has the form

1 2m M M
—k _= aa E-= , I1A.9
P=%a B h\/(ma+Ma)(m+M) (E-%,) & (ITA9)
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as shown in{Section I1.C.2.| Here E_ is the energy threshold for particle pair a, m, and M, are

the masses of the two particles of particle pair o, and m and M are the masses of the incident
particle and target nuclide, respectively.

Appropriate formulae for P, S, and ¢ in the non-Coulomb case are shown in Table 11A.1.
For two charged particles, formulae for the penetrabilities are given in[Section 11.C.4.|

The energy dependence of fission and capture widths is negligible over the energy range
of these calculations. Therefore, a penetrability of unity may be used.

Table Il A.1. Hard-sphere penetrability (penetration factor) P, level shift factor S, and
potential-scattering phase shift ¢ for orbital angular momentum I, wave number k, and
channel radius ac, with p = ka,

[ P S 0
0 »p 0 p
1 P +pd) -1/ (1+p?) p-tan™ p
2 p1@+3p +pY -(18+3p%) /(9 +3p*+p) p-tan”[3p/ (3 - p°)]
3 p' /(225 +45p%) + -(675+ 90 p*+ 6 p*) / p-tan™[p(15-p?) / (15-6 p?)]
6p*+p°) (225 + 45 p*+ 6 p*+ p°)
4  p?/(11025 + 1575 p> +  -(44100 + 4725 p®+ 270 p* + 10 p®) / p-tan™[p(105 - 10 p?) /
135p* + 10p° + p° (11025 + 1575 p? + 135 p* + 10 p° + p°) (105 — 45 p? + pY)]
' pZF’;l pU=S) | o1, —tan™ (P, /(1-5,.,))
2
(I - Sl—l) +R5 (I- SH)Z + Plz—l or
BI = (B|—1 + X|)
/(1_ B|—1X |)
with
B, =tan(p—¢,)
and

XI = (Pl—l)/(l - Sl—l)
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Formulae for a particular cross section type can be derived by summing over the terms in
Eq. (Il A.1). For the total cross section, the sum over all possible exit channels and all spin
groups gives

total __ T
o - Z Z Z K2 9. 5CC' _UCC'
incident all J a
channels  channels
c c'

T *

= kz z g, Z Z (§cc' _Ucc'é‘cc' _Ucc'é‘cc' + Ucc'
a J incident all

channels chanpels

C

:i—f; g, Y (l—Re(UCC))

incident
channels
c

2) (11 A.10)

For non-charged incident particles, the elastic (or scattering) cross section is given by

2

=320, ¥ |1-2Re(U, )+ Y U, (1 A.11)
ka J c=incident c¢'=incident
channel channel
Similarly, the cross section for any non-elastic reaction can be written
o= L5g, Y > U (1 A12)
ka J c=incident c'=reaction

channel channel

In particular, the capture cross section could be written as the difference between the total and all
other cross sections,

O_capture _ klz Z g, Z 1— Z ‘UCC'

J c=incident c'=all channels
channel except capture

2

(11 A.13)

(This form will be used later, in |Section II.B.l.aI when the capture channels are treated in an
approximate fashion.)
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I1.LA.1l. R-Matrix and A-Matrix Equations

The R-matrix was introduced in Eqg. (11 A.6)/as
W =P"?(I =RL)*(1 =RL )P V% | (11 A1.1)

but the formula for the R-matrix was not given there. If A represents a particular resonance (or
level), then the general form for the R-matrix is

Vac Vac
R, = 5, . (11 A1.2)
;EA—E v

where E, represents the energy of the resonance, and the reduced width amplitude y is related to

the partial width I" by
I,.=2P 75 - (I1 AL.3)

The sum in Eq. (Il Al.2) contains an infinite number of levels. All channels, including the
“gamma channel” for which one of the particles is a photon, are represented by the channel
indices.

The R-matrix is not the only possibility for parameterization of the scattering matrix. In
the R-matrix formulation, equations are expressed in terms of channel-channel interactions. It is
also possible to formulate scattering theory in terms of level-level interactions; this formulation
uses what is called the A-matrix, which is defined as

AL=(E,—E)S,, =D 7l 720 - (11 A1.4)

To see the relationship of the A-matrix to the R-matrix, we begin by multiplying both
sides of Eq. (11 A1.4) by A and summing over /.

ZA;;I A/IVZZ(E}L_E)a,u/IA},v_Z y/chczyic Aﬂ.v !
A c A

A

or (11 AL.5)
5;11/ :(E,u - E)Ayv _Z }/,uc LCZ]/E.C Aﬂ.v
c A

Dividing by (E# —E), multiplying on the left by y, . and on the right by y, .. , and summing
over u puts this equation into the form

zyﬂc‘(Ey _E)71§ﬂv yors :z yﬂc'(Ey _E)il(E,u_E)Ayv Yo
u u

_Z 7/yc‘(Ey _E)_lz 7/;40 LCZyZCAﬂv Vver
7 c A

(11 AL.6)
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which can be reduced to

7/Vc'( - yvc z}/,uc ,uv}/vc
(11 A1.7)
-1
_Z|:Z 7/yc'(Ey - E) 7//40 :| ch Vac A/Iv Yors
[ u A
Summing over v puts this into the form
|:Z]/vc E E 7vc:| z}//,zc ,uv]/VC
(11 A1.8)
-1
_Z|:Z y,uc'(Ey_E) 7;tc:| LCZ }/chﬂv}/vc" '
c ) Av
in which we can replace the quantities in square brackets by the R-matrix, giving
:Zypc' Aﬂv 7/vc"_chc CZ]/ZC Av )/VC
72%
(11 AL.9)
=Z|:5c'c c'c c}zy/ic ﬂvyvc
Solving for the summation, this equation can be rewritten as
[(I ~RL)" R} =SV A T - (Il AL.10)
ce” Av

To relate this to the scattering matrix, we note that| Eq. (Il A.6) [can be rewritten using
Eqg. (I A.7) into the form

W =P¥?(1-RL)"(1-RL)pP™?
=PY2(1-RL) " (I -RL+2iRP)P?
= pY? [(| ~RL)"(1-RL)+2i(1-RL)" RP] p/? (IMAL.11)

-1

= PY?PY2 1 2iP¥2 (1 —RL) ' RPP™/2
) RPl/Z

=1+2iPY*(1-RL
Comparing Eq. (11 A1.10) to Eqg. (Il A1.11) gives, in matrix form,
W =1 +2iP"?yAyPY? | (11 A1.12)

These equations are exact; no approximations have been made.
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One common approximation should be discussed here: the “eliminated channel”
approximation, for which one particular type of channel is treated in aggregate and assumed to
not interfere from level to level. This is most easily understood in the A-matrix definition,

Eq. (11 Al.4); assuming no level-level interference for the gamma channels (for example), this

equation can be approximated as

y=gamma c=particle
channels channels

A z(ErE)%—[ > 7wl m}%— > Vel o (1AL13)
The quantity in square brackets corresponds to those channels for which the level-level
interference is to be neglected; that is, only the interactions within one level are important. For
gamma channels, L = S+iP reduces to L= i, so Eq. (Il A1.13) becomes

A~ (B, ~E=iT,12)8,~ X 7L 7 - (1 AL14)

c=particle
channels

The bar over T, is used to indicate the special treatment for this channel.

In this form, our expression for A is analogous to the exact expression in
with two modifications: the additional imaginary term is added to the energy difference, and the
sum over the channels includes only the “particle channels” (non-eliminated channels). It is
therefore possible to immediately write the R-matrix formula for the eliminated-channel
approximation as

7//1c 7//10'
R, = = Oy I1 A1.15
* ;EZ—E—iFM/Z " ( )

where the channel indices ¢ and c' refer only to particle channels, not to the gamma channels.
This formula for the R-matrix is the Reich-Moore approximation and is the form which is used in
the SAMMY code. See|Section I1.B.1{for more about this formulation of R-matrix theory.
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I1.A.2. Derivation of Scattering Theory Equations

Many authors have given derivations of the equations for the scattering matrix in terms of
the R-matrix. Sources for the derivation shown here are unpublished lecture notes of Fréhner

[FFO2]| presented at the SAMMY workshop in Paris in 2002, and Foderaro|[AF71]| This

derivation is valid for only the simple case of spinless projectiles and target nuclei, assuming
only elastic scattering and absorption. For the general case, the reader is referred to Lane and
Thomas|[AL58]

Schrédinger equation

The Schrodinger equation with a complex potential is

(‘hz 2 i Jz//:Et// , (11 A2.1)
2m

in which one can consider that V causes scattering and W causes absorption. The wave function
can be expanded in the usual fashion,

w(r,cos0) = i

1=0
for which the radial portion obeys the equation

ul

cos¢9 , (11 A2.2)

2m(V W)

———|u =0, (11 A2.3)
subject to the conditions that |y/| ®is everywhere finite and that
u(r=0)=0 . (11 A2.4)

In the external region,r > a, the nuclear forces are zero (V = W = 0), so the solution has
the form

u(r) = L(r)-yU,o(r) . (11 A2.5)

I; represents an incoming free wave, and O, represents an outgoing free wave. Uj is the “collision
function” or “S function” that describes the effects of the nuclear interaction, giving both the
attenuation and the phase shift of the outgoing wave:

U,|°=1 forw =0 ,
U,|° <1 forw =0 .

and (11 A2.6)

Our goal is to determine an appropriate analytic form for U,.
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Orthogonal eigenvectors in interior region

For the interior region r < a, we define eigenfunctions w,, (r) and eigenvaluesE,

E, = , (11 A2.7)

dw I(1+1
“{kj—z—mV—@}wM:o , (11 A2.8)
r

=B . (11 A2.9)

Note that w;, (r) is real if the boundary parameter B, is chosen to be real. The eigenfunctions
are orthogonal, since

0 (11 A2.10)

Il
o M 1 oty

o
5

o
5

L 1

Qo

in which both equations of (11 A2.9) have been invoked. The integral in Eq. (11 A2.10) can also
be evaluated using Eq. (11 A2.8), giving
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:j[[ k; Zm—zv}wmw I: k2 2m2V} ujd
h h
0 (I A2.11)
j( kiw,w,, +k2w, Wﬂ,)dr
0
IW W, dr
Equating Eqg. (11 A2.10) to Eq. (Il A2.11) gives
jw w, dr=0 . (11 A2.12)
For A= u, assuming no degenerate states, it therefore follows that
jw W, dr=0 ifAzu . (11 A2.13)

The orthogonality of the eigenvectors is therefore established. We assume that these wave
functions are normalized such that

jw w, dr = (11 A2.14)

Mt
Matching at the surface

The internal wave function for the true potential (including the imaginary part iW ) can be
expanded in terms of the eigenfunctions as

r)=>.c,w,(r) forr<a , (11 A2.15)
A
with
Cy = [y w, dr . (11 A2.16)
0

This equation for c, is derived by multiplying Eqg. (Il A2.15) by uﬂ,(r), integrating, and
applying Eq. (11 A2.14).
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Consider now the integral
¢ (d,
J [

0

d 2w
—U,Tj']dr ,

which can be expanded by use of [Egs. (I1 A2.3) and| (I1 A2.8) to give
¢ (du, d*w,,
Il
0

r

f (_{kz_;—T(VHW)—I(Ir—jl)}U' W, +“{kﬂz‘i_TV _w}%'}dr

(kf—kz)}[ulwﬂ dr + i—T_l'Wuledr .

Defining W, as
W, = qu, W, dr/J‘uI w,, dr
0 0

permits rewriting Eq. (11 A2.18) in the form

¢ (d d ?w _ N\ ¢
I(—drzl WM—ul—dr;'jdr:(kf—kzﬂi—TWﬂ]ju, w,, dr .
0

Integrating the left-hand side of this equation gives

c(du,
J [

d? [
—-u WM\Jdr — %W _
r

0 " dr? dr ' d dr dr |
du B du w,, (a
) _d_rIWM UI I WM:|r=a ) |:a_I_UIBI:|r a /“a( )

Page 18

(11 A2.17)

(I A2.18)

(11 A2.19)

(11 A2.20)

(11 A2.21)

in which we have again made use of the boundary condition of [Eq. (I A2.9)| Integrating the

right-hand side of Eq. (11 A2.20) by applying [Eq. (11 A2.16) gives

Section 11.A.2, page 4 (R7)
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2m = ¢
(kf—k2+|?wﬂnu,wﬂ dr =

(R7)

Equating Egs. (I1 A2.21) and (11 A2.22) therefore gives

or

du
a—-u,B | =
| dr ], @
" du Z
a—'_uB | -2
| dr ], @

n*w, (a)

(kf _K? +i2h—TVVMjcM

(kf—k2+iil—TVVMjcM ,

(E,—E+iW,)

Cu=

Inserting this into

Eq. (Il A2.15)

u,(r):zl:wﬂ(r)

gives

du,
- o a —u,B,
2ma(E, ~E+iW, )| dr r

n*w, (a)

which, when evaluated at r = a , becomes

U|(a)=z

7 2ma

Rearranging, this becomes

ul(a):_

adu'
2ma(El—E+iVVM){ dr

RN EY

in which the decay amplitude y,, is defined as

and the absorption width T",, as

Section 11.A.2, page 5

{adu,_
(E,—E+iW, )| dr

2mc,,
/S

=a

—u,B,} ,

uIBI:|

Z [ n*w?, (a)/2ma]

742|

(E,—E+iW,)

_[n*w; (a)
Y = ma
[, =2W,
(R7)

Z‘4(E1—E+irl,/2)

Page 19

(11 A2.22)

(11 A2.23)

(11 A2.24)

(11 A2.25)

(11 A2.26)

(Il A2.27)

(11 A2.28)

(11 A2.29)
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If we then define the R-function as
2

Val
R, = , 11 A2.30
! ;(El—EﬂrM/z) ( )

then Eq. (11 A2.27) can be written in the form
du,
u, = aF—ulBI R, . (I A2.31)

in which everything is evaluated at the matching radius a.

Scattering matrix in terms of R-matrix (neutrons only)

Equation (Il A2.31) can be converted into the usual R-matrix formulae by inserting

Eq. (11 A2.5)

u=1-U0, , (11 A2.32)
yielding
I ~U,0, {a[%_u,%}-a(l, —u,o,)}RI , (Il A2.33)
in which everything is again evaluated at the matching radius a. Solving Eq. (Il A2.33) for U
gives
UI[—OI+R,[a%-5lo,ﬂ=|I—Rl(a%—slllj , (11 A2.34)
or
,-Rr[adh g 1-r[ 24l _g
o T dr ! | | dr
U, = = EI Ido : (11 A2.35)
{—O|+R| (adO'—Blolﬂ ' 1-R [a '—Blj
O d
We define L, as
L = O?a)% = S, +iP . (1 A2.36)
| r=a
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For spinless particles, I, =0, so that

a dl " .
— =L =S -iP
L(a)dr|_, " ol
and _
Lzo_l*:|o|ei_l(p 4
O G |O|e"”

Therefore Eq. (11 A2.34) becomes

y _e_zwl—R,(L*,—Bl)
' 1-R

Page 21

(11 A2.37)

(11 A2.38)

(11 A2.39)

which is the usual form for the scattering matrix in terms of the R-matrix in this simple case.

Section 11.A.2, page 7 (R7)
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I1.A.2.a. Relating the scattering matrix to the cross sections

The relationship between the scattering matrix U and the cross section o is also described
by many authors; see, for example,|[AF71]. Here we provide a summary for the simplest case.

The wave function for a spinless particle far from the scattering source can be written as

w(r,0)=¢" eTf(H) , (1 A2a.1)
where f has the form
=L (21+1)[U, -1] P (cos ) . (11 A2 a.2)
2ik 5
The cross section is then given by
do 2
—=|f(0) . I1A2 a.3
TRAZ (1A223)

For angle-integrated cross sections, the equation found by inserting Eq. (Il A2 a.2) into
Eqg. (I1 A2 a.3) can be integrated to give

azj[ 2|1k2(2|+1)[u|*—1]3(c059)}
x[?lkz(zm)[u ~1]P (cos@)}d(cos@)d(p

- iz > (20+1)(2+1)[U; -1] U..—lffd(piR(cos@)R.(cosH)d(cos&) (11 A2 a.4)
_ 4%;(2|+1)(2|'+1)[u,*—1][u 1 27[2%5“
= kiz . (2 +1)u, -1

This is analogous to the “standard” scattering theory equation shown in [Eq. (11 A.1).
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I1. B. VERSIONS OF MULTILEVEL R-MATRIX THEORY

Many representations of multilevel R-matrix theory have been developed over the years.
For a summary of the more common versions, the reader is referred to the works of Fréhner

[FF80 .

Four versions of R-matrix theory are available in SAMMY: the Reich-Moore
approximation (Section II.B.1)| the single-level (SLBW) and multilevel Breit-Wigner (MLBW)
approximations Eectlon II§§] and a variant on the Reich Moore which mimics the full R-
matrix_(Bection IT.B.2J. An option to include a direct capture component is also provided
(Section 11.B.4).

The Reich-Moore approximation is the preferred method for most modern evaluations; it
is the default formalism for SAMMY runs.

Frohner, in fact, suggests that the Reich-Moore approximation is universally applicable to
all cases: “Experience has shown that with this approximation [Reich Moore] all resonance
cross section data can be described in detail, in the windows as well as in the peaks, even the
weirdest multilevel interference patterns . . . It works equally well for light, medium-mass and
heavy nuclei, fissile and nonfissile.” [FFOO, page 60]|

For most purposes, Reich Moore is indeed indistinguishable from the exact formulation.
Notable exceptions are situations where interference effects exist between capture and other
channels. For those cases, small modifications to the SAMMY input will permit the user to
mimic the effect of the non-approximated R-matrix; see for details.

Occasionally it is not possible to properly describe a cross section within the confines of
R-matrix theory, because the reaction includes a direct component. SAMMY has provisions for
the user to provide a numerical description of this component; see |Section 11.B.4 for details.

Also available within SAMMY are both the SLBW and the MLBW formulations
Section 11.B.3); these are included for the sake of completeness, for comparison purposes, and
because many of the evaluations in the nuclear data files were performed with Breit-Wigner
formulae.  However, it is strongly recommended that only Reich Moore be used for new
evaluations, for several reasons: MLBW is often inadequate; SLBW is almost always inadequate.
When it is correct, MLBW gives identical results to Reich Moore. “Ease of Programming” is no
longer a valid excuse for using MLBW, since the programming has already been accomplished.
Similarly, a slow computer is no longer a legitimate excuse, since modern computers can readily
handle the more rigorous formulae.

Finally, it should be noted that SAMMY’s implementation of MLBW does not
correspond to the usual definition of MLBW. Instead, SAMMY uses the ENDF
convention in which only the elastic cross section is truly multilevel, and all other types of cross
section are single level.
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I1. B. 1. Reich-Moore Approximation to Multilevel R-Matrix Theory

The Reich-Moore approximation is based on the idea that capture channels
behave quite differently from particle channels. The particle-pair configuration for a capture
channel consists of a gamma “particle” plus a nucleus with one more neutron than the target
nucleus. For most physical situations, there are a multitude of such capture channels, whose
behavior can be treated in an aggregate or average manner. It is assumed that there is no net
interference between the aggregate capture channel and other channels, and the level-level
interference of gamma channels is negligible, so that terms describing such interference may be
eliminated from the R-matrix formulae. The mathematical derivation of this “eliminated-channel

approximation” is discussed in|Section 11.A.1]

In the eliminated-channel approximation, the R-matrix of [Eq. (11 A.6) (for the spin group
defined by total spin J and implicit parity x) has the form

7/),0 7&0‘ ext
R.= = +R.76,. |0, I1B1.1
cC ;EX—E—IF/I}//Z C cc JJ ( )

where all levels (resonances) of that spin group are included in the sum. Subscript 4 designates
the particular level; subscripts ¢ and ¢’ designate channels (including particle pairs and all the

relevant quantum numbers). The width fiyoccurring in the denominator corresponds to the

“eliminated” non-interfering capture channels of the Reich-Moore approximation; we use the bar
to indicate that this width is treated differently from other “particle” widths.

The “external R-function” R of Eq. (11 B1.1) will be discussed in bection 11.B.1.d. |

The channel width T",_ is given in terms of the reduced-width amplitude y, . by

r,=2y2P(E) , (11 B1.2)

c

where P. is the penetrability, whose value is a function of the type of particles in the channel, of
the orbital angular momentum |, and of the energy E. The reduced-width amplitudey,  is

always independent of energy, but the width T",.may depend on energy via the penetration
factor. For fission and for gamma channels, Eq. (11 B1.2) becomes

F/lczzyjc !

that is, the penetrability is effectively 1. (Note: In this manual, the reduced-width amplitude for
the eliminated-channel capture width will be denoted by a bar above the symbol y.)
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Cross sections may be calculated by using the above expressions for R, with L given by

Ea. (I A.7)| to generate W, and from there calculating U and, ultimately, c. However, while
Eq. (11 A.6) ffor W is correct, an equivalent form that is computationally more stable[[NL92]|is
W=1+2iX |, (11 B1.3)

where X is given in matrix notation by
X = PY2Lt (L1 -R) RPY? . (11 BL.4)
When the suppressed indices and implied summations are inserted, the expression for X becomes

Xoo = PP 2 [(L=R)* ] Ree RY2 5,50 (11 BL.5)

c

The various cross sections are then written in terms of X.

All calculations internally within SAMMY are expressed in terms of so-called
“u-parameters,” as distinguished from “p-parameters,” which are the input quantities. The
u-parameters associated with the resonance p-parameters are as follows:

JE, for E, >0

Ug = (11 B1.6)
- —E, for E, <0

r, :
———  ifr,, >0
2|:)I (|EA :c|) ’
and U =7 = (11 B1.7)
_ |F—M|H if I',. <0 inthe PARameter file ,
2R (|EA —50|)

in which Z_ is the energy threshold for the channell(Section II.C.Zj.

It is important to note that the partial-width parameter IT",. is always a positive quantity,
while the reduced-width amplitude y,. can be either positive or negative. Nevertheless, in the
original SAMMY input or output PARameter file (and also in the ENDF File 2 formats

[ENDF-102] ), partial widths may appear with negative signs. The convention is that the sign

given in those files is associated with the amplitude y,. rather than with the partial widthT" .

As of Revision 8 of this document and Release sammy-8.0.0 of the code, the reduced-
width amplitudes and square root of resonance energy may be used as input to SAMMY; see

Table VI B.2|for details. To use this option, include the command “REDUCED W DTH

AVPLI Tudes are used for input” incard set?2 of the INPut file. An output file
SAMMY .RED is created in this format whenever output file SAMMY .PAR is created.
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I1. B. 1. a. Energy-differential cross sections

The observable cross sections are found in terms of X by first substituting Egs.

I A5 and| 1l B1.3) into [Eq. (Il A.1), |summing over spin groups (i.e., over J"), and then
summing over all channels corresponding to those particle pairs and spin groups. If X'

represents the real part and X' the imaginary part of X, then the angle-integrated (but energy-
differential) cross section for the interaction that leads from particle pair o to particle pair o' has
the form

O-a,a'(E) = 1_72[ Z 0,4 z [(Sin2¢c (1_2Xcic) _Xc[: Sin(2¢’c))5a,a
a J c
+ Z{X'ZJFXr2 } .

(11 Blal)

(This formula is accurate only for cases in which one of particles in o is a neutron; however, both
particles in o' may be charged.)

In Eq. (Il B1 a.1) the summations are over those channels ¢ and ¢’ {of the spin group

defined by J” } for which the particle pairs are, respectively, a and o'. More than one “incident
channel” ¢=(e,l,s,J) can contribute to this cross section, for example when both | =0 and

| = 2 are possible, or when, in the case of incident neutrons and non-zero spin target nuclei, both
channel spins are allowed. Similarly, there may be several “exit channels” c'=(a',|',s',J )

depending on the particular reaction being calculated (e.g., elastic, inelastic, fission).

The total cross section (for non-Coulomb initial states) is the sum of Eq. (Il B1 a.1) over
all possible final-state particle-pairs «', assuming the scattering matrix is unitary (i.e., assuming

that the sum over c' of |UCC.|2 =1). Written in terms of the X matrix, the total cross section has
the form

Goa(E) = 15 30, 3 [sin" g, +XI, cos 20)-Xsin (20)]  (1BLa2)
a J

c

where again the sum over c includes only those channels of the J”spin group for which the
particle pair is a.

The angle integrated elastic cross section is given by

eIastlc(E) = k2 ZgJa Z

(Il B1a.3)
[sinzgoc(l—ZXC‘C)—XJCsm (2¢,) +Z{XC‘C.2+XJC.2}}

In this case, both ¢ and c¢' are limited to those channels of the J”spin group for which the
particle-pair is «; again, there may be more than one such channel for a given spin group.
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Similarly, the reaction cross section from particle pair o to particle pair o' (where «' is not
equal to «) is
O-reaction(E) = ZgJa Z Z [XI 2 } . (“ Bl a4)

Here c is restricted to those channels of the J™ spin group from which the particle pair is a, and
c' to those channels for which the particle-pair is «'.

The absorption cross section has the form

4
O-absorption(E) = k_72Z- ZgJa Z |: cc Z {XI 2 Xcrcz}:| . (“ Bl 3_5)
a I

c c'

Here both the sum over ¢ and the sum over ¢’ include all incident particle channels (i.e., particle
pair o only) for the J™ spin group.

The capture cross section for the eliminated radiation channels can be calculated directly as

O oaprure (E) = i—f >0, D {XQC—Z{XQCHXC}Z}} , (11 B1 a.6)
a J

incc allc'

or may be found by subtracting the sum of all reaction cross sections from the absorption cross
section. In Eq. (Il B1 a.6), the sum over c includes all incident particle channels for the J™ spin
group, and the sum over ¢’ includes all particle channels, both incident and exit, for that spin

group.
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11.B.1.a.i. One-level two-channel case

For a simple one-level, two-channel case for which the shift factor is set to zero, the
various cross sections defined in|Section 11.B.1.a|can easily be expressed in terms of resonance
parameters. Users are reminded that SAMMY is by no means restricted to this simple case and
can be used with as many levels and as many channels as are needed to describe the particular
physical situation. Nevertheless, it is useful to examine the cross section equations for this
simple case: while these equations are a crude over-simplification for most physical situations,
there is often physical insight to be gained by examination of these equations.

For this simple case, the X matrix of|Eq. (1| B1.4) takes the form
JPLY(L*-R)"RYP
_ﬂ -

iR

X

-1
A e oy
— — 1 1/2 ;
|P1 D D D D { /pl 0 :| (” Bl a|.1)

0
\/Ez yos i_7_22 Y172 7/_22 0 \/Fz

0 iP, D P, D D D

in which the subscript on the penetrabilities denotes the channel number (not the angular
momentum), the symbol D has been used for E, —E —i@j , and the subscript A has been omitted

from the reduced-width amplitudes for simplicity’s sake. This equation can be rewritten as

1

i 0 . ) . -1
X = iP1P2D \/Fl PZ(D_IP17/1) —IP1P2}/1}/2 |:712 7172} \/El 0
D | o L || -iPRyy, R(D-iR)| e A1l 0 R
JP
1
— 0 ., :
~ PP, \/31 Pl(D_|P272) IRP.717,
P1P2(D2_ipl712D_iP2722D) 0 1 iRP,77, PZ(D_iP1712)

y {712 717/2j| \/El 0
Y172 7/22 0 \/Ez

or
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X = 1 R
(D*-iP#D-iPyD)| o 1
JP.
Ry D-iRPyy; +iRPy 7, F’lDWz—iF’lF’znyiﬂF’lF’znﬂ JR oo
iRP. 7, + R0y, —IRRyy, IRRY 7 +Py;D-iRRy; || 0 [P,

1 JR [ Py2D P1D7172} {\/31 0 }
1

P,.Dyy, Py;D 0 \/Fz

_ 1 Pyt RR77,
(D-iPy~iPyi) |JRRA7 Py
or, finally,
. _ 1 e PP, 7.7,
(Eg—E_i7772_iP1712_iP2722) AP 77 Py, .
(11 B1 ai.2)
~ 1 Fl/Z F1F2 /2
(E,-E-il'/2) | JTr,/12 T,/2

in which T"is the sum of the partial widths ", + T, + T, .

In this form, X can be substituted into the equations for the various cross sections.
Assuming the second channel is a reaction channel,| Eq. (11 B1 a.2)| for the total cross section
becomes

4 . I'T E-E I, .
Gtotal(E) = k_72[ gJ SIn2 D + 4d1 Cos (2@0-%5"] (2¢c):|
© (E-E,) (11 B1 ai.3)
2 I'T - r, .
== 1-|1-—2L|cos (2¢)—~—22"Lsin (2 ,
ki gJ I ( 2d j ( wc) d ( ¢c):|

in which d has been used to represent |(E, ~E~il'/2)|" =(E~E,)"+(T/2)". Similarly, the
elastic cross section,l Eq. (11 B1 a.3j, can be expressed as
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A

o-elastic(E) = F nga z

J

which reduces to

2r
Cerasiic (E) = W Zgja Z{l—COSZgoC (1—
a J c

(E-E,)r, I(L,+0,)

—sin2¢,

{sinzgoC (1—2

_—(E_Z?)Fl sin(ZgoC)w{rrl

(R7)

rrl)

4d

E—E,)T,

4d

J 4
-

d

2d

)

d

The reaction cross section, |Eq. (11 B1 a.4), becomes

2d

2
4 ryr,r, (E—El)JFlF2
O-reaction(E) = 72 g +
Kk’ 4d 2d
_79|IL,T,
k2| d |°
and, finally, the capture cross section,|Eq. (Il B1 a.6)} is
2 2
E-E,)T
Ocapure (E) = 47T29 LL L + ( ﬂ) -
Kk’ 4d 4d 2d
2 2
. ryrr, . (E-E,)JT.T,
4d 2d
_ Azg I, F_12+F1F2 _ 79 T,
k: | 4d [4d 4d k2| d
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11.B.1.b. Angular distributions

Angular distributions (elastic, inelastic, or other reaction) cross sections for incident
neutrons can be calculated from Reich-Moore resonance parameters. Following Blatt and
Biedenharn with some notational changes, the angular distribution cross section in the
center-of-mass system may be written

do
dQCM ; B.,. (E)P (cosp) , (11 B1b.1)

in which the subscript aa' indicates which type of cross section is being considered (i.e., a
represents the entrance particle pair and o' represents the exit pair). P is the Legendre
polynomial of degree L, and f is the angle of the outgoing neutron (or other particle) relative to

the incoming neutron in the center-of-mass system. The coefficientsB, ,.(E) are given by

BLoo(E 4|<2 Z IIDINDIND) Z (2i+1)( 2I+1)

Jy J,  lysy Iy sy I,s,

(11 B1 b.2)

X G{Ilsll'ls'l.ll}{lzszl'zs'sz}L Re [(5010'1 _Uclc'1 ) (5020'2 _Uczc'2 ):| )

in which the various summations are to be interpreted as follows:
(1) sum over all spin groups defined by spin J, and the implicit associated parity

(2) sum over all spin groups defined by spin J, and the implicit associated parity

(3) sum over the entrance channels c, belonging to the J;, spin group and having particle pair a,
with orbital angular momentum I; and channel spins; [i.e., ¢, =(a,1,,s;, J;)]

(4) sum over the exit channels c', in J, spin group with particle-pair «', orbital angular
momentum|';, and channel spin s', [ie., ¢’ =(a"1",s", J;,)]

(5) sum over entrance channels c, in J, spin group where ¢, = (a,1,,5s,, J,)

(6) sum over exit channels c', in J, spin group where ¢', =(a'1,,s,, J,)

Also note that i and | are the spins of the two particles (projectile and target nucleus) in particle-
pair a.

The geometric factor G can be exactly evaluated as a product of terms
(11 B1 b.3)

{l1s11ys1 i H{I 25,178 3531 I1silyshidy " gs,ls'5d, Tlisylystlysy s L dy 0

where the factor A, ( ..., is of the form

Al s, = \/(ZI +1) (20+1) (23,+1) A(1,;5,) A(1, ;%) . (11BLb.4)
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The expression for D is

Tysylysyl,s,lys'yildd, — (2L+1) AZ(JlJz L) AZ(
xW(1,3;1,3,,5, L) w(l',J
y n! (-1)
(n=1 )t (n=1,)! (n—L)!

in which n is defined by

I1,L) A%(101 L)

L, 8hL) 8, 53132( 1)

0 0 =

(11 B1 b.5)

2n =L+, +L

: (11 B1 b.6)
D is zero if l,+l+L is an odd number. A similar expression defines n’. The A% term is given by

A% (abe) = (a+b—c)! ((aa+—bb++ccz!1)(!—a +b+c)! |

(11 B1b.7)

for which the arguments a, b, and ¢ are to be replaced by the appropriate values given in
Egs. (11 B1 b.4) and (11 B1 b.5). The expression for A® (abc) implicitly includes a selection rule
for the arguments; that is, the quantized vector sum must hold

a+b=C or [|a-b|<c<a+b (11 B1 b.8)
with ¢ being either integer or half-integer. The quantity w in Eq. (11 B1 b.5) is defined as
kmax _1 K+1+3;+1 5+, k 1|
w(l, J,1,3,, sL) = (3 (k+1)
(i (k=(L+3,+8))! (k=(1,+ 3, +5))!
1

C =+, + D)) (k=(3,+3, L))"
1
k)t (L+J,+s+L—k)! (I,+J,+s+L—k)!

(11 BLb.9)
X
(I1+Jl+l 4 d, -

(and similarly for the primed expression), where kmin and kmax are chosen such that none of the
arguments of the factorials are negative. That is

kmin

kmax

max { (I, +J,+s), (,+J,+s), (L+L,+L), (3,+3,+L)} (181 b.10)
min{ (L+J,+1,+J,), (L+J,+s+L), (l,+J,+s+L)
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Single-channel case

For some situations, these equations can be greatly simplified. When the target spin is zero
and there are no possible reactions (no fission, no inelastic, no other reactions), then each spin
group will consist of a single channel (the elastic channel). In this case, the coefficients
B,.. (E) reduce to

1
BLaa(E) = k2 z z z z G{|151|151‘]1}{|252|252‘]2}|-
4 a W I g=(ahsd) G=(alys;Jz)

1
“ (20, +1) (21, +1)

(11 B1 b.11)

Re[ (1-U,,) (1-U..) | .

where the existence of only one channel requires that the primed quantities of|Eq.(Il B1 b.2)|(be
equal to the unprimed (e.g., @« =a'). The geometric factor G becomes

Gpisnsad thshs it = Ausisis, Ausnss, Distshsls: L, (11 B1b.12)
in which the factor A reduces to the simple form
Agisa, = (21+1) (23,+1) A*(Ld;s) (11 B1 b.13)
and the expression for D reduces to
Dy oishsbs Ly, = (2L+1) A*(3,3,L) A*(L1,L)
(11 B1 b.14)

n!
% (n=1)! (n—=1,)! (n—L)!

xW2(1, 3,1, 3,,5,L) 6,

in which n is again defined as in Eq. (11 B1 b.6)|
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I1. B.1.c. Specifying individual reaction types

Early versions of SAMMY permitted users to specify “inelastic”, “fission”, and “reaction”
data. However, the tacit assumption was that all the exit channels are relevant to the type of data
being used. If, for example, three exit channels were specified as (1) inelastic, (2) first fission

channel, and (3) second fission channel, then any calculation for “inelastic”, “fission”, or “reaction”
data types would automatically include all three exit channels in the final state.

Hence, in early versions of SAMMY, true inelastic cross sections (for example) would be
calculated only if all of the following conditions were met:

1. Either “inelastic”, “fission”, or “reaction” was specified as the data type in the INPut file, card
set 8.

2. The exit channel description was appropriate for inelastic channels: The INPut file noted that
penetrabilities were to be calculated (LPENT =1 on line 2 of tard set 10.1) gnd also provided a
non-zero value for the excitation energy.

3. No fission channel (or other exit channel) was defined in the INPut file (and PARameter file).

Beginning with release M5 of the SAMMY code, it is now possible to include only a subset
of the exit channels in the outgoing final state. The third condition in the list above is no longer
necessary, but is replaced by another (less restrictive) condition:

3. Exit channels that are not inelastic have a flag (“1” in column 18 of line 2 of |card set 10.1 |or
ard set 10.2 jof the INPut file), denoting that this channel does not contribute to the final state.

(Similar considerations hold, of course, for any other reaction type, not only for inelastic.)

With release 7.0.0 of the SAMMY code in 2006, a more intuitive input is possible. When
channels are specified using either of the particle-pair options (see[card set 4 or[4ajof Table VIA.1),
then the data type line [[card set 8Jof Table VIA.1) may be used to specify the name(s) of the particle
pair(s) to be included in the final-state reaction. Specifically, beginning in the first column of
card set 8, include the phrase

FI NAL-state particle pairs are

or
PAIRS in final state =

(Only the first five characters are required, the others are optional.) Elsewhere on the same line,
give the eight-character designation of the particle pair(s) to be included in the final-state reaction.
Only channels involving those particle pairs will be included in the final state; any channels not
involving those particle pairs will not be included. (Caution: The particle pair name must be exactly
as it appears in the INPut file, including capitalization.)

The same two command lines may be used for angular distributions with specific final states,
provided the phrase “ANGULar distribution” is given later on the same line.
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See test case tr159 for an example which includes three reactions, one being (n,o) and the
other two inelastic (n,n’). Various options for input are given in this test case.

Run “k” of test case tr112 shows an example for the angular distribution of a reaction cross
section.
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11.B.1.d. External R-function

When generating cross sections via R-matrix theory, it is important to include contributions
from all resonances, even those outside the energy range of the data. Tails from negative-energy
resonances (which may correspond to bound states) and from higher-lying resonances can contribute
significantly to the “background” of the R-matrix and must therefore not be omitted. There are
infinitely many of these resonances, so approximations must be made.

The usual approximation is to use pseudo or dummy resonances to approximate the effect of
the infinite number of outlying resonances. The energy associated with a dummy resonance must be
outside the energy region for which the analysis is valid.

For discussion regarding two different philosophies for determining appropriate choices of
dummy resonances, see Leal et al. [LL99] [and Frohner and Bouland [FFO01].

Any number of additional possibilities exist for approximating the contribution of the
external resonances to the tail of the R-matrix. A logarithmic parameterization of the R-function is
implemented in SAMMY: ; note that this is properly denoted as a function rather than a matrix,
because it is diagonal with respect to the channels. The form used in the code is

RCeXt(E)zﬁcon,c—i_ Elin,cE + ﬁq,cE2 - Slin,c( cup_Ecdown)
EW_E } (1B1d.1)

E— Ecdown

_(Scon,c+ Slin,c E) In|:

Any or all of the seven free parameters may be varied duringa SAMMY analysis (see Table VI B.2,

card set 3, and [card set 3d). Note that RS is strictly real in this parameterization.

The u-parameters (i.e., the parameters on which Bayes’ equations will operate, as described
in Section IV.C) associated with the external R-function are given by

u(Ecdown> _ Edown U(Esp) _ Ecup
U(ﬁ ):ﬁ s u(ﬁlin,c)zﬁlin,c U(§ ):ﬁ

q.C q,c
u (Scon,c) = \/ Scon,c u (Slin,c) = SIin,c

(11 B1d.2)

Of the current ENDF formats [ENDF-102]} only new LRF = 7 format permits this type of
parameterization of the R-function. The more commonly used LRF = 3 format (the so-called Reich
Moore format) allows only the dummy-resonance option.
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11.B.2. Simulation of Full R-Matrix

While SAMMY does not yet have the ability to calculate the full (unapproximated) R-matrix
of Lane and Thomas [it is possible to use the Reich-Moore approximation in such a way that
it mimics the full R-matrix with a high degree of accuracy. This is necessary, for example, in cases
where there are interference effects between the (incident) neutron channel and a gamma channel —
that is, for some low-mass nuclides.

The Reich-Moore approximation involves an aggregate treatment (“eliminated channels™)
for the gamma widths (capture widths). Therefore, to approximate the full R-matrix, one sets the
Reich-Moore gamma width to a very small number and uses an exit channel to define the actual
gamma channel:

1. Setthe SAMMY gamma-channel widths to a very small number, perhaps 0.001.

2. Define an exit channel to be the actual capture channel and assign appropriate values for the
widths. Quantum numbers for this channel will be the same as those for fission channels (in
particular, set LPENT = 0).

3. When calculating capture cross sections, set the IFEXCL flag to 1 for all other (non-gamma) exit
channels. (See[Section 11.B.1.d and[card set 10.1]or L0.2 of Table VIA.1 for details.) When
calculating other reaction cross sections, set the IFEXCL flag to O for the reaction channels of
interest, to 1 for the capture channels, and to 1 for any other reaction channels to be excluded.

When utilizing this option, SAMMY users should take care that results are not unduly
influenced by the approximation in step 1 above. To test this, make radical changes in the value
used for the gamma widths (e.g., set the value to 100.0 or 10 °) and recalculate the cross section.
Note that it is not possible to set these values to zero; doing so results in numerical overflow
problems (because computers do not know how to calculate zero divided by zero).

Comparisons between cross sections calculated by SAMMY and those generated by the R-
matrix code EDAWusing the same R-matrix parameters have shown agreement to ~5
significant digits [INDCO03]. Some of the runs for those comparisons are now assembled into
SAMMY test case tr125.

Test case tr110 shows an artificial but extreme example of a situation in which use of the
Reich-Moore approximation gives very different results from those obtained via the full R-matrix.
For this example, there are two resonances with parameter values as shown in ; plots of
the curves calculated with those parameters are shown in As evident from the figure,
the Reich-Moore curve lies between the two extreme R-matrix curves which show constructive
(dashed curve) and destructive (dot-dash curve) interference.
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Table Il B2.1. Parameter values used to illustrate Reich-Moore vs. full R-matrix calculations

Sign
A Energy MeV) 1., (€Y) T, (V) xT, (eV)’
Reich Moore 2+ 10 10  10000.
2 1.1 1.1 11000.
Pseudo-full R-matrix # 1 1 1.0 1078 10000. 1.0
2 11 10®  11000. 11
Pseudo-full R-matrix # 2 1 1.0 1078 10000. 1.0
2 11 10*  11000. = -11

& Remember that the value given in the SAMMY PARameter file is not the partial width I" (which is always a positive

number); rather, it is the sign of the reduced-width amplitude y multiplied by the partial width I". Hence, the negative

WI entry of this table is actually associated with the reduced-width amplitude for the capture channel. See
for further discussion.

Figure 11 B2.1. Reich-Moore approximation vs. full R-matrix for
artificial example of test case tr110.

107°

|
910 980 1050 1120 1190

— Solid line = Reich Moore
Dot-dash = full R-matrix # 1
Dash = full R-matrix # 2
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Different treatments for different capture channels

Occasionally it may be convenient to treat certain gamma widths individually while treating
most gamma widths in aggregate fashion. This can be accomplished by defining “particle” channels
for the individual widths (as described above) and using the Reich-Moore capture channel
(eliminated width) for the aggregate width.

To calculate the capture cross section in this situation, it is not sufficient to specify the data
type as “CAPTURE”, because that would give only the contribution from the aggregate width. To
obtain the contribution from the individual widths, specify the data type as “REACTION” or
(preferably) as “FINAL state pairs = followed by the exact names specified for the gamma-channel
particle-pairs. (See[card sets 4 and|g of Table VI A.1 and[Section I1.B.1.c[for details.)

To calculate the complete capture cross section, use “FINAL state pairs =" for the data type
and add the command line

ADD ELI M NATED CAPTUre channel to final state

This will cause SAMMY to add the contributions from the individual capture channels plus the
contribution from the aggregate channels.

The formula used to calculate the capture cross section is similar to Eq. (11 B1 a.6), with
only the non-capture exit channels included in the summation over c':

Ceaprure (E) = iz Y 2| Xem X XX (11 B2.1)

2
ka J c ¢'= non-capture
exit channels
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11.B.3. Breit-Wigner Approximations

In addition to the preferred Reich-Moore formalism, SAMMY also offers the option to
calculate cross sections_using either the multilevel Breit-Wigner (MLBW) or the single-level
Breit-Wigner (SLBW) [GB36]| approximation. These approximations have the advantage that the
calculation occurs more rapidly because fewer computations are required; however, they also
have the disadvantage that unphysical cross sections may be generated. Use of these options is
discouraged for new analyses; the options are included within SAMMY for the sake of
completeness, to permit use of SAMMY with most ENDF resonance parameter information, and
to facilitate comparisons with older codes such as SIOB|[GD78].

Formulae for MLBW and SLBW cross sections are presented in|Section I1.B.3.a; these
are identical to those used in ENDF files [ENDF-102], although they are not necessarily
programmed in this fashion. Formulae for derivatives are given in|Section 11.D.2

The reader should be aware that the ENDF version of MLBW (and hence, SAMMY’s
version of MLBW) does not correspond to the usual definition of multilevel Breit Wigner.
Instead, only the elastic cross section is calculated with the multilevel formula; other partial cross
sections for the MLBW format are actually single level.

A note regarding broadening: Historically, the Breit-Wigner formulations had the great
advantage that the cross sections could be Doppler broadened analytically, using the high-energy
approximation to the free-gas model of Doppler broadening (Section 111.B.3). Results were
written in terms of y and y functions, and computation was relatively rapid. However, with the
advent of modern computers, more accurate cross sections and more accurate Doppler-
broadening computations can be accomplished rapidly, without resorting to these rather crude
approximations. In SAMMY, Doppler and resolution broadening are accomplished numerically,
in the same manner for MLBW and SLBW cross sections as for Reich-Moore cross sections, as

described in|Section I11{of this manual.
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11.B.3.a. Single and multilevel Breit-Wigner cross sections

The MLBW elastic (scattering) cross section may be written in the form

o elastic :%Z gJZ{(l—COS 2(0)(2—21—‘,1cr4 /dﬂj
J c g

+2sin2p> ', (E-E,)/d, (11 B3 a.l)
A

{ZFM(E—Ea)/dJZ +(;cmrz/2dzj2} :

p

in which the summation over c includes only incident (i.e., neutron) channels. For SLBW, the level-
level interference terms in this equation are dropped; that is, the summations over 1 in the last line
are outside, rather than inside, the parentheses. The total width I'; in Eq. (11 B3 a.1) is given by

[,=)T,+T, . (11 B3 a.2)

in which the sum over c includes all particle channels (i.e., over all channels except the eliminated
capture channel). Partial widths I, and T, are related to amplitudes y,, and 7, , as in the Reich-

Moore approximation, by
L =277, P,

[ fson = 242 (11 B3 a.3)
and r, =27,

(Note that we have again adopted the convention that the gamma channel be denoted by a bar over
the symbol, even though it is not really treated differently from particle channels in the Breit Wigner
approximations.) The denominator d, in Eq. (I1 B3 a.1) represents

d,=(E-E,) +(T,/2)" . (11 B3 a.4)

For both MLBW and SLBW, the fission cross section is given by

O_fission :lzz gJZZZFMFM‘ ’ (“ B3 3.5)
k J c ¢ 1 dl

in which the sum over c includes only incident (neutron) channels, d, is again given by
Eq. (11 B3 a.4), and the sum over ¢” includes all exit channels. Caution: In principle, Eq. (11 B3 a.5)
could be used to describe any reaction channel, where term “reaction” encompasses any non-elastic,
non-capture channel. However, the only reaction channel permitted in ENDF is fission; for SLBW
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only one fission channel is permitted, and for MLBW two fission channels may be used. Inaddition,
ENDF allows only one neutron channel (i.e., only one entrance channel). Because SAMMY’s Breit-
Wigner options were created solely for use with ENDF evaluations (for comparison purposes),
similar restrictions apply to the use of the Breit-Wigner approximations in SAMMY . (For the more
general case involving other reactions such as inelastic, (n,p), (n,a), or fission with more than two
channels, use the Reich-Moore approximation as discussed in(Section I1.B.1.c.)

The Breit-Wigner form for the capture cross section is

GcaptureZ%Zgjzz% | (11 B3 a.6)
J c A )

where, again, the sum over c includes only incident (neutron) channels. Total and absorption cross
sections are given by the appropriate sums of the other three cross sections,

Gtotal — Gelastlc +Gf|53|on +Gcapture (“ B3 3.7)

and
O_absorption :Gﬁssion +O_capture ) (“ 83 3_8)

As noted in|Section IV.C,|it is the u-parameters on which Bayes' equations operate. The u-
parameters associated with the MLBW and SLBW resonances are defined similarly to those for

Reich-Moore resonances:
u(E,)==J|E,| . (11 B3 a.9)

where the negative sign is chosen if E;, <0,

U(T ) =75 (11 B3 a.10)

and
u(T,)=7, - (11 B3 a.11)

(The reduced-width amplitudes y,_ and y,  may be either positive or negative. However, the sign is

irrelevant in the Breit-Wigner equations, for which the reduced-width amplitudes enter only as
squared quantities.)

The matching radius a. may also be varied (i.e., treated as a u-parameter) with the Breit-
Wigner approximations.
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11.B.4. Direct Capture Component

An externally generated direct capture component may be added to the appropriate cross
section types (capture, absorption, and total) by including the phrase

ADD DIRECT CAPTURE Component to capture, total, and absorption cross section

in the alphanumeric command section of the INPut file. When this command is present, the direct
capture component for at least one of the nuclides is provided as a numerical function of energy, ina
separate file (the “DRC file”). SAMMY will linearly interpolate as needed between the energy
points given.

The format of the DRC file is as follows:

First line: key word “NUCIide Number”, followed by an equal sign “=", followed by the
nuclide number as specified in the PARameter file.

Second line:  energy (eV), value of direct capture component (barn), in 2F20 format.

Third line: repeat second line as many times as needed.

Last line: blank.

These lines may be repeated for each nuclide as needed. Not all nuclides need to be included, but
those which are included should be given in the same order as in the PARameter file. (For example,
give the direct capture component for nuclides number 2, 4, and 7, rather than 4, 7, and 2.)

The actual value of the direct capture component added to the capture (and total and
absorption) cross section for any given nuclide is the product of the value determined from the DRC
file and a constant (energy-independent) coefficient whose value is specified as miscellaneous
parameter DRCAP. See|Table VI B.2|for details.

Test case tr076 contains examples.
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11.C. DETAILS AND CONVENTIONS USED IN SAMMY

Details of cross section evaluation are often a matter of convention: for example, should
one use I-s or j-j coupling for spin assignments? The spin conventions used in SAMMY are
described in|Section I1.C.1.

Section I1.C.2| describes the conversion of energy and momentum from the laboratory
reference system to the center-of-mass system.

The method used for computing sin2¢ and cos2¢, where ¢ is the hard-sphere phase shift,
is described in Section 11.C.3. |

Modifications are needed to the cross section equations when a channel contains two
charged particles. These are described in[Section 11.C.4.

When data from an inverse reaction are used in an evaluation, modifications to either the
measured data or the R-matrix parameters are needed. These are described in Section 11.C.5. |
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11.C.1. Spin and Angular Momentum Conventions

For any analysis or evaluation, the analyst bears ultimate responsibility for including the
proper spin-group definitions.

This is not the responsibility of the SAMMY program nor of the SAMMY author. SAMMY
will issue warnings for obvious errors, but it is the responsibility of the user to notice and heed those
warnings. It is also the responsibility of the user to ensure that the set of spin groups is complete;
program SAMQUA, described in|Section X.J] can be used for guidance in that effort.

It is worthwhile to discuss what is meant by “complete.” Clearly, it is neither necessary nor
possible to include all legitimate values of all of the quantum numbers (I, s, and J), because an
infinite number of spin groups is available. Generally, one should include low values of I, | =0
being always required and | = 1, 2, 3, ... being included when the experimental data require their
inclusion. Foreach I, the user should determine (using SAMQUA or by hand) all possible s-values
leading to all possible J-values. In general, all such channels and spin groups should be included in
the analysis. When the hard-sphere phase shift values are sufficiently large that there is a noticeable
contribution to the cross section from the hard-sphere phase shift, all such channels must be
included. On rare occasions, there may be one resonance (or several) whose high I-value dictates the
presence of a particular channel in a particular spin group, but for which the hard-sphere phase shift
is negligible for all energies of interest in this experiment. In this case, it would be reasonable to
omit other channels and spin groups with this same I-value, without degrading the quality of the
evaluation.

MULTI are described in [Table Il C1.1. Recall that the word *“channel” refers to the
physical configuration (e.g., the particular particles involved) as well as to the quantum numbers
given here. For example, an incident channel might consist of a neutron (intrinsic spin i = %)

impinging on a target (sample) whose spin is I, so that the channel spin is s, where § =i + 1 . The
relative orbital angular momentum of this channel (neutron plus target) is I, and total spin is J, where
J =5+1 . Forelastic scattering, the exit channel is the same as the entrance channel. For areaction
such as (n,p), the exit channel contains a proton (spin i' = %2) and another nuclide (spinl"); the
channel spinis s', where §'=i'+1". The relative angular momentum proton-nuclide system is I',
and the total J must satisfy J =5+".

The spin and angular momentum conventions used in SAMMY (and in its predecessor
[GAT74]

Readers unfamiliar with vector sum rules are referred to{Section 11.C.1.affor a short summary
of the basic principles.
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Table 11 C1.1. Spin and angular momentum conventions used in SAMMY @

FORTRAN name

Value or

Symbol used in SAMMY Meaning range of values
iori' Intrinsic spin of incident or "2 for neutron;
outgoing particle in general,
integer or
half-integer
lorl' SPINI Spin of target [i.e., sample]  Integer or
or residual nuclei half-integer
lorl' LSPIN (channel 1, group Orbital angular momentum  Non-negative
number) or in incident or outgoing integer
channel
LSPIN (whatever channel,
group number)
sors' CHSPIN (channel 1, group  Incident or outgoing S=1+i or
number) or channel spin, equal to the
vector sum of the spins of S T4
CHSPIN (whatever the two particles in the
channel, group number) channel
J SPINJ (group number) (1) Spin of resonance J=1+5%
=1'+§'

(2) Spin of excited level in
the compound nucleus

(3) Total angular
momentum
quantum number

% Note: The channel spin's (s') was denoted by j () in early versions of this manual.
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The spin statistical factor g; appearing in the equations for cross section tsee Section II.A)|is
given in terms of the spins i and | of the two particles in the entrance channel and the total spin J of
the particular channel; that is

(2J+1)
= I1ClL.1
97 i) (21 10) ed
in the general case, and
(23 +1)
= — I1CL.2
9 2(21 +1) ( )

when the incident particle is a neutron or proton.

A few words of discussion about the use of these quantum numbers in SAMMY are
warranted here, to avoid possible confusion:

(1) Values for the spin i of the projectile and spin | of the target particle are specified in the
particle-pair definitions, card set 4 of the INPut file (see Section VI.A). Values for spins i’ and I’

(for exit particles) are also given in|card set 4|
(2) With older input formats, incident spin i is assumed to be 2 unless otherwise specified
(in card set 3). |is given as SPINI in card set 10.1. Values for spins i and | ' are not specified.
(3) Projectile spiniand target spin | are required for evaluation of the spin statistical factor g,

and in calculation of the channel spins. Exit particle spins are used to calculate channel spin s' but
are otherwise unused.

4) Channel spins sand s' are used as channel descriptors in the output (LPT or 10 file; see
Section VII). SAMMY will issue a warning statement (but not abort) if these values are inconsistent
(if, for example, § =i +1).

(5) The orbital angular momentum | is used for generating penetrabilities, shift factors, and
potential phase shifts.

(6) To the extent that it is possible (depending on which input format is used), SAMMY will
warn of inconsistent spin or parity values, and abort when obvious errors occur. Users should read
through the SAMMY.LPT [ﬁle, especially at the beginning of an evaluation, to check for warning
messages.

(7) Finally, users are urged to review the discussion in the first two paragraphs of this
section, to read and heed the suggestions in|Section Xl|(especially those under the heading “Step 2.
[Preparation of INPut and PARameter files™), and to make use of the auxiliary code hen
preparing the spin group information.
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11.C.1.a. Quantum vector algebra

For a complete description of sum rules for quantum vectors, the reader is referred to
textbooks on elementary quantum mechanics. Here we simply state the vector sum rules without
detailed explanation.

Let @ be a quantized vector. The value of this vector, generally written either a or| a | , 1S

either a positive half-integer or a positive integer. That is to say, a can have any of the values 0, 1/2,
1, 3/2, 2, 5/2, etc. For example, the spin of a neutron or proton is 1/2, and the spin of an alpha
particle is 0. The orbital angular momentum | for a pair of particles is integral, | =0, 1, 2, 3, etc.

Given two quantized vectors & and b , and let ¢ =a+b be the sum of the two vectors. The
possible values for c are then

la-b| <c<a+b , (lClal)

where the allowed values of ¢ are separated by one unit. Examples are shown in TTable 11 C1 a.1
Values of a and b are in the left-most column and the uppermost row; values for c are in the other
cells of the table. Because Eq. (I1 C1 a.1) is symmetric with respect to a and b, entries are made
only in the lower triangular half of the table.

Each spin vector has an associated parity, which can be positive or negative. For example,
protons, neutrons, and alpha particles have positive parity; many nuclides have negative parity. The

parity associated with angular momentum | is (—1)I . Parity is conserved when two vectors are

added; the product of the parities of the two components is the parity of the resulting vector. A
vector which is formed as the sum of two positive-parity vectors will have positive parity, a vector
which is formed as the sum of two negative-parity vectors will have positive parity, and a vector
which is formed as the sum of one positive-parity vector and one negative-parity vector will have
negative parity. In other words, if a and b have the same parity, ¢ has positive parity. Iffaandb
have different parity, ¢ has negative parity.
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Table 11 C1 a.1. Allowed values for the sum of two quantized vectors

o |[» |1 |32 |2 | 5/2 | 3 | 7/2 | 4 |or2 |
0o |o 5'
12120, 1: :
1 |1 12 0, : :
32 1, 2 5 :
32321, 212, ‘0 :
: 302, 1, -
5/2 12, 3 ¢
2 |2 :3/2, -1, 12, -0, 1,
5/2 12,  3/2, 2, 3,
3 5/2, 4
712
5/2[5/2:2, 3:3/2, -1, 1/2, 0, 1,
; 512, 2, 32, 2,3,
/2 3, 4 :5/2, 4,5
712,
9/ 2
3 3 5/ 2, 2, -3/2, -1, 2, -1/ 2 -0, 1,
“7/2 :3, :5/2, 3, 4 :3/2, 2 3,
4 2712, 5 1 5/2, 14, 5,
:9/2 2712, : 6
-9/ 2, :
11/2
7127123, 4 "5/2, ‘2, 1312, 1, 2, -1/2, 0, 1,
: 712, 3, 15/ 2, 3, 4, 132 2, 3,
'9/2 4,5 17/2, 5 6 5/ 2, 4, 5,
19/ 2, 7/ 2, 6, 7
11/ 2 9/ 2,
11/ 2,
13/2
4 |4 “7/2, 73, 5/2, ‘2,3 32, 1, 2, -1/2, L0, 1,
9/2 4, 72, 4,5 52 3, 4, 32 -2, 3,
5 19/2, 6 712, 15,6, 52 L 4, 5,
S 11/ 2 9/ 2, -7 712 -6, 7,
11/2, -9/ 2, '8
13/ 2 L 11/2, -
- 13/ 2,
15/ 2
9/2|9/2 4, 5:7/2, 3,  >5/2, 2, 3, -3l2, 1, 2, 1/ 2, -0,
: "9/2, 4, 712, 4, 5, 15/2, "3, 4, 3/ 2, "1,
-11/2 .5, 6 -9/2, 6, 7 71 2, -5, 6, 5/°2, - 2,
S 11/ 2, 9/ 2, 27, 8 712, 3,
13/2 11/2, - 9/ 2, 4,
13/ 2, 11/2, 5,
15/ 2 13/2,  :6,
15/2, 7,
17/ 2 . 8,
9
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11.C.2. Kinematics

The center-of-mass (COM) momenta, K =7k (initial) and K'=#k' (after the
interaction), needed in the formulae for cross sections (see Section 11.A)|may be found in terms
of laboratory energies E and E' by utilizing conservation of energy and momentum. The
interaction is shown schematically in Figure Il C2.1, in both the laboratory (lab) and COM
systems.

In this section we summarize the relevant equations relating the various momenta,
energies,_and angles involved in the description of the reaction. Details of the derivations are
given inSection 11.C.2.a.

Figure 11C2.1. Schematic of particle pairs for kinematics calculation.

Lab, after

Lab, before

p
m—
(d

~0) -

Com, after

Com, before
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Nomenclature: The two particles have mass m and M before the interaction (i.e., in the
incident channel); the exit channel may contain completely different particles. The initial
momentum of the incident particle is p ; the target particle is stationary (momentum G =0); in

the COM, the initial momentum of the incident particle is K =hk, and the target particle’s

momentum is —K . Primes refer to values after the interaction (in the exit channel). Quantities
measured during an experiment are incident laboratory energy E = p*/2m, laboratory energy of
the exiting particleE'= p'?/2m’, and laboratory angle & relative to the incident direction. All
other quantities will be specified in terms of these quantities.

Equation numbers in the rest of this section relate to the derivation in the following
section.

The Q-value, Eq. (I1 C2 a.6),|is defined as

Q=m+M_m—M" (11 C2.1)

and is related to the laboratory threshold energy ,|Eq. (11 C2 a.24), |here denoted by = , via

_m+M
M

[1]

Q . (11 C2.2)

The initial momentum K in the COM,| Eqg. (11 C2 a.2)l is given by

K=#k = M N2mE (1nca.3)
m+M

and the final COM momentum K',|Eqg. (Il C2 a.8)| by

2mM’ M _
K':\/(m'TLM') e EE] (11 C2.4)

The laboratory energy of the outgoing particle, |Eq. (ncz a.25)| is equal to

. M’ M 2 N\ —_
o CEBYCET) {;/luﬁ/l—;/ (1-22) } [E-7] (Il C2.5)

in which g =cosé, and vy is given in Eg. (11 C2 a.26) as

pommmyM _E (11 C2.6)
M'M m+M E-=
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The relationships between the COM and lab angles are, [from Eqgs. (11 C2 a.29)|and

(11 C2 a.31)
v=—y(1-p)+ p 1-7* (1- 1) (11 C2.7)

and u=—2r (11 C2.8)

J1+7%+2pv

where v =cos £ and g is the COM angle. The transformation of angle-differential cross sections
from COM to lab involves the derivative of v with respect to x, as given by Eq. (11 C2 a.33):

dv :(Wﬂ/ 1—72(1—ﬂ2))2

E 1-5? (1—,112)

(11 C2.9)

See|Section II.B.1.b| for details on the calculations of angular distributions with the Reich-Moore
formulation of R-matrix theory.

In older versions of input to the SAMMY code (when particle-pair_input is not used), the
excitation energy can be specified either in the laboratory system (as in|Eqg. (Il C2.2)) or in the
center-of-mass system (as—Q); SAMMY will make the appropriate conversions. The default is

laboratory. Users who wish to override the default (or who wish to keep a reminder handy)
should include (in INPut file) the phrase

CM NON- COULOVB EXCI Tati on energi es, or
LAB NON- COULOVB EXCltation energies

as needed for the non-Coulomb case and

CM COULOVB EXCI TATI On energi es, or
LAB COULOVB EXCI TATI on energi es

for use with charged-particle channels.

When using the key-word particle-pair input option [card set 4]of Table VI A.1), it is
possible to specify the Q-value (equivalent to the negative of the center-of-mass excitation
energy) rather than the excitation energy. It is recommended that Q-value rather than excitation
energy be given, to avoid any ambiguity when more than one nuclide is present in the target.

Within SAMMY, the conversion factors from laboratory energy to COM momenta are
calculated in subroutine Fixrad in segment/subdirectory “old” (and also used in segment “new”)
and stored in an array “Zke” which must then be multiplied by the square root of the energy
(minus the adjusted Q value) to give k or k'. Appropriate numerical constants are included to

facilitate conversion from units of eV (for energy) to inverse Fermi (for wave number, which is
momentum divided by 7). Values for constants are described in[Section 1)X.A|of this report.
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11.C.2.a. Derivation of kinematics equations

Let V represent the velocity of the center-of-mass (COM) system relative to the
laboratory system. Before the interaction, the relationships between the velocities are

+V  and O:—%+\7, (11 C2a.1)

3 |
3| X

from which we can solve for V and K in terms of p:

and K=—M_5 . whichimplies V=—P _ (1 C2a2)
m+M (m+M)

V =

§|7<1

The total energy in the lab must equal the energy in the COM plus the energy of the
COM. Before the interaction, this gives us

Elab = Eof coMm + Ein coM
(1nNc2a.3)
2 m+M)V 2 2 2
p_+m+|\/|:( ) KK e
2m 2 2m  2M

which is clearly true, as can be seen by substitution of the expressions in Eq. (Il C2 a.2) into
(I1 C2 a.3). We are using non-relativistic energies but nevertheless including the masses because
they may be different before and after the interaction. Within the COM, conservation of energy
requires that the initial and final energies are equal:

K 2 ) ' o (NC2a4)
—+—+m+M = + +m+M*' .
2m  2M 2m' 2M'
Solving for K" in terms of K gives
12 2
K2 (i Mij :%(l+ﬁj+(m+M—(m'+M')) or
m m
(1N Cc2ab)
K'?(m+M' K?2(m+M
| = +(Q)
2 \mM 2\ mM
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in which we have defined the Q-value as
Q=m+M-m-M" . (11 C2a.6)

Rewriting Eq. (11 C2 a.5) using the value for K from Eq. (11 C2 a.2) gives

L KZ(mJFMijQ}

m+M" | 2mM
amM' [ M )’ (m+M

= + I1C2a.7
m+M' {pm+M} (ZmMj Q} ( )

' v [ A2
:ZmM p° M 10
m+M" | 2m (m+M)

This can also be written as
K'2 = 2m'M'
m+M!'

M
{E(m+M)+Q} , (11 C2 a.8)

in which E is equal to the kinetic energy of the incident particle in the laboratory system,
_ P
E=— . (1c2a.9)

This definition of E is used throughout this manual; cross sections are always specified in terms
of this energy unless otherwise noted explicitly.

The transformation from COM to laboratory gives values for momenta after the
interaction. Again, we add velocities, similar to Eq. (Il C2 a.1), using Eq. (11 C2 a.2) for V :

K.y K, P (11 C2 a.10)
m' ' " (m+M)
(An analogous set of equations holds for the second particle,
9 __ K y__K,_»p (11 C2 a.11)
M' M M (m+M)

but we shall not be concerned with this particle now.)
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Setting 2 =cosé and v =cos S, we can write Eq. (11 C2 a.10) in terms of components

pcosezK cos,b’+ p and pS|nq:Ksm,B+o (11 C2a.12)
m' m' (m+M) m' m'
or
] 1 mlp ] 2 ] 2
=K'v+ and 1-p4° =K'\ 1- , I1C2a.13
pu=K'v (M M) p'y v ( )

in which we have set x=cosé@ and v =cosf. Squaring and adding the two equations in
(Il C2 a.13) gives

({252 -

) (INCc2a.14)
1 2 1 4,2 ' 2
(K V] + K'y1-v +2KV p N p |
m' m' m' (m+M) ((m+M)
or
12 12 ' 2
plZ = K|2+ |2K Vp + p 2 (“C2a15)
m m* m(m+M) (m+M)

Replacing K'v with its equivalent from Eq. (11 C2 a.13) puts Eg. (I1 C2 a.15) into the form

12 12 ] 2
P~ _K° 20 Jy,oMPL, P , (11 C2 a.16)
2
m+MJ (m+M)

which can be rearranged as
] 12 2
012 = Kl2+(2mm+i/|ﬂ)pl_(::+l\5l))2 , (11 C2 a.17)

Solving for p' in terms of other quantities gives
m' m Y m' Y
L + 2, 2 2+K12
P m+M PA \/(m+Mj bx (m+Mj P
2
m' 2( 2 m+M 2
+ -1)+ K .
m+M{pﬂ \/p (ﬂ ) ( m' j }

(Consideration of the p = 0 limit confirms that this choice of sign for the radical is appropriate.)

(11 C2 a.18)
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From Eq. (Il C2 a.7), we know K" in terms of p. Therefore, to simplify Eq. (11 C2 a.18),
we define &£ as

_(_m P
5_(m+|v|j|<' . (11 C2 a.19)

Using this definition of £, Eq. (11 C2 a.18) can be put into the form

mTM{py+\/p2(u2—1)+§2p2 }

o (11 C2 a.20)

p':

The quantity outside the curly brackets is exactly equal to K'; making this substitution gives

p':K'{§y+,/1—§2(l—y2) } . (I C2a.21)

The laboratory energy of the outgoing particle can then be found as

2r:-= ;mz {5 ui|1-8(1-17) }2 , (Il C2a.22)

or, using Eq. (11 C2 a.8) for K",

M’ 2 M
E'= { +,/ 1= (1= } E + : I1C2a.23
o vER AR (1-22) EVISL ( )
It is customary to define the laboratory threshold energy, here denoted by =, as
= E_m:AMQ . (11 C2 a.24)

Interms of =, Eq. (Il C2a.23) for E' becomes

£ M M

T M (me M) {éuﬂ/l—fz(l—uz) } [E-E] . (11 C2 a.25)
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Equation (11 C2 a.19) for & can also be written in terms of =, using Eq. (11 C2 a.8), as

2
o)
2mE , , ,
52 - m+M = lﬂﬂi . (11 C2 a.26)
2m'M’ £ M +Q M'M m+M E-E
m+M:' (m+M)
Next, i e transformation of angle from laboratory 8 to COM £ and vice
versa. From Eqg. (11 C2 a.13) we have
1 1 m' p 1 1
p'u=K'v+ =K'v+K'¢ (I C2a.27)
(m+M)

in which we have made use of Eq. (I1 C2 a.19)| Substituting Eq. (11 C2 a.21) into this equation

gives
py=K'gﬂ+J1—§%L1f)}ﬂ=KwHJC§ | (11 C2 a.28)
v=—&(1- )+ 1-E2(1- 1) . (11 C2 a.29)

This equation can be inverted to give u in terms of v as follows:

which reduces to

[v+§(1—y2)}2=y2[l—§2(1—,u2)} ,
Vz+2§V(1_lu2)+§2(1_2#2+ﬂ4)=#2_§2ﬂ2+§2ﬂ4 ,

y2(1+§2+2§v)=v2+2§v+§2 ’ (11 C2a.30)
s VE42Ev+E?
(1+&7+2¢v)
or, finally, as
pe—Y*e (Il C2a.31)

J1+E2 428y
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The transformation of cross section from COM to lab requires the derivative of v with
respect to y; this is found from Eq. (11 C2 a.29):

)

du du

=2+ | 1-87 (1-p?) + £ “5 (11 C2 a.32)
\/1 5

2ug1-& (1= g ) +1-¢7 (1—u )+u g

1-&°(1- )

giving, finally, the expression for the derivative

a (wer1me(1-a))

dv _ (11 C2 a.33)
du 1-&%(1- 1)
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11.C.2.b. Kinematics for elastic scattering

In the case of elastic scattering, primed quantities are exactly equal to unprimed, and the
Q-value is zero. The equations of Section 11.C.2 therefore simplify to the forms shown here.

The initial momentum K in the center-of-mass (COM) system is found from|Eq. (11 C2.3)
to be

K=tk=—"_ /2mE | (11 C2 b.1)
m+M

and the final COM momentum K" is found in Eq. (11 C2.4) to be

K=—M_ PmE . (11C2b.2)

m+M

The laboratory energy of the outgoing particle is found fromlEqs. (11 C2.5) and (11 C2.6) |to be

E':[ij {my+\/|\/|2_m2(1_ﬂ2) }TE , (11 C2 b.3)

with g =cosé.

The relationships between the COM and lab angles, Eqgs. (11 C2.7) and (Il C2.8)| become

v:—%(l—yz)w\/l—(%j (1-42) (I C2 b.4)

My +m
H= 2 2
JMZ 4+ m? +2mMy

and : (11 C2 b.5)

where v =cos g and g is the COM angle. The derivative of v with respect to y, Eq. (11 C2.9), is

d_v= (,um-i-\/ Mz—mz(l—,uz))2
du J MZ-m? (1 42°)

(11 C2 b.6)
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11.C.3. Evaluation of Hard-Sphere Phase Shift

Formulae for the hard-sphere phase shift (otherwise known as the potential-scattering phase
shift) are given iff Table IT A1 for non-Coulomb interactions. What is actually needed in SAMMY
is not, however, the phase shifts ¢ themselves but rather cos(2¢) and sin(2¢). Since evaluation of ¢
requires the inverse tangent function, results for cos(2¢) and sin(2¢) are more readily generated
with fewer computer round-off errors by using trigonometric relationships to generate formulae for
cos(2¢) and sin(2¢) directly.

For all I, it is clear from Table 11 A.1 that ¢ may be written in the form

p=p-X , (11 C3.1)
where
X =tan™ f (11 C3.2)

and f is a different function of p for each value of I. From Eq. (Il C3.1), using elementary
trigonometric relationships, we find

COSp = COoSp CcosX + sinp sin X (11 C3.3)

and
sinp =-cosp sinX + sinp cosX . (11 C3.4)

Thus, cos (2 ¢) becomes

cos(2¢) = 2cos’p—1=2c0s’ p cos’ X (L+tanp tan X )* —1

cos’ p (11 C3.5)

=2
1+ 2

(1+ f tan p)2 -1

Similarly, sin(2 ¢)can be written

2cospsing = 2cos’ p cos® X (1+tan ptan X ) (—tan X +tan p)

2 I1C3.6
= Z(ios—f’zo(1+ftanp)(—f+tanp) : ( )
J’_

sin(2¢p)

Equations (11 C3.5) and (11 C3.6) are the form used in SAMMY to evaluate the hard-sphere
phase shift terms for non-Coulomb situations.
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11.C.4. Modifications for Charged Particles

The penetrabilities Py, shift factors S;, and potential-scattering phase shifts ¢, defined in
Table Il A.1|apply only to non-Coulomb interactions such as those involving incident neutrons.
Often, however, the two particles in a channel will both have a positive charge; examples are the exit
channels for (n,a) or (n,p) interactions, and the incident channels in the inverse (reciprocal)
measurements (o,n) and (p,n). In this case the expressions for penetrabilities, shift factors, and
phase shifts must be modified to include the long-range interaction; see, for example, the discussion
of Lane and Thomas|[AL58]]

An extension for SAMMY to include Coulomb penetrabilities, shift factors, and phase shifts
was developed by R. O. Sayer|[RS00] |(and modified by the SAMMY author) and used first for
analysis of *°0 data [LL98,RS00]. [FORTRAN routines used for this purpose are a modified version

of the routine COULFG of Barnett [AB82]

Additional changes were required to calculate the cross sections for incident charged
particles; details are given in Section 11.C.4.a] Because the Coulomb interaction is long range, only
the angle-differential cross sections are calculable; the angle-integrated cross sections are infinite.

Expressions for Py, Sy, and ¢, for particle pair « involve the parameter 77, , which is defined as

2
:Zazaelua

, 11 C4.1
n’k, ( )

up

where z and Z are the charge numbers for the two particles in the particle pair. The reduced mass

4, 1s defined in the usual manner as
i, :mt—Ma , (11 C4.2)
m, +M,

where m_ and M are the masses of the two particles in channel a. The center-of-mass (COM)

momentum 7k, is defined in the same manner as in Eq. (11 C2 a.8), as

2m,M, M

h’k? =
“ (m,+M,)(m+M)

(E-Z) . (11 C4.3)

In Eq. (11 C4.3), the masses of particles in the incident channel are denoted without subscripts; these
masses may be different from the masses in particle pair a. If the excitation energy is given in the
COM system, this expression takes the form

W - 2m M, M E_[m+M}
“ " (m +M ) (m+M M
(m,+M,) ( )

[1]

cmj. (I C4.4)
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In the SAMMY input, the user can specify the value of the excitation energy either in the
laboratory system [as in Eq. (11 C4.3)] or in the COM system; SAMMY will make the appropriate
conversions. The default is laboratory. Users who wish to provide COM values should include the
phrase “CM COULOMB EXCITATION ENERGIES” as needed.

The reaction Q-value is the negative of variable =.,,,= ECHAN (in the COM system) in

card set 10.1|or[ 10.2|of Table VI A.1. When using the particle-pair input,[card set 4]or of

Table VIA.L, it is possible to give the Q-value directly; this is the recommended input format.

Recall that a channel is defined by the particle pair (with mass, spin, and charge for each of
the two particles, plus the Q-value) plus the spin quantum numbers I, s, and J. Quantities defined
above in Egs. (11 C4.1) through (11 C4.4) depend only on the particle pair o and not on the spin
quantum numbers. Other quantities (below) depend also on the value of I.

If ac is the channel radius for this channel, we again define p as

p =k, a, (11 C4.5)

The penetrabilities B (7, p), shift factors S, (7, p), and phase shifts ¢, (77, o) are then calculated as

functions of F, (17, p) and G, (#,p), the regular and irregular Coulomb wave functions, respectively.
The equations are as follows:

P p OA G,
P=" S, o and cosg, =4 (11C4.6)
I P |
where
A =F’+G} . (I C4.7)

In Egs. (11 A.1) and (11 A.5), the Coulomb phase-shift difference w is required for charged-
particle interactions. From Lane and Thomas|[AL58]/ this quantity has the value

0 =0

¢ itan’l 77_0‘) 10
n=1 n

(11 C4.8)

Finally, we note that an alternative version of the Coulomb functions is available in
SAMMY. This alternative, modified from files provided by Hale requires longer run time
but appears to be more accurate at low values of p (and corresponding high values of ). SAMMY
will automatically switch to the more accurate version when it discerns the need. To invoke this

alternative for all calculations, include the phrase
USE ALTERNATI VE COULonb functions

in the INPut file.
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11.C.4.a. Charged-particle initial states

To derive the equations for the angle-differential cross sections for charged-particle
incident channels, we begin with the Lane and Thomasexpression [page 292, Eq. (2.6)].
When this expression is corrected (for a missing complex conjugate, a missing minus sign, and
missing delta functions), summed over the exit channel spinss’', and averaged over the incident
channel spins s, the resulting equation for the angle-differential cross section is

do
dQCM

ZBLaa COSﬁ) %‘Ca (ﬂ)‘zé‘aa'

a

\/729J R{—{ ZIWMZ_U“JC P(cos,b’)}

(I C4al)

Jsl

Here we have again used the convention that ¢ = {a,l,s,J}. For the charged-particle case, the
definition of BLM.(E) is modified slightly from the non-Coulomb case tEq. (11B1 b.2)1 to give

L= 2L T % ¥

J l1sy Iy sy (PEP) PEP)

1
LR PR S (PEPIPEPRIS IR (Zi +1)(2| +1)

x G

(11 C4 a.2)

x Re| (€5, U, ) (€76, . Ul )| -

czcz)

In the final line of Eq. (Il C4 a.2), the quantity c; is substituted for the expression {a,ll,sl, Jl},

cofor {a,l,,5,,d,}, ¢, for {&'1",s",3,},and c', for {a"1",,5",,J,} . The geometric term G in

Eq. (11 C4 a.2) is the same as for the non-Coulomb case and is defined in [Egs. (11 B1 b.3) to
(11 B1 b.10){ Notation for summation indices is the same as in the non-Coulomb case.

What is different here is the presence of the exponential involving the Coulomb phase-
shift difference w,, defined in|Eq. (11 C4.7)| Also, the scattering matrix contains the wy, in the
definition of Q; the Sommerfeld parameter 7, in[Eq. (IT C4.1)) is defined as

_1Z¢€%p,

= I1C4a3
77(1 hzka ( )
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The additional terms in Eq. (11 C4 a.1) involve the function C_, which is defined as

B L ) ﬁ —2in, In [sin(?ﬂ
C, = mrya cosec (zje : (11 C4a.d)

It is this term which is infinite at #=0 (forward scattering) and which causes the (angle-
integrated) elastic-scattering cross section to be infinite.

Center-of-mass vs Laboratory
Angular distribution cross sections are sometimes reported as if measured in the center-
of-mass system rather than in the laboratory system; hence, SAMMY can calculate either

version. To specify which is wanted, insert one of the phrases

USE CENTER OF MASS Cross sections
USE LABORATORY CROSS sections

into your INPut file (see|Tables VI A.1 and|VI Al.ﬁ). Center-of-mass is the default.
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11.C.5. Inverse Reactions (Reciprocity)

Occasionally a user may wish to include data from an inverse reaction in the same
evaluation as the forward reaction. For example, for an evaluation of the O resonance
parameters, Sayer [[RS00] |wanted to include *°O(n,a)*C data. No such data existed, but
13 16

C(a,n)"O data were available.

Unfortunately SAMMY does not have the capability of including reciprocal data in the
same evaluation (using the same resonance parameters). SAMMY was designed with the intent
of treating one incident particle (originally a neutron) and many different types of nuclides
within the target. Other codes (e.g., EDA|[GHT75]) were designed with a different philosophy:
to simultaneously treat all interactions leading t0 the same compound nucleus. Eventually the
SAMMY author hopes to add similar capabilities to the SAMMY code.

Meanwhile, two alternatives are available: (1) The SAMMY user can convert the data
using reciprocal relationships, and include the converted data within his or her evaluation. (2) If
there is no need for simultaneous” fitting, resonance parameter values can be converted to those
appropriate for the reciprocal reaction. Either of these two can be accomplished by application
of the principle of detailed balance.

To convert the cross section from the A'(a', a) Areaction to the A(a,a') A' reaction, we
first consider the center-of-mass (COM) system, in which the energies are easily related by

Ecow = E'cou— Q - (11 C5.1)

Elementary kinematics (as illustrated in|Figure Il C5.1)| gives the conversion to the laboratory
values E and E',

M M’ M
E = E , E' =—mE", =-— I I1 C5.2
COM m+M coMm m.+M. Q m+M lab ( )
and algebra then gives
M m+M'
E'=(E-E . I1 C5.3
( Iab) m+M M. ( )

* By “simultaneous” is meant either (1) truly simultaneous or (2) “sequential using the covariance matrix from one
SAMMY run fitting one data set as input to another run fitting another data set.” See of this manual for
details of both possibilities.

Section 11.C.5, page 1 (R7) Page 79



Section 11.C.5, page 2 (R7) Page 80

Figure 11 C5.1. Schematic of kinematics for inverse reactions.

Lab, inverse reaction

Lab, forward reaction
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The R-matrix for the A'(a',a)A system must have the same value (at comparable energies) as
the R-matrix for the A(a,a’) A’ system. Hence

VeV e
R' .=
« Z,;‘lf'i—E'—il“'/b,/Z

1 — T - —1
TE | (E-m) M i 2 T BB

(11 C5.4)
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In order for the equality on the bottom line of Eq. (Il C5.4) to hold, the unprimed resonance
parameters must be defined as follows:

E,=E%0Q+E . Fe=T"%0a ., 7//1c:7'/1c\/a ' (I1C5.5)

m+M M’
q = { v } [m'+M'} (11 C5.6)

(for ¢ = any channel, for example neutron, fission, or capture). These equations may be used to
convert the resonance parameters.

where

To convert the experimental data, recall that there is a multiplicative kinematic factor of
1/K?, where K is the momentum of the incident particle in the COM frame. For A'(a',a)A, this

term is

1 m+M' ?
K 12 = ZET]I(M ,)Z)E, ! (“ C57)
and for A(a,a’) A", the term is
1 m+ M ?
K2 (ZmM Zé ' (11 C58)

The experimental cross sections must be multiplied by the ratio of these two values, and
appropriate energy substitutions made.

Another multiplicative factor that must be adjusted is the spin statistical factor, which
also reflects the parameters of the incident channel. Since the compound nuclear spin J is the
same in either system, the correct multiplier is the ratio of the two:

Opnapn  (20+1)(21'+1)
C(2i+1)(21+1) (11C59)

gJ:A'(a‘a)A

With these changes, the cross section for the A(a, a') A'reaction may be written in terms of the
cross section for the A'(a’,a)A reaction as
_(2i+)(21+) m'M 2 (m+M) E'

aA(aa'>A'(E)_(2i+1)(2|+1) mM? (m'+M')2E0A'<a'a>A(EI) - (1G310)
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11.D. DERIVATIVES

In order to make use of sophisticated fitting procedures such as Bayes’ equations
(Section IV |of this manual), it is necessary to know the partial derivatives of the theory with
respect to the parameters to be fitted (the “varied parameters”). The easiest method for
calculating derivatives of cross sections with respect to resonance parameters is to use a
numerical difference approximation, of the form

oo _ G(P-I—AP)—G(P)

ZZ , I1D.1
oP AP ( )
or, to avoid problems from the asymmetry of that approximation,
P+AP)—oc(P-AP
9o _o(P+AP)-o(P-AP) (11D.2)

oP 2AP

Numerical methods, however, are neither as accurate nor as efficient or rapid as analytic
derivatives. For that reason, SAMMY uses analytic derivatives wherever possible. In particular,
derivatives of cross sections with respect to resonance parameters are all calculated analytically.

To reiterate: SAMMY does NOT use numerical derivatives of the form (11 D.1). When a
numerical derivative is absolutely necessary, the form (11 D.2) is used. For R-matrix parameters,
analytic derivatives are always used. (The only exception to this rule is for charged-particle shift
factors and penetrabilities, for which calculations of both the functions and the derivatives
require numerical techniques.)

The R-matrix equations are expressed in terms of the reduced-width amplitude y rather
than the partial width I". In the SAMMY code, the amplitudes are the parameters to be varied.
In general, SAMMY distinguishes between “u-parameters” and “p-parameters”.  The
u-parameter is the variable whose value is sought by the fitting procedure. The p-parameter is
the parameter whose value is given in the SAMMY input and output files. There is a well-
defined relationship between the two, but the relationship is not necessarily one to one. For

example, the value for the neutron width specified in the input PARameter file (see [Table VI B.2

in Section VI.B) is related to three parameters, any or all of which might be varied:

Fln = 2P|(,0)]/§n !

p, =ka, , (nD.3)
M
and hk, = J2mE
L m+M A

Here y,, a,, and E, all may be varied parameters. In the SAMMY input, varied parameters are

indicated by a flag, whose value (0, 1, or 3) indicates how that parameter is to be treated. The
convention is that a flag on I" denotes the status of the y parameter, because the other two (the
radius and the energy) are separately flagged.
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Throughout this document, when the varied u-parameter is different from the flagged p-
parameter, the equations relating the two are given explicitly. For the R-matrix (in all its various
guises), the u-parameter associated with the resonance energy is

u(g,) = £y|E,| . (11D.4)

where the negative sign is chosen if E; is negative, and the u-parameter associated with the width
IS

u(rzc):?/zc . (11D.5)

In the following sections, equations are given for the derivatives of the cross section with
respect to the R-matrix parameters for the Reich-Moore approximation (Section 11.D.1) and for
the Breit-Wigner approximations (Section 11.D.2). Additional details are in[Section I1.D.3.
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11.D.1. Derivatives for Reich-Moore Approximation

The derivative of the cross section with respect to a resonance parameter is found by making
use of the chain rule:

OR
6_0': v awm auwr 4 , (|| Dl.l)

o, = ou oR, oW, oU

uv
O<T

T

where the index J has been suppressed, since it is fixed for a given parameter u. Each term in this
expression is evaluated separately.

Derivatives of cross sections with respect to the scattering matrix U, derivatives of U with
respect to W, and derivatives of W with respect to R are found inSection I1.D.1.a] Derivatives of R
with respect to resonance parameters are given in Section 11.D.1.b|

Derivatives of the cross sections with respect to the channel radius require additional terms
beyond those in Eq. (Il D1.1), because the radius is also used to determine the hard-sphere phase
shift. These derivatives are discussed in[Section II.D.1.c|

Derivatives of R with respect to the variables of the logarithmic parameterization of the
external R-function (defined in(Section II.B.l.d} are given in |Section 11.D.1.d
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11.D.1.a. Derivatives with respect to R-matrix

For resonance and R*™ parameters, the derivative of the cross section may be written as

90 _ 3 IR OWer OUsr 00 (1 D1 a.1)

u, ¢4 ou, AR, OW,, oU

e

ef

where the index J has been suppressed, since it is fixed for a given parameter u. Indicesc, d, e, and
f denote channels. The restriction ¢ < d indicates that the sum includes, for example, only terms

with indices c, ¢, and not terms with indices c, ¢, (for ¢, #c,); this restriction results from the
symmetry of R and W (or X) with respect to interchange of indices.

Each term in the expression (11 D1 a.1) will be evaluated separately, starting with the right-
most term. All except oR/ou are evaluated in this section; oR/du is discussed in subsequent
sections.

The derivatives of cross section with respect to the real part of U can be expressed as

(Il D1a.2)

0o _ 0o oU 0o U _ 0o 0o _ oo
+ — = —+—5 = 2Re|—| ,
ouU’ oUou" oU oU’ oU ouU

where the asterisk implies complex conjugate, and U and U™ are treated as independent entities.
Similarly the derivative with respect to the imaginary part of U is given by

. - = .
ou’ oU aU'  aU” au! U ou

do _ 00 30 U _ .d0 .o _ —Z'm{s_ﬂ' (11 D1a3)

It follows that the derivative of the cross section with respect to U can be written as

99 _ Re| 97|, im| 22| 2 L0000 (11 D1 a.4)
oU oU oU 2lou" oU'
ing Eq. (11 D1 a.4), values for the partial derivative of ¢ with respect to U are found from
s. (I A.8) to (Il A.11)}| which give
total
o _ "85 (11 D1 a.5)
oU,; k
60—040: 7z'g *
= —F(@f—uef) , (11 D1 a.6)
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66&(1' T g * 1
= —U, fora'zaqa, (I'D1a.7)
ouU., k
and
80‘ capture Pa g .
=-—U . 11 D1a.8
8U k2 ef ( )

ef

Derivatives of a complex variable (such as U) with respect to another complex variable
(such as W) may be generated directly, without separately considering the real and imaginary parts
of each variable; this is demonstrated explicitly in|Section 11.D.3, Here, we make use of this result
to evaluate oU / oW and oW/ OR.

Derivatives of Ugs with respect to W, are formed directly from Eq. (11 A.4), which may be
expressed as

U, =W, Q, , (1 D1a.9)

ef

so that

- 0.0, . (11 D1 a.10)

Derivatives of W with respect to R are formed from Eqgs.|(I1 B1.3) and (11 B1.4) which we
rewrite as

W=1 + 2iX = |+2i(ﬁL‘l(L-l—R)'1RJ5)

| + 2iVPLY (L' -R) [R-L*+LY]VP

(ID1la.11)
-1 -1
=1 + 2i/PLY (L' -R) [R-L" VP +2i/PL (L' -R) [L*]VP
= 1 - 2ifPLP + 2iVPLY (LT -R) LWP .
Explicitly displaying the indices, Eq. (Il D1 a.11) takes the form
W, = 1 - 25, RPL* + 2R LY, L' [P, (11 D1 a.12)
where we have set
Yef:[(L‘l—R)_lJ . (11 D1 a.13)
ef
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In|[NL80, Appendix A]jand also in of this manual, we show that the derivative of Y

with respect to R is given by

o,
GRC; = Yechf + Yechf (1_5cd) ' (“ D1 a14)

Substitution of this expression into the derivative of Eq. (11 D1 a.12) gives

oW
Py R: = 2i \/Ee L;1 |:Yechf +Yechf (1_5cd) i| L;l \/Pif ' (“ D1 a15)

Alternatively, we may write

o X
aR: = P L VY + VYoo (1-6) L P (11 D1a.16)

which is the more practically useful form in SAMMY.
Derivatives of R with respect to u depend upon which particular u-parameter is being

considered. Parameters of the external R-matrix, resonance parameters, and channel radii are
described in the next subsections.
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11.D.1.b. Derivatives with respect to resonance parameters

From Eq. (11 B1.1), the derivatives of the real and imaginary part of R with respect to the

resonance u-parameter associated with the resonance energy are

aRe[Rﬂv]

e - 27,7 4E: | [{—(EA—E)ZJr(ﬁy)Z}/dj} (11 D1b.1)

and

M) e E e empa] . aoibg

The derivatives of R with respect to the u-parameter associated with the eliminated capture width
can be written as

ORe[R,, |

07, = |:_471,u7/ﬂ.v77/1}/j||:{(El_E)yﬂ.zy}/dj] (11D1b.3)
and
oIm[R,, | B I
5 - [zm V. 7M][{(EA—E) (7)) }/dl} . (11 D1 b.4)

The derivatives for the particle widths are

ORe[R,, |

07,1, - [7“’ (1+5ﬂ")] I:(Eﬂ B E)/dz:l (11 D1 b.5)
and

olm R, .

%ﬂ} B [“v (1+5w)] [75,0d,] (11 D1 b.6)

In the expressions above, the denominator term d is defined as
d,=(E,~E)+7," . (11 D1 b.7)

In each of these equations, the first square bracket contains an energy-independent factor; in
the code SAMMY, this factor (times 2) is evaluated outside the energy loop in subroutine BABB
and is stored as BR(uv,i) for the derivative of the real part of R, with respect to the i parameter,
and Bl(uv,i) for the derivative of the imaginary part of R,,. The quantity in the second square
bracket is energy dependent but channel independent. Therefore, it must be generated for each
energy and is temporarily stored as UPR(i) and UPI(i) in subroutine ABPART.
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One legacy from early versions of SAMMY should be explained in some detail.

To avoid problems arising from the computer’s limited precision, and to minimize computing
time, partial derivatives for non-s-wave (I > 0) resonances are truncated to zero far away from the
resonance. The working definition of “far away” is 20 times the sum of the partial widths for that
resonance plus 3 times the sum of the Doppler- and resolution-broadening widths, which is far
beyond the region where a resonance should produce any noticeable effect. Specifically, the
derivative of the cross section at energy E is set to zero for resonance level 4, if

[E-E,[>20[ Y I, +T,, [+3(D+r) (11 D1b.8)

for resonances with | > 0, where D represents the Doppler and r the resolution width. Moreover, the
contribution to the imaginary part of R is set to zero whenever the distance from level X is greater
than 100 times that specified in Eq. (11 D1 b.8)| (The contribution to the real part of R is never
assumed to be negligible.)

For s-wave resonances (I = 0), the user has the option of setting derivatives equal to zero
beyond a certain distance, where the distance is twice that specified for non-s-waves. To invoke this
option, include the command

USE S- WAVE CUTOFF
in the INPut file. CAUTION: Though the cross-section segment in SAMMY may run slightly faster
with the cutoff option invoked, results will not be as accurate. Use of this option is not encouraged.

With the advent of modern computer systems, use of the non-s-wave cutoff feature is no
longer a necessity. Furthermore, use of this cutoff may lead to problems; in particular, inaccuracies
have been noted in the calculation of uncertainties on multigroup averages.

The command
USE NO CUTOFFS FOR Derivatives or cross sections

can be used to eliminate the non-s-wave cutoff. It is recommended that, prior to completion of an
analysis, the SAMMY user compare results obtained with and without the cutoff, to determine
whether results are sufficiently accurate with the cutoff invoked.
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11.D.1.c. Derivatives with respect to channel radius

Derivatives with respect to channel radius a require modification of the procedure outlined in
Section 11.D.1.1, since phase shifts ¢ and penetrabilities P also depend on channel radius (sometimes
called “matching radius”). All dependence on a is via p, where

p=ka , (N"D1cl)

and momentum 7k in the center-of-mass reference frame is described in k is the
wave number in units of inverse length. The derivative of the cross section with respect to the radius
can be written

do _ 0o 0p _ K oo

— . (IND1c.2)
ca Op oa op

Our problem therefore reduces to finding do/op .

The derivative of the cross section with respect to p may be formed from Eqg. (11 A.1):

*

UCCI + (5cc‘ _U(:Jc*) aUCC':|
op op

oRe(U... L oU,,
= 2_722-90 5CC'L - Re UCJC—CC )
k op op

From the definitions of Q and ¢, 'Eqs. (IMA.4) and (I A.5)|, the partial of U with respect to p may be
written as

(11 D1c.3)

Ve _ .00, o,

8\Ncc' -
Uu. +Q Q. - iU

L w . . w (11 D1c.4)
op op op
Equation (11 D1 c.3) can therefore be written as
0o, 0
e _ 2% o 15 Re| 2120y 42 Mo
op ks op op
(11 D1 c.5)

.| (0 op,. .
_Re| U | i e e |y s Ve [ [L
op Op op
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or
oo, 0
Occ _ 2_72[gc 5CC- Re| —2i D ) +Q§ aWcC
op ke op op
(IID1c6)
0 oo, .
_Re| QW | <i| Zo 4 P law o0 Ve o | |1
op Op op
Because Q¢ Q¢ = 1, this simplifies to the form
oo, 0 oW,
UCC — 2_722-9(: Re §CC,Q§ 2 ¢C cc
op k¢ op op
(11 D1¢c.7)

. 0 op,. oW.__.
—W_.| i e [0 W +—— :
op Op op

Derivatives of hard-sphere phase shifts ¢ are formed by direct differentiation of the

formulae in [Table 11 A.1[for non-Coulomb and of the equations in[Section I1.C.4 for Coulomb.

The derivatives of W are found in similar fashion to the derivatives with respect to resonance
parameters, beginning with Eq. (11 D1 a.11)}

Mo~ g, 1 T 1 2i6, L7 Deai T
op 8,0 op Op
aP |: -1 1:| 1
L~ -R L. /P.

s mﬁ(q)(@ 6ch[( e

op Op

+2i P L [( L - )1}&( c j (11 D1 c.8)
=

. _ -1 _, OP.
- 2R (L-R) L 2JT

r 2T RL (LR W (%n aPC"J

cc" % 8,0

x Lt [(L‘l—R)_l} IR .

¢’
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This expression can be greatly simplified by setting

8. = JPL [( Lo R)l}

c

which gives
J
Mg _ 0P 1 9 +ig. 1 6P,
op op R, P. op
+2i Y 9P (@H@Jg
dp  Op

. Lc_‘l\/P—c'_ P(:L(:1500' J

c'c'

Page 95

(11 D1 ¢.9)

(11 D1 c.10)

Derivatives of penetrabilities P; and shift factors S; are found by direct differentiation of the

formulae in|Table Il A.1[for non-Coulomb and|Section 11.C.4 for Coulomb. Derivatives of the cross

sections with respect to p are then found by substituting results from |Eq. (11 D1 c.10) |into

[Eq. (I1D1c.7)]
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11.D.1.d. Derivatives of logarithmic external R-function

Derivatives of R™ with respect to the u-parameters are found from

(11 B1 d.2) to be of the form

aRé!Xt S'con,c + SIin,c Ecup
PEX E”-E ’
aRé!Xt S'con,c + S'Iin,c Ecdown
OE éjown - E— Ecdown !
R*
al:?con,c - 1
R
al:_zlin,c - ,
655)« _ ,
OR, .
aR ext up
c =_2 Scon . In EC—dE ,
a Scon,c ' E- ECOWH

and
aRfXt

asIin,c

u own Ecup_E
= —(E"-E{ )—EIn{E_—Egown} :

Section 11.D.1.d, page 1 (R7)

Page 97

Egs. (11 B1 d.1){ and

(11 D1d.1)

(11 D1d.2)

(11 D1 d.3)

(11 D1 d.4)

(11 D1 d.5)

(11 D1 d.6)

(11 D1 d.7)
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11.D.1.e. Derivatives with respect to p-parameters

As described in Section I1.B.1internally SAMMY operates in terms of the u-parameters,

these being the parameters whose values are to be fitted via Bayes’ equations (see |Section V)|
The u-parameters are related, but not necessarily equal, to the parameters whose values are given
in the INPut and/or PARameter files, which are denoted as p-parameter.

When only the SAMMY code is used for calculations, there is no confusion arising from
switching between u- and p-parameters. The transformation from u- to p-parameters also poses
no difficulties in communicating parameter values between SAMMY and other codes (e.g., via
ENDF files). However, in communicating uncertainty, covariance, or sensitivity (partial
derivative) information, care must be taken to ensure that transformations are properly made.

In particular, the transformations involving the resonance energy and the partial widths
must be calculated carefully.” The p-parameter for a particle width or example, is related to
the corresponding u-parameter y via the transformation [see [Eq. (11 B1.7

rlc
(Il D1e.1)

U, =7 =% m :

where P in this equation is the penetrability (with the appropriate angular momentum | for this
channel) evaluated at E;, the energy of the resonance.

From Eqs. (I A.8) and (11 A.9)[ P has the form

R=R(p) with p=pa (|E,~5[) (1 D1e.2)

in which £ is a mass factor given explicitly in Eq. (Il A.9), a. is the channel radius, and
= represents the threshold energy. The £ sign in Eq. (Il D1 e.1) is as given in the PARameter
file (Table VI B.2). E; is another p-parameter, for which the corresponding u-parameter is

JE; for E, >0

u, = (Il D1 e.3)

" |-J~E, forE,<0
from Eq. (11 B1.6)

In the following discussion, most subscripts are omitted, for simplicity’s sake. Equations
for negative-energy resonances are indicated within square brackets.

* In early versions of SAMMY, these transformations were done incorrectly. These mistakes have been corrected in
release R7 of this manual and in sammy-7.0.0 and subsequent releases of the code.
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Consider a function f of the two u-parameters y and u (which we take to be the u-
parameter associated with the resonance energy). This function might be the cross section, or
some other function such as transmission or average cross section. The equations of
transformation to the two p-parameters I" and E, are given above. The derivatives of f with
respect to the p-parameters are therefore

of _arof  auof 0l L)
or T oy  or ou

and
ot _ oy of = ouof
OE, OE, 0y OE,ou

(I D1e.5)

The partial derivatives of the u-parameters with respect to the p-parameter I can readily be found
from Egs. (11 D1 e.1) and (Il D1 e.3) as

o oyt lpwe 101 7 (11 D1 e.6)
oT 2P 2 2\2P T  2r
and
Mg (l1D1e.7)
or

The derivative of u with respect to E; is relatively straight forward:

o _lga, 1
ok, 2 ° 2u  2E,

5 L . (I1D1e.8)
Yoo = - == L ifE, <0|.
OE, 2 2u 2E,
The derivative of y with respect to E; is somewhat more complicated, having the form
Or = + r (_ijpmd_Pa_p =7 1 /Lia_p = — P op , (11 D1 e.9)
OE, 2\ 2 dp CE, 2\2P P CE, 2P CE,

in which we have defined P' to be dP/dp. From Eq. (Il D1e.2), forE, > =, it follows that

oy 7P’ ) yP'p
= — = — . Il D1 e.10
oE, 2P 2\/(51_5) 4P (E,-E) ( )
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Similarly, for E, <=, we find

oy yP' 0 5y - 1P pa(-1)
O, 2P OE, =) =% 2/-(E, -2
S (11 D1 e.11)
pr (S P p
BT ~(E,-E) 4P (E,-E)
Equations (11 D1 e.4) and (Il D1 e.5) can therefore be rewritten as
a _ NI 0 (11 D1 e.12)
or 2T oy
and
o __ P p O ud (I D1 e.13)
OE, 4P (E,-E) oy  2E, éu

Similarly, if the function f is defined in terms of p-parameters, the derivatives of f with
respect to the u-parameters are given by

o _oro o o (11 D1 e.14)
oy 87/ or Oy OE,

and

a _orad & (11 D1 e.15)

ou  ouor ou ok,

That is, the inverse transformation (from p-space to u-space) requires the use of the partial
derivatives of p-parameters with respect to the u-parameters. These derivatives have the form

or 2T

— = +2P 2y = +4Py = — | (11 D1 e.16)
oy 4
B _o (11 D1 e.17)
oy
and
O, _,, _ 2 [@Z_ZUZZEi if E, } . (ID1e.18)
ou u ou u
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The partial derivative of I" with respect to u requires special care to evaluate correctly. For
u’ =E, > Z, this derivative has the form

a_F:2@2:2P7dP6p ( )
ou 8u7/ P dp adu P ou
(I'D1e.19)
P' pa2u P U -E ,
- Ir— =T— _ -2 — %
P2 (uZ—E) P ( 4_5) P(Ez_d)u
If 0< E, =u® <=, this partial derivative takes the form
2
aa_F=2E]/2=2id_Pa_p_ __(ﬂa (u _':))
u ou P dp du
' _ CBa—(uP=Z ) (~u
_ P pa) L PS ( : _)( ) (11 D1 e.20)
Pof-(w-z) P g
P p E,
=T — —
P (E,-E) u
[Finally, if 0> E, =—u?, then
2 1
O _50P 2Py dP dp _ rii(ﬁa —(—uz—E))
ou ou P dp du P ou
: Cpauf(u+E
_pP_pa) L pf : _) (Il D1 e.21)
P (u2+:) P (— (—u —:)
_+P_p E
P(E,-E) u '

in a form which is compatible with the other versions.]

Substituting Egs. (11 D1 e.16) through (Il D1 e.19) into Egs. (11 D1 e.14) and (Il D1 e.15)

gives
or _ 2r ot 0 (11 D1 e.22)
oy y oI

and
ot _ P _p E0f | 2E Of (Il D1 e.23)
ou P(E,-E) u or u OE,
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Using the formulae in Egs. (11 D1 e.22) and (Il D1 e.23), it is possible to demonstrate that
the second transformation is the inverse of the first. That is, if one substitutes the expressions for
of / oI" and of I0E, from Egs. (11 D1 e.22) and (Il D1 e.23) into Egs. (11 D1 e.12) and (Il D1 e.13),
or vice-versa, the resulting equations are identities.

Consider, now, the definition of the covariance matrix associated with a p%. of
values. The covariance matrix associated with the u-parameters is denoted (as in|Section V) as
matrix M, where

M;; =(du, ou;) (1 D1 e.24)

in which du; represents a small increment in the value of parameter u; , and the angle brackets
represent the “expectation value.” Diagonal elements of this matrix are the square of the
uncertainties on the parameter values; off-diagonal elements describe the connectedness between
different parameters.

To communicate SAMMY results to ENDF files, it is necessary to generate the
covariance matrix associated with the p-parameters (here this matrix is denoted by Q). This
matrix is generated by making use of the relationship between a small increment in a p-
parameter and a small increment in each of the u-parameters:

sp, =Y LPesy (11 D1 e.25)
— Ou,
so that Q becomes
Q ={opop) = 3 LPeisusu) P Il D1 e.26
o= (Fpom) = 3 —e(ousu) =t (11 D1 &.26)
[} i i

! J

The expansion of this covariance matrix for the two-parameter example discussed above will not
be given here, but is proposed as an exercise for the student.

Reminder: It is the p-parameters (not the u-parameters) that are listed in the SAMMY
PARameter files (input and output) and in the SAMMY output file (SAMMY.LPT). Likewise, it
is the p-parameters” which are listed in ENDF File 2.** Therefore, the covariance matrix
elements given in ENDF File 32 must correspond to the Q matrix defined above; that is, the
covariance matrix listed in ENDF File 32 must be the appropriate covariance matrix for the
resonance parameters.

* For the LRF=7 format, an option exists to list the reduced width amplitudes vy rather than the partial widths T". In
this case, no transformation from u- to p-parameter space is necessary for the partial widths, but only for the
resonance energies.

** Caveat: When a reduced-width amplitude is negative, it is not I but G = —T" that is listed in the ENDF file.
ENDF covariance matrices are expressed in terms of G, not T
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When the cross section is calculated as a function of the u-parameters, a small increment

in the calculated cross section is given by

5a=Z§T“5un

Therefore the covariance matrix C; for the cross section is found from

ole 0o,
C;=(d0,50)) = <Z [a—ua‘unj Z[a—ulaum

n m

. oo,
=3 9% (sy, 6u,) 20
mm OUu, ou,,
_ vy 99 0o
~ou " ou,

(11 D1 e.27)

)

(Il D1 e.28)

in which M is again defined as the covariance matrix for the u-parameters. In order to print the
covariance matrix resonance parameters for the p-parameters into the ENDF formats, it is
necessary to transform the parameter covariance matrix from M to Q. That transformation is

made by inserting the formulae

and

into the previous expression, Eq. (11 D1 e.28), yielding

0 P, GO'J-

Ci' = Z ao_i apk nm
: n,m,k,l apk 8un aum apl

or

0o, oo,
Ci': l Q —L )
: ; op,  ap

where Q is given by
op
nm aum

le = z apkM

m OU,

(11 D1 e.29)

(11 D1 €.30)

(11 D1 e.31)

(11 D1 e.32)

(11 D1 e.33)

For the case in which only one elastic width contains an energy-dependent penetrability,
the p-parameter covariance matrix must be modified for all elements involving a width having

energy-dependent penetrability.
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11.D.2. Derivatives for MLBW and SLBW Approximations

From the form of the cross sections in Egs. (11 B3 a.1), (Il B3 a.5), and (Il B3 a.6), we note
that there are only four expressions in which the resonance energies or widths occur. These
expressions are denoted as follows:

AiM:FM(E—El)/dZ , (11 D2.1)

A, =T,L, Id, , (11 D2.2)

A, =T, T,./d, |, (11 D2.3)

and A.=r,TI,/d, , (I D2.4)
where d is given by as

d,=(E-E,) +(T,/2)" . (11 D2.5)

Equation (11 D2.4) is actually redundant, since
A =D Aseer + Ao, - (11 D2.6)

As discussed in|Section 11.00, the assumption in the SAMMY code is that the u-parameters
are independent and the p-parameters are derived quantities. Thus we need only evaluate partial
derivatives of A ,, A,.,, and A, .., with respect to the u-parameters (i.e., with respect to the

partial-width amplitudes and to the square root of the resonance energy). These derivatives may be
written as follows:

P -2ET, |-1+2(E-E,)'/d,}/d, (I D2.7)

r

aAZM

aJ__4FF“F” (E-E,)/d? | (11 D2.8)

OA;..,

'l _ g . E E /d2 , 11D2.9
e = WE T (EE) (1029)
oA

_1M :_277zyrzc(E_E/1)r/1/d12 J (“ D2.10)
67/1}/

Section 11.D.2, page 1 (R8) Page 105



Section 11.D.2, page 2 (R8) Page 106

aAZM

= =27, T, {2-T, T, /d}/d, | (11 D2.11)
]//1}/
oA,
aj"” =-27, T, T, .T,1d7 (11 D2.12)
7/2.;/
B
aAM =20, (E—E {8, —T, T,/ (2d)} 1 {r, 0.} (11 D2.13)
Ve
oA _
8;” =20, T, { Gp =T, T/ (24, )} /{7, 0d, | (11 D2.14)
Ac"
and
oA,
83“ L= 20, TG + 8 =T, T /(20,1 {700, ) (11 D2.15)
Ve

All other derivatives are zero.
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11.D.3. Details Involving Derivatives

In this section are presented some of the algebraic details relating to the partial derivatives.
We first consider the derivative of one complex variable with respect to another, and then the
derivative of the inverse of a matrix quantity. Both are needed in|Section 11.D.1.a)

Derivative of one complex variable with respect to another

Given any two complex variables A= A" +iA' and B=B" +iB', where A is an analytical
function of B, the derivative of the components of A with respect to the components of B may be
expressed as follows:

oA =Re oA =Re% oB =Rea—A : (11 D3.1)
oB' oB' oB oB' oB
oA :Rea—AzRea—Aa—B:Rea—A(i)z—lma—A , (11 D3.2)
oB' oB' 0B 0B’ oB oB
A _m A BB _ A , (11 D3.3)
oB' oB' OB B’ oB
and
B im A im BB _mnRi)—re? (1l D3.4)
oB' oB' 0B oB' oB oB
Also, the usual chain rule applies:
OA" _ OA" OB" oA oB'
oC" oB"oC" oB'oC'
(11 D3.5)
= Re[%j Re(@j + —Im(%j Im(@j = Re[%@} ,
oB oC oB oC 0B oC
OA" _OA"B' OA' oB'
oC oB" oC' oB' oC (11 D3.6)

@) B () S
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oA OA! an+aA‘ OB
oC" oB"oC" oB'aC’

(11 D3.7)
(GAJ (GBJ [aAj (GBJ {aA 68}
=|Im Re Re Iml— || = Im| ——| ,
oB oC oB oC oB oC
and
oA'  OA' 0B’ +aA‘ oB'
© 4 a(;:A " aCaB oA OB oA 0B (I1b3.8)
Im( j —Im(—j + Re(—j Re(—j = Re| — .
{ oB oC OB oC oB ac
Derivative of the inverse of a matrix
In Eq. (D1 a.13),| the quantity Y is defined as
Yer =[(Ll— R)l} : (11 D3.9)
ef
To find the derivative of Y with respect to R, we first note that
ZYana;f = (11 D3.10)
so that the derivative is zero; that is,
aYa;1
0 = z ea ab z
a cd
(11 D3.11)
oY,

" S dut-0u)]

The quantity in curly brackets comes from the symmetry of the R-matrix and from the stipulation
that only unique matrix elements are to be considered [c<d, e<f in Eé ill D1 15 and

Eq. (I D1a.1)]. Multiplying both terms by Y, ,, summing over b, and rearranging give
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aYea —
2= Zb:Yablybf = ZbYea{5ac5bd+5ad5bc (160 ) Yor
a cd a,
(11'D3.12)
Y.,
z aR é‘af :YBCYdf +YedYCf (1_5(;(1) I
a cd
or, finally,
oY,
= YeeYor +YerYe (1-6) - (I D3.13)
cd

This is the derivative used in[Eq. (11 D1 a.14).
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I11. CORRECTIONS FOR EXPERIMENTAL CONDITIONS

In general it is not possible to directly compare the cross sections extracted from experiments
to those generated via R-matrix theory (or via any other theory). This is because “perfect”
experimental conditions do not exist: (1) individual nuclei within the sample are not at rest; (2) finite
time intervals are required both for the neutron beam and for the detecting apparatus; (3) the flight-
path length traversed by a neutron depends on its position of origin within the neutron-producing
target, on its position of interaction within the sample, and on the position at which it is detected;
(4) the finite size of the sample causes interactions beyond those described by the cross section for
individual nuclei. The first of these conditions leads to the effect known as Doppler broadening, the
second and third lead to resolution broadening, and the fourth to multiple-scattering and self-
shielding effects. There are other effects as well, not included in this enumeration. To compare
theory to experiment, either the theory must include these effects or corrections must be applied to
the experimental data. Often the former is easier, or the latter is impossible. SAMMY therefore
includes options to simulate a great many of these effects, and modify the theoretical calculations
appropriately.

To simulate Doppler or resolution broadening (i.e., to “broaden the theory™), it is necessary
to first have a mathematical description of the broadening (generally, as an integral of the
unbroadened cross section times a broadening function), and then to evaluate those integrals
analytically if possible or numerically if necessary.

In the scheme used in SAMMY for most of the numerical integrations is
described in some detail. It is important to note that it is the user, not the code author, who is
responsible for ensuring that the numerical integrations are performed sufficiently well; this is
discussed in[Section 111.A.1, which should be read and carefully considered before analysis results
are published.

SAMMY contains four distinct procedures for Doppler broadening, which are described in
The various available methodologies for resolution broadening are discussed in
Section 1.Cl is devoted to multiple-scattering effects, and other phenomena are
treated in Section I11.E|
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1. A. THEORETICAL FOUNDATION FOR NUMERICAL BROADENING

The primary method used in SAMMY for evaluating the integrals required in Doppler and
resolution broadening involves several operations for which details are given in the subsequent
subsections. The method was borrowed originally from the MULTI code and subsequently
modified as the need arose. Note thatin SAMMY, broadening is applied both to the cross sections
and to the partial derivatives, while in MULT], it was applied only to the cross sections. A summary
of the operations is given here.

1. Choose an appropriate “auxiliary energy grid” at which to evaluate the integrands. The
auxiliary grid consists of (a) the original energy grid (i.e., the energies at which experimental
data are given), (b) points below the minimum energy of the experimental data and above the
maximum energy, and (c) additional points sufficient to describe the structure of any
“narrow” resonance. Seg Section I11.A.2 for more details regarding the choice of auxiliary
gridand Section 111.A.3 for details regarding the integration scheme. (Different criteria are
required for Leal-Hwang Doppler broadening; see Section I11.B.2.)

2. A discussion of pitfalls that can arise when insufficient care is devoted to the choice of
auxiliary grid is given in Section I11.A.1| While Sections 111.A.2 and I11.A.3 may safely be
regarded as “black boxes” by some analysts, all SAMMY users are encouraged to pay
careful attention to issues raised in Section I11.A.1.

3. For each energy in the auxiliary grid, evaluate the theoretical cross sections and derivatives
thereof, as described in
4, Determine Doppler-broadened cross section and derivatives wherever possible (i.e., for all

but the highest and the lowest energies in the auxiliary grid). Generate derivatives with

respect to Doppler temperature. See Section I11.B|for details.

5. Transform from cross section to transmission as needed; apply transformation to derivatives
also. See|Section I11.E.1. Generate derivative with respect to sample thickness.

6. Apply self-shielding and multiple-scattering corrections as needed, both to cross sections and
to derivatives. See|Section I11.D for details.

7. For each energy in the original (experimental) grid, determine the resolution-broadened cross
section (or transmission) and derivatives thereof. Also generate derivatives with respect to
resolution-broadening parameters. [See Section I11.C

8. If needed, transform from transmission back to cross section; transform derivatives also.

9. Multiply by normalization and add backgrounds, as needed. Generate derivatives with
respect to normalization and background. See Section II1.E.3.a/
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I11.A.1. Analyst’s Responsibility for Auxiliary Energy Grid

In SAMMY, the user/analyst (not the author) is responsible for being sure that the numerical
integrations are performed properly. That is to say, the auxiliary energy grid (discussed in detail in
Section I11.A.2)|must be sufficiently dense so that the numerical integration scheme produces the

correct results.

Why must the grid be dense? Unbroadened cross sections would not be well defined on a
sparse grid. Hence, the integrations would not be accurate. This is illustrated in Figures 111 A1.1 —
4, which are greatly exaggerated for demonstration purposes. In the first figure, red dots indicate
the default grid points on which the unbroadened cross section might be calculated. The dashed
curve represents the actual unbroadened cross section, while the solid curve represents the
approximate cross section found by interpolating between grid points. With this sparse grid,

agreement between the two curves in poor.

Dotted curve = actual
unbroadened cross section

Solid curve = linear
/ interpolation between
grid points e

Figure 111 A1.1. Unbroadened cross
section calculated using too few
points in the auxiliary grid.

Figure 111 A1.2 shows the Doppler-broadened cross section (solid curve) that would result
from using the auxiliary grid of Figure 111 A1.1 to perform the numerical integration. The calculated
Doppler-broadened cross section is significantly larger than the actual Doppler-broadened cross

section.

Dashed curve = actual Doppler-
T T T broadened cross section

L

Solid curve = Doppler-broadened
cross section calculated with too
few points in auxiliary grid

16
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Figure 111 A1.2. Incorrect Doppler-
broadened cross section calculated
with too few points in the
auxiliary grid.
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In contrast, Figure 111 A1.3 shows a denser auxiliary grid, one which adequately describes
the unbroadened cross section. The Doppler-broadened cross section calculated with this grid is
shown in Figure 111 A1.4, in which the actual and the calculated Doppler-broadened cross sections
are indistinguishable. (Note that the “experimental” grid is the same in Figures Il A1.2 and
1 Al.4)

Calculation agrees with actual Doppler-
broadened cross sections at the grid points.

Dashed and solid curves al
oL are virtually identical.

X XXEXXXXX XXXXXEXX X
180.62 180.64 180.66 180.68 180.70 180.62 180.64 180.66 180.68 180.70

Figure 111 A1.3. Unbroadened Figure 111 A1.4. Doppler-broadened
cross section calculated using an cross section calculated with an
adequate number of points adequate number of points in
in the auxiliary grid. the auxiliary grid.

The reader may ask why SAMMY does not automatically check to be certain that the
auxiliary grid is adequate, especially since this is done by other codes (e.g., processor codes such as
AMPX [MDO02]or NJOY [[RM82]) which calculate Doppler-broadened cross sections. Significant
amounts of computation time are required for such checks. With processor codes, the Doppler-
broadened cross section is generally calculated only once, and then used many times, so accuracy is
far more important than speed of computation. With analysis codes such as SAMMY,, the Doppler-
broadened cross section is recalculated whenever new resonance parameters are used, so speed of
computation can be an issue. During initial stages of an analysis, the user may wish to sacrifice
accuracy to gain speed. During later stages of the analysis, the user will want to test whether there is
sufficient accuracy.

Options for increasing the density of points in the auxiliary grid are given infline 2|of the
INPut file, Table VI A.1. These should be used to make comparisons between Doppler- and
resolution-broadened results from dense vs. sparse grids. (For example, if the number of points is
doubled by setting NXTRA =1, and broadened cross sections are nearly the same as with
NXTRA = 0, then the sparser grid is adequate.) Early in the analysis, it is probably sufficient to use
the sparsest grid that gives reasonable results. Near the end of the project, a denser grid might be
used to ensure greater accuracy.
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I11.A.2. Choose Auxiliary Energy Grid

We wish to evaluate integrals of the form

f(Ei)zETXf_(E')B(Ei,E')dE' , (111 A2.1)

E

where ?(E ') represents the unbroadened theoretical cross section (or transmission) and f (Ei) the

broadened. B represents the appropriate broadening function as described in[{Section I11.B{or{111.C

The set of points E; are the original grid, for which data are available and at which theoretical values
are required.

Standard practice for evaluating integrals such as those in Eq (111 A2.1) is to choose a set of
points E'; and associated weights W ; in such a way that

if_(E')B(EnE')dE'EZf_(E'j)B(Ei,E',-)W,- , (111 A2.2)

where the approximation is exact if the product f_(E'j)B(Ei,E'j) is a polynomial of some
specified degree, say n. Use of these points and weights to evaluate the integral over a non-
polynomial function [such as f_(E')B(Ei, E') in Eq. (111 A2.1)] will give aresult that is accurate to

the extent that the function can be approximated by a polynomial of degree n. In practice, if one
divides the integration region [Emin, Emax] into sufficiently small subregions [a, b], the polynomial
approximation will be quite accurate within each subregion.

The choice of points {E',

;} is, to some extent, arbitrary. (Once {E",

i} is fixed, weights

{W j} are determined from Eq. (111 A2.2).) Because it is necessary to integrate Eq. (111 A2.1) many
times (i.e., once for each E;), it is expedient to have the set {E 'j} be the same for each E; in order to
minimize the total number of evaluations of f_(E'j). These points {E'j} will hereafter be

designated collectively as the “auxiliary grid,” and the points {Ei} for which data are given will be
designated as the “original grid.”

Several types of points contribute to the auxiliary grid:

a. All points in the original grid are included in the auxiliary grid.
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b. “Extra” points are added between each point in the original grid. The number
“NXTRA” of such points is specified by the user in the INPut file (se¢ card set 2 pf
Table VIA.1). (See Section I11.A.1 for a discussion of why this may be necessary.)

c. Pointsare added at the extremities of the data region, to be used in broadening the cross
sections at the end points. The relative spacing of these points is similar to that of
points inside the energy region being analyzed. The grid is chosen in one of two ways:

1. Points from the data set, but outside the energy region being analyzed, are added to

the auxiliary grid.

If (1) is not possible because the data set contains no such points, then the spacing A
between data points E; and E , is used to locate other points equally spaced
at E;—A, Ei—2A, E1—3A, ...;asufficient number of points are chosen to cover

the integration region for E;.

d. Equation (111 A2.2) is a good approximation only if the integrand closely resembles a
low-order polynomial. Therefore, it may be necessary to add points over the width of
narrow resonances so that the structure of the integrand will be properly represented.
Also, the auxiliary grid must vary smoothly to avoid numerical difficulties in evaluating
the integrals. This problem can be broken into several pieces:

1.

Decide which resonances require additional points. IPTDOP is the number of points
required across a resonance; the default value for IPTDOP is 9, but the user may
increase this as desired (see Table VI A.1,[card set 2)l If there are fewer than
IPTDOP points between (E; - D) and (E, + D), where D is the sum of the absolute
values of the gamma and particle widths, then more points must be added near this
resonance.

For each narrow resonance, add auxiliary points at E;, and at positions
E,+2D,/(IPTDOP-1), where j ranges from 1 to IPTDOP.

Add pointsat E, £1.5D and E, £2D .

If IPTWID is positive (but smaller than 7), add additional points at positions
E, £3D, E,+4D, and E, + D(IPTWID +1), where the input quantity IPTWID is

specified in Table VI A.1,

If IPTWID is negative, add points as in #4, and also at E, +10D and at E, +20D.

Test the resulting auxiliary grid to see that no two neighboring points are either very
close together (relative to neighboring spacing) or very far apart. Drop or add points
as needed.

Section 111.A.2, page 2 (R7) Page 118



Section I11.A.2, page 3 (R7) Page 119

Caveat: If the original (MULTI-style) Doppler broadening is used, and energy points in the
auxiliary grid fall at negative energy, SAMMY will issue a warning and abort execution. For
subsequent runs, the analyst has several options: either choose a higher Epi,, specify “NO LOW-
ENERGY BROADERIng is to be used” in the INPut file (see [Tables VI A.1and V1 A.2 for details),
specify “USE LEAL,HWANG DOPPLer broadening” for the low-energy region (see

|Section III.B.2)| or specify “USE FREE GAS MODEL Of doppler broadening.” The final option

(i.e., the free-gas model) is the default and is the author’s recommendation for most calculations; see

Section 111.B.1
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I11.A.3. Perform Numerical Integration

The numerical integration scheme used in SAMMY to evaluate the integrals shown in
Egs. (111 A2.1) and (111 A2.2)|is borrowed from MULTI|[GA74] and is based on the four-point
progressive interpolation method of Mintz and Jordan [MM64], For the value of an integral from x,

to x3 of some function y(x), where the value of y is known only at the four values of x

(X=X, X,, X3, 0 X,), this method uses the approximation

Ty(x)dxziy(xi)wi : (11 A3.1)

in which the weights w; are given by

W= (xz—xg)3
C12(x %) (% %)
WZZ(XZ_Xa)_(Xi_X3)+(X4 Xs)_4 1
12 [(e=x) (6 =x) - (11 A3.2)
W =(X3_X2) 4_(X1_X2) (X4_X2)
: 12 | (%=%) (%-%)] "
w, = (X2—X3)3

These equations give the exact result if y(x) is a polynomial of degree 2 or less [i.e., if y(x) is a
quadratic, linear, or constant function of x].

What is required for the broadening integrals is, however, a function of the form

Enmax Jmax=1  E'jr
I y(E)dE'= f y(E)dE" (11 A3.3)
Emin jzjmin E'j

in which jmin and jmax are chosen such that E*, <E, <E" ,and E',  <E  <E', . Each

integral on the right-hand side of Eq. (111 A3.3) may be evaluated using Eq. (111 A3.1), with

x=E.,, %,=E;, x=E,,, and x,=E;, . (111 A3.4)
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Define w;j as “w; from Eq. (111 A3.2) with the x; given by Eq. (111 A3.4),” or more precisely,

X..:E'

ij j+i-2

(11 A3.5)

Equation (111 A3.3) can then be put into the form

Jma

Txy dE’ = ) Z Y(E'Lis) - (111 A3.6)

min §= lmin i=

Performing the summation over i gives

E ax Jmax
[ y(E)dE"

min §= Jmin

I
=
<
—_
m
N

(111 A3.7)

E

where the weight W; is given by
4
W=D W, - (111 A3.8)
i=1

The summation in Eq. (111 A3.8) may be evaluated explicitly using Eq. (111 A3.1) with
Eq. (111 A3.4), yielding

W, =(E',—E'.,)/3+(E",.,—E',)/12

s (E-E') ~(Eje-El) +(E',~+1—E'j)2 ~(E-EL) ] (nA3Y)
e (Elj*l_Elj) (E'J_E'H)

SAMMY uses the values given by Eq. (111 A3.9) even for j = jmin and j = jmax, €ven though

they implicitly require the use of E'; ,and E'; ., which technically are outside the range of

integration (E,;, to E,,); this s Iegltlmate because the range of integration is chosen so that the

integrand y(E') is effectively zero outside that range. Thus, the values ofy(E'jmmfl)and

y(E'J +1)are zero and are implicitly included in the above formulation. In contrast, the code

MULTI performed extra calculations to end exactly at (E n

min

toE 'J.max ) :our studies have found this
an unneeded complication.
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The scheme described above is used in SAMMY only if there are more than twelve points
between E*, ~andE", , inclusive. If there are fewer than twelve but more than five points,

Simpson's rule is used. For five or fewer points, it is assumed that the broadened value is equal to
the unbroadened value, and no integration is performed.

It should be noted that there are situations in which it is imperative to end the integration
precisely at the specified limits. At least two examples occur in the SAMMY code.

1. Multiple-scattering corrections for capture or fission experiments (Section 111.D)|involve
integration over the scattering angle, from 0 to 180 degrees. When “Integration over angle”
is converted to “integration over energy of the scattered neutron,” one might be tempted to
extend the energy integral to the nearest grid point. However, to obtain accurate results, the
integration clearly must not extend beyond the energies corresponding to back-angle
scattering or forward-angle scattering.

2. Absolute limits are also required for the calculation of average cross sections|(Section V.C

In situations in which the integrand does not smoothly approach zero outside the limits of the

integration, (Eq. (111 A3.9)| is modified to give the appropriate weights to define an absolute

integration limit.
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I11. B. DOPPLER BROADENING

Four options are available within SAMMY to accomplish Doppler broadening; three are
based on the free-gas model (FGM), and the fourth is a solid-state model.

SAMMY’s free-gas model is described in Section 111.B.1.| This model was introduced into
SAMMY in order to overcome shortcomings of the two earlier versions (Sections 111.B.2 and
111.B.3), and is now the default method. This is the option that should be used for most calculations.

For additional details, see [NL98].

A second method, described in Section 111.B.2] is an elegant and rigorous adaptation of the
FGM based on work by Leal and Hwang |[LL85]} This method works best with smooth cross
sections, and thus has limitations for use in the resonance region.

SAMMY’s original method, a high-energy Gaussian approximation (HEGA) to the FGM, is
based on an adaptation of the method used by George Auchampaugh in his code MULTI m
This method is described in Section 111.B.3. Because this is a high-energy approximation, it cannot
be used for very low-energy computations.

A fourth option is available for use in those situations in which the FGM is inadequate. The
crystal-lattice model (CLM) of Doppler broadening, added to SAMMY for Release M6 of the code,
is described in Section 111.B.4.| SAMMY’s implementation is based on the DOPUSH model of
Naberejnev[[DN99, DN99a]. |
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111.B.1. Free-Gas Model of Doppler Broadening

A detailed discussion of the “exact” free-gas model (FGM) of Doppler broadening is given in

[NL98]; results are summarized in this section. The formula for the FGM of Doppler broadening

(see, for example,|[FF80, Eg. 102]|) takes the form

~4(E—JEE) ?1a2 B (E+E ) /8%
A\f [ e } (EV)VEVEdE .  (IBLI)

In this expression, o, is the Doppler-broadened cross section and o is the unbroadened cross

section. (Any type of cross section could be represented here: elastic, total, capture, fission, or other
reaction, either angle-integrated or angle-differential cross sections.) The Doppler width A, is

given by
A, = /% . (11 B1.2)

Here, as elsewhere in this section, m represents the neutron mass, M the target (sample) mass, K is
Boltzman’s constant, and T is the effective temperature. (This Doppler width is reported in the
SAMMY.LPT file; see |Section VII.A}) Alternatively, this equation may be written in terms of

“velocity” v, where v is the square root of energy E (v = JE ), as

v —e“”*”'f’“z}v'a(v'z)v— dv' (Il BL3)
Vv

1
o, (v?)= —J‘
D( ) ur 0
in which we have substituted v' for the square root of E ' and defined u as

=JmkT/M . (111 B1.4)

To evaluate this integral, replace v' by -w in the second term; this gives

“ e g (v (—W)U((—W)z)(

o

(111 BL.5)

Section 111.B.1, page 1 (R7) Page 127



Section I11.B.1, page 2 (R7) Page 128

Replacing v' by w in the first term of Eq. (111 B1.5), rearranging the second term, and defining

a(wz) forw>0
s(w)= 0 forw=0 (111 B1.6)
—a(wz) forw<0

puts this equation into the form

W

1 ( —(v=w)?Ju?
VO'D(Vz):mJ‘e( N WS(W)V dw . (111 BL.7)

In the form of Eq. (111 B1.7) with definition (111 B1.6), the Doppler-broadening integration
can be accomplished readily within SAMMY using the same numerical techniques used for other
integrations, without having to give special consideration to “the second term” of Eq. (111 B1.1).
The integration scheme of |Section 111 A.3)is used directly. The auxiliary energy grid is chosen as
described in[Section 111.A.2] with the exception that the additional low-energy points are equally
spaced in velocity rather than in energy. Negative velocities are included as needed, in order to
properly evaluate the integral at low values of E.
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I11.B.1.a. Derivatives with respect to effective temperature T

In SAMMY, the Doppler temperature T may be treated as a u-parameter (see Section 1V)|
and varied via Bayes’ equations. Thus, it is necessary to determine derivatives of the broadened
cross section (or transmission) with respect to T.

The Doppler-broadening integral of Eq. (111 B1.7) depends on effective temperature T only
through the Doppler width Ap of|Eq. (111 B1.2). Using the chain rule we find

0oy _0Ap 00p (I Blal)
orT 0T oA,
where the first of these partial derivatives is found from Eqg. (111 B1.2) to be
Ap _Ap (111 Bl a.2)
oT 2T

The partial derivative of the cross section with respect to the Doppler width is evaluated numerically
in SAMMY, via
A, +d)- A, —d
00, _ %080 +8)=0p(Ap ) - (1 BLa3)
OA, 2d

The value of d to use in this expression is somewhat arbitrary, subject to the restrictions that (1) d be
small enough that a(A) is approximately a linear function of A in the region Ay —d <A <A, +d
and (2) d be big enough that sufficient significant digits are retained by the computer in generating
the numerical difference in o, (A, +d)—o, (A, —d). Through trial and error, it was determined

that setting d equal to Ap g, with g =0.02, gives reasonable results for those cases tested. Since the
value of this parameter q is not subject to direct user control, anyone experiencing difficulty when
varying the effective temperature should contact the author.
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111.B.2. Leal-Hwang Doppler Broadening
The assumption of a free gas model (FGM) for the sample atoms leads to a relatively simple

relationship between the cross-section values at different temperatures. Leal and Hwang|[LL85]
have used this idea to write the Doppler-broadened cross section in the form

op(E)=F(V)/E , (11 B2.1)

where “velocity” v is the square root of energy E,

v=+E , (111 B2.2)

and F (v) obeys a partial differential equation having the same form as a one-dimensional time-
dependent heat equation. Thatis, F(v)obeys

o> 0
——|F(v)=0 |, 11 B2.3
[é’v2 8@} v) ( )
in which @ is given by
@:EI_, (111 B2.4)
2M

where again T is the effective temperature of the sample, k is Boltzmann’s constant, and M is the
mass of the sample (target) nucleus. This is equivalent to the integral equation in Eq. (111 B1.1).

The numerical solution of Eq. (11l B2.3) may be readily accomplished by difference
techniques. Leal and Hwang have shown that if the step sizes Av and A® are constant for both
velocity v and “temperature” ®, and if

(Av)' =640 (111 B2.5)

then the error in the numerical solution is of the order of (Av)* or (A®)’.

The solution of Eq. (111 B2.3) can be written in the form

Fl = %Fifll +

%Ejl+%ﬁhl, (111 B2.6)

in which the superscript j denotes the value of F evaluated at ® = ®;, and subscript i denotes the
value of F evaluated at v = v;.

By combining Eq. (111 B2.6) with the analogous equations for F", withm=1to j — 1, we
find that the F; ! may be written as

4
Fi=YalFS , (111 B2.7)

K=—j
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where F,? are the “initial” values of F (i.e., at zero temperature), and where the ay I for negative k,
are found from the relationship

al =a) . (111 B2.8)
For positive k, the values of a are found from the recursion relationships

al =1/6 al=2/3

, " , (11 B2.9)
a; =(1/6) a; =2(1/6)(2/3) aj=2(1/6) +(2/3) :
and, in general,
a) =(1/6)"
(1/6)ay;+(2/3)a);

(L/6)art+(2/3)art +(1/6)ar?

n
a'n -1

n
an—2

(111 B2.10)

a, =(1/6)a;; +(2/3)a; " +(1/6)a;;; forO<k<n-1

al = (1/6)a* +(2/3)a) " +(1/6)al = 2(1/6)a" +(2/3)al"

The procedure employed in SAMMY is as follows.

1) Somewhat arbitrarily, choose AT = 5 degrees; this number is a user input, so it may be
changed if desired. (See Table VI A.1, |card set 5, variable DELTTT.)|Figure the number of
steps required to reach from zero temperature to the effective temperature T, and adjust AT
so that T can be reached in exactly J steps. Determine the corresponding A® and Av.

2 Generate the coefficients a; for k =0to J. These coefficients will be large for small k and
effectively zero for large k. Choose M such that a; >0 for all k > M.

3) Generate the auxiliary energy grid ENERGB, which is uniform in velocity space. M points
will be included on each side of the energy region [Emin — Wmin, Emax + Wmax], where
Emin and Emax are the experimental energy limits, and Wmin and Wmax are resolution
limits at Emin and Emax, respectively.

4) Generate theoretical cross sections o(E) for all ENERGB points.
(5) Evaluate F;’ for all points i in the auxiliary grid, using Eq. (111 B2.8), and convert to cross

section using Eq. (111 B2.1). If needed, the partial derivative of the cross section with respect
to the temperature may be generated from
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oo

- _ 1 (R -F°) . (11 B2.11)

selh R

0=0,,v=y;
Using the chain rule with Eq. (111 B2.4), combined with Egs. (111 B2.6) and (111 B2.11), gives

oo
oT

_ IEFF&—EEJ +1Fii1} (Il B2.12)
EA®[6 " 3 6

0=0,,v=y

for the derivatives of the cross section with respect to the temperature.

(6) From here on, follow the prescription given in|Section Il1.A,|beginning at step 4.

Finally, we recall from the discussion of the free-gas model|(Section 111.B.1) that the integral
equation for Doppler broadening [Eq. (111 B1.1) o (111 B1.7)] is symmetric with respect to the

transformation v' — —v', provided o (—|v'|)is defined as —c(|v'|)as in Eq. (1l B1.6). Ina

similar manner, the Leal-Hwang option permits the direct evaluation of the broadened cross section
even for points near E = 0.

[In earlier versions of SAMMY (prior to the 2006 release, sammy-7.0.0), studies suggested
that results obtained for very low energies (well below thermal) were not completely accurate;
specifically, Doppler-broadened 1/v cross sections did not retain the 1/v shape at these very low
energies, and the step size AT was critically important. This was found to be due to a mistake in the
coding, which was corrected for the sammy-7.0.0 release.]

To minimize the number of points required for use in the auxiliary grid, SAMMY users are
encouraged to rely on the FGM (see|Section 111.B.1)) for most calculations. The Leal-Hwang model
is useful for double-checking results at low energies, and in other situations that call for accurate
calculation of Doppler broadening of smooth cross sections.

To use the Leal-Hwang Doppler broadening, include in your INPut file a line which reads

USE LEAL,HWANG DOPPLER BROADENING

and specify the step size AT on f the INPut file, Table VIA.1.
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111.B.3. High-Energy Gaussian Approximation to Doppler Broadening

The high-energy Gaussian approximation (HEGA) to the free-gas model (FGM) for Doppler

broadening has been used successfully for many years AF71, [FF80], and is the original
option available within SAMMY. Its use, however, is now discouraged [NL98]: It is unusable at
low energies, inaccurate at all energies, and requires the same amount of computer time and memory
as does the FGM. Nevertheless, it is still included in the code for comparison purposes.

The Doppler-broadened cross section may be approximated by convoluting the unbroadened
cross section with a Gaussian function of energy as

Emax

o5 (E) =~ 1\/; J. exp{(E;—zEl)z}a(E')dE' , (I B3.2)

D

Emin

where the Doppler width Ap is again given by

A, = /% . (111 B3.2)

In this equation, m represents the mass of the neutron, M is the target mass, k is Boltzmann’s
constant, and T is the effective temperature of the sample material. SAMMY evaluates the Doppler
width directly from this formula (i.e., without using heavy-mass approximations). The integration
limits in Eq. (111 B3.1) are actually infinite but are approximated by Emax =E + 5Ap and
Emin = E — 5Ap.

For Doppler broadening via the high-energy Gaussian approximation, the only input quantity
that the user must provide to SAMMY is the effective temperature T. See Table VI A.1,
\variable TEMR, or Table VI B.2,[card set 4, variable TEMP]

Caveat: For very low energies, the integration limits may fall below zero. In this case,
SAMMY will issue a warning and switch to the FGM. To circumvent this problem, either use the
FGM directly (see[Section I11.B.1), use the Leal-Hwang Doppler broadening (Section 111.B.2), or
invoke the option “NO LOW-ENERGY BROADEnIng is to be used” in the INPut file (see

roevTAL)

Again, the recommended method of Doppler broadening is the FGM, described in
Section I11.B.1. Use of the high-energy Gaussian approximation described in this section is not

encouraged.
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111.B.4. Crystal-Lattice Model of Doppler Broadening

The crystal-lattice model (CLM) of Doppler broadening used in SAMMY s based on the
DOPUSH model of Naberejnev|[DN99, DN99a], which in turn is based on the LEAPR model of
NJOY/|[RM82],| Only the continuous and the discrete modes were developed further in DOPUSH.

(Readers are encouraged to consult the references for a description of the physics; a later
revision of the SAMMY manual will include more detail. Alternative descriptions can be found in

works by Meister [AM94]])

The algorithm used in SAMMY is virtually identical to the algorithm used in the DOPUSH
code, where “identical” implicitly implies “for the examples that were available.” No attempt has
yet been made by this author to extend the validity of the model beyond ensuring agreement between
DOPUSH and SAMMY when run with the same input.

Prior to implementing the DOPUSH CLM into SAMMY, this author created a modified
version of DOPUSH (denoted DOPUSHXx) which uses the same input and runs in the same manner
as DOPUSH but whose coding is streamlined and more readily portable than the original DOPUSH
code. Below is an itemization of the changes made for DOPUSHXx (and also incorporated into
SAMMY).

1. Values of physical and mathematical constants conform to ENDF standards. See
Section IX.A pf this document.

2. One or two “trivial” errors were corrected [notably, mass-factor self-consistency is ensured
by using (M+m)/M not (M+1)/M with M and m in units of amu].

3. Redundant calculations were moved outside the energy loops; many of the intermediate
computations required for convolving the phonon distributions are energy independent and
do not need to be repeated for each energy. This change resulted in a significant decrease in
computer processor unit (cpu) time.

4. More efficient sorting algorithms are employed; in general, FORTRAN operations have been
made more efficient.

Changes made from DOPUSHx to SAMMY include the following.
1. Nomenclature has been modified to conform to SAMMY conventions.

2. Savings in cpu time from DOPUSHx to SAMMY are primarily the result of SAMMY's
organizational scheme, in which the unbroadened cross sections are first calculated on an
energy grid designed to describe the curvature of the cross section with reasonable accuracy,
assuming a quadratic interpolation scheme. When the unbroadened cross section is required
at a different energy, interpolation is used. In contrast, DOPUSH and DOPUSHXx re-
calculate the unbroadened cross section whenever it is needed, using algorithms similar to
those employed in NJOY. (The cost which SAMMY users must pay for this increased speed
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is that the accuracy of integrations cannot be tested during the integration process, as it is in
NJOY. SAMMY users are reminded to make such tests themselves in order to have full
confidence in their results.)

The examples of input for DOPUSH which were provided by Naberejnev have been
organized into SAMMY test case tr124. For those examples that run on all three programs
(DOPUSH, SAMMY, & DOPUSHYX), the three codes give virtually the same results. The time
required for the computations is significantly shorter with the newer codes (details available from
the author upon request). This is true even when the number of points in SAMMY's auxiliary grid
was increased dramatically (NXTRA was changed from 0 to 99), as a double-check on the accuracy
of SAMMY's calculation. Accuracy was not significantly affected by the additional energy points,
indicating that SAMMY’s original grid is sufficiently dense.

For this release of SAMMY, no attempts have been made to improve or expand upon the
model as provided by Naberejnev. One improvement that will likely be made for a subsequent
release is the ability to treat the temperature as a search parameter in the fitting procedure.

For a description of the input to SAMMY’s CLM, see Section VI.F.5|
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111.C. RESOLUTION BROADENING

Unlike Doppler broadening, for resolution broadening there is no “standard” or “best”
function that is appropriate everywhere. Instead, each analysis code has its own version of
resolution broadening, with specific formulations for specific experimental sites or setups. For this
reason, many distinct types of resolution broadening are available in SAMMY.

Readers interested in a detailed study of resolution broadening, with emphasis on the 200-m
flight path at the Oak Ridge Electron Linear Accelerator (ORELA), are referred to the paper by
Larson, Larson, and Harvey [DL84].

The original resolution-broadening function in SAMMY is a combination of Gaussian plus
exponential. This formulation is based upon the method used in the MULTI code [GA74]|and is
described in{Section 111.C.1|

A second option is a more realistic function — the ORR or “Oak Ridge Resolution function,”
which uses mathematical descriptions of the components in the experimental broadening as
determined from careful studies of ORELA experiments. | Section 111.C.2[gives specifics about this
resolution function.

Another option is a realistic function designed to describe the experimental situation for the
linac at Rensselaer Polytechnic Institute; this “RPI resolution function” is described in
ﬁection I11.C.3.| This option has been expanded to include features which may make it also useful
for data from the Geel Electron Linear Accelerator (GELINA) at the Institute for Reference
Materials and Measurements (IRMM) in Belgium or for data from the neutron time-of-flight (nTOF)
facility at the European Council for Nuclear Research (CERN) in Switzerland.

A straight-line energy average resolution function is available, primarily for use with
charged-particle or angular distribution data. See|(Section 111.C.4.|

A numerical user-defined resolution (UDR) function is described in|{Section 111.C.5

Itis possible to include more than one of the above resolution functions for a single SAMMY
run. To use this feature, include the command

TWO RESCLUTI ON FUNCTi ons t oget her

in your INPut file. With this command, you are permitted to use the following combinations of
resolution functions:

1. one occurrence of the Gaussian plus exponential function; and/or

2. one straight-line energy average resolution function; and/or

3. at most one of the ORR, RPI, or UDR resolution functions.
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I11. C. 1. Gaussian plus Exponential Resolution Broadening

To understand how a resolution broadening may be described mathematically, we first
consider the formula that describes how the neutron’s energy is extracted from measured quantities:

2
Ezlmvzzlm(kj : (1nrcL)
2 2\t
where m is the neutron mass and v its velocity. The velocity is equal to the flight-path length L
divided by travel time t. From this definition, it is clear that different types of resolution broadening

are possible —due to distributions in time, distributions in length, and distributions in energy.

Several factors may contribute to each of the types of resolution broadening. Inthis version
of SAMMY?’s resolution function, the following components of the resolution function are treated
explicitly: (1) a rectangular distribution® in flight-path length (due, for example, to the neutron
moderator and/or detector), (2) a rectangular distribution in time (channel width), (3) a Gaussian
distribution in time (burst width), and (4) a Gaussian distribution whose width is constant in energy.
Each is expressed as an approximate Gaussian distribution in energy, using approximations if
necessary (see $ectlon I11.C.1.a)} and then convoluted to give the final Gaussian distribution in
energy. An exponential distribution may also be included, as described in|Section III.C.l.b|

able 111 C1.1{ shows relationships between input parameters and the resolution width
associated with various types of resolution distribution functions. This table is included here as an

aid in determining appropriate values to use as input to SAMMY . Note that “equivalent,” as used in
the following pages, indicates only that the first and second moments of the distributions are
identical, not that the distributions have the same shapes.

For a detailed discussion of resolution broadening with emphasis on flight path 1 at ORELA,
see([DL84].

Table 111 C1.1. Resolution-broadening input parameters

SAMMY  ©  “Equivalent” -
input variable - quantity Description
AL or DELTAL AL is the full width of a rectangular distribution in
(Section 111.C.1. a)| - flight-path length.
V12 o, o is the standard deviation of a Gaussian distribution
~ in flight-path length.
3 F. is the full width at half maximum of a Gaussian
m F. : distribution in flight-path length.

T In previous versions of this document, what we here refer to as a “rectangular function” was denoted a “square
function.” Clearly, “rectangular” is the more accurate nomenclature.
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Table 111 C1.1 (continued)

SAMMY “Equivalent”
input variable quantity Description
AL or DELTAL, \/— L S, is the standard deviation of a Gaussian distribution
continued S E - inenergy E, where L is the flight-path length.
A3/2L/E A is the full width at half maximum of a Gaussian
- : distribution in energy, where L is the flight-path
length.

At; or At is the full width of a rectangular distribution in
DELTAB x Cf; :

- time (channel width); this is the equivalent of the
- quantity b in [DL84], page 30.

(see Section
I11.C.1.a)

2o,

o IS standard deviation of Gaussian in time.

3 E.
2In2

F. is full width at half max of Gaussian in time.

S. is the standard deviation of a Gaussian distribution
- in energy.

Bt 3m LS,
?S° "\ 2 B
Atg or DELTAG -

Atg is the full width at half max of a Gaussian
distribution in neutron transit time.

(Section .C 1) -

\J8In2o,

o IS the standard deviation of a Gaussian distribution

- in time.
2In2 ¢ f is the full width of rectangular distribution in time.
3 :

At or DELTAE At is the exponential folding width in microseconds
ection 111.C.1.b) : - of an exponential distribution in time; note that this is

(Section I11.C.1.b) : : of | distrib hat th

- an asymmetric function.
L(m/2)l/2AE A_E ?s th_e e>fponential folding width of the exponential
— g : distribution in energy.

A or DELTAC
Section I11.C.1.a)

A. is the width for a Gaussian in energy; A, is
constant in energy.

o2

o, is the standard deviation for a Gaussian in energy.

fC
J4In2

f. is the full width at half max of a Gaussian in
energy.
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I11.C.1.a. Resolution broadening: Gaussian
1. Rectangular distribution in flight-path length

Broadening in the flight-path length L is due to the *spread” or “distribution of locations” at
which the flight path begins and ends (for details, see ref.{[DL84]). This distribution may include
contributions from both the source and the detector and may be described by a rectangular function
in length L; that is,

d—L forL'-AL/2 < L" < L'+AL/2
dE"pL(E',E")= AL (fmctlai)
0 otherwise

Note that AL is equal to V12 times the standard deviation of an “equivalent” Gaussian distribution
in length. Note also that the input quantity A L may be expressed either as a constant (see variable
DELTAL in|card set 5| of the INPut file, Table VI A.1, or of the PARameter file,
Table VI B.2) or as an energy-dependent function of the form

AL=EAL +AL, . (I Cla.2)
(See|card set 11,/ line number 2, of the PARameter file, Table VI B.2.)

For convenience in later calculations, this rectangular function in length will be converted to
a Gaussian function in energy; that is,

" R de™ E"-E
dE"p (E'E );A \/;exp{_
L

L

} , (I C1 a.3)

where E and A, are found by equating means and variances of the two expressions in

Egs. (111 Cl a.1) and (11 C1 a.3). The conversion is shown below, and results are summarized in
Table 111 C1.1

The mean energy for the distribution described in Eq. (111 C1 a.1) is given by

L'+AL/2 n L'+AL/2
ElldL — mzi J- (Lll)zdLn
L'-AL/2 AL 2t AL L'-AL/2 2 (I“ Cl a.4)
m 1 3 AL
=——(L"*AL+(AL) /12|=E"'|1+
2t? AL( (at) ) [ 2L

Similarly, the second moment of that distribution is given to first order in (A L/ L')2 by

L'+AL/2 " 2
| E..sz_LL; E'2{1+2AL!'2} (111 C1 a.5)

L'-AL/2
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so that the variance of the rectangular distribution is given by
E?|1+(AL/LY 2]-E”[1+(ALS |_')2/12}2 =E”[(AL/LY /3] .QuClab)

Since the mean of the Gaussian distribution in Eq. (111 C1 a.3) is E and the variance is A,*/ 2, the
parameters of the Gaussian are given (to lowest order) by

E=E' (I c1a.7)
and
A =~2I3E'(AL/L") . (111 C1 a.8)

2. Rectangular distribution in time

Finite channel width is one contributor to broadening in time (for details, see [DL84]). The
channel width is represented by a rectangular function in time of width At, as

U fort—At /2<t<t+AL /2
dE'p, (E,E")=1 At (111 C1 a.9)
0 otherwise

Generally the channel width is constant for a certain energy range but changes from one range to the
next. SAMMY input accommodates this characteristic: values for At, are given as a constant

DELTAB times a “crunch factor” CF; for energies between Bci.; and Bc;. Details are given in
| Table VI A.1, card set 6.|

This component of the resolution function also will be converted to an equivalent Gaussian
function in the energy variable. Arguments similar to those given above for Egs. (I111 C1 a.3)
through (111 C1 a.8) show that this Gaussian has the form

dE' (E-EY
dE'p (E,E")= expl-— 7 111 C1a.10
2 ( )WCJZ p{ E } ( )
where
W, =+/2/3 EAt /t . (111 Cla1l)
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3. Gaussian distribution in time

Neutron burst width is another contributor to the resolution broadening. This effect may be
approximated by a Gaussian (or convolution of Gaussian plus exponential; see Sections I11.C.1.b
and 111 C1.c) of full width at half max Ats. (See variable DELTAG in Table VIA.1, or
Table VI B.2,[card set 4]) That is, the Gaussian distribution function in time is given by

dt’ (t-t')
dE' E.E')= exp{— , 11 C1a.12
pG( ) WG\/; p{ WGZ } ( )
which translates into
dE" (E-E
dE"’ E,E')= exps ————»+ 111 C1a.l13
pG( ) WG\/; p{ WG2 } ( )

in which the quantities wg and Wg are defined in terms of the full width at half max via

w, = At /4/In2 (11 C1 a.14)

W, = /(m/IZE)InZ (AH . (I C1 a.15)

[The derivation of Eq. (111 C1 a.13) requires the approximation that vE' ~~/E to zeroth order.]

and

4. Gaussian distribution in energy

For some applications the resolution is described more readily by a Gaussian function of
energy rather than of time or length. For example, neutrons produced by (p,Li7) or (p,t) using
protons from Van de Graaff accelerators have relatively small energy spreads determined by beam
energy spread, target thickness, etc. The Gaussian widths of such neutron distributions are often
approximately constant in energy. The distribution has the form

dE’ (E-E)
dE’ E,.E')= exps——; , 111 Cla.l6
pC( ) AC\/; p{ ACZ } ( )
in which the width A is given by
Ae =AM +AE (1mrc1a.17)

Parameters A, and A, are input as DELTC1 and DELTC?2 in Table VI B.2,|card set 4/
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5. Convolution of the pieces

The resolution-broadened cross section (or other function) is expressed as the convolution of
the resolution function(s) with the unbroadened cross section, as

1 E,—E)
fu(E) = w \/;jdElexp{(i/v—z)}
1 (E,-E)
dE, exp{ —~————-
ALJZL ? p{ A

1 +00 (E3 _ E2 )2
dE. exp{ ————
X WG {_ﬂ_J;O 3 p{ WGZ

X

(11 C1 a.18)

in which we have combined Egs. (111 C1 a.3), (111 C1 a.10), (111 C1 a.13), and (I111 C1 a.16). This
formula can be written in the form

fa (E) - - 1\/;TdE'exp{(i—E)z}f(E') , (Il C1a.19)

all

in which the combined resolution function is found from

T eXp{—(E;..ZE) } -

= E,-E) 1 E,-E)
jdElexp{( i/v 2 ) } x jolE2 exp{(zA—zl)} (111 C1 a.20)

c L
1 7 (E3—E2)2 1 (E'_EB)Z

X dE, exp< — x - .
vaJn_L 3 p{ W ? A

It is well known that the convolution of two or more Gaussians is also a Gaussian, with the
variance given by the sum of the variances of the components. This could also be demonstrated by
direct integration of Eq. (111 C1 a.20).
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[In our situation, this is strictly true only if the width A, of the second Gaussian is
independent of the variable of integration E, of the first Gaussian. Nevertheless, we may
approximate E ' and L' inour expression for A, Eq. (111 C1a.8), by E and L since the integrand of
Eq. (111 C1a.20) is large only near E'=E (i.e.,, L'=L).]

The variance for the combined resolution function of Eqg. (111 C1 a.20) may therefore be
written as
2 2 2
At 3 (At
A2, = 22 | (AL}, _E S (11 Cla.21)
3 t L m L
> In2

Replacing tin Eq. (111 C1 a.21) by its equivalent in terms of E and L and rearranging give

2 2 2
A2, = %EZ[A—LLJ + 3?%(%} + 3?%(%} + A2, (lICla22)
m m n

which may be rewritten in the form

A}, =aE?+bE®+cE°+AZ (111 C1 a.23)
with
2 2 2
ai[A_'-J | bzig(mcj and c:ii(ﬂ] . (Cla24)
3L L m3\ L min2\ L

IfEisinunitsofeV, At; inpsec, and L in meters, then neutron mass m may be expressed as
m=2(72.3)" . (111 C1 a.25)

This follows directly from m =1.67482x 10 g and lerg = g cm?®/s* =6.2418x10"eV . With this
value for the mass, the parameters in Eq. (111 C1 a.23) become

2
a- \EA_LL] = (0.81650 AL/ L) |

2 2\ At, ? At Y
b=|| =— L ~| 0.011293 [ , (11 C1 a.26)

3m

1/2 2 At 2
c:( 2 j Ai] ;[0.01661—Gj
min 2 L L

It should be noted that more accurate values than these are used in the SAMMY code, as discussed

in Section IX.A
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Partial derivatives

From Egs. (11l C1 a.19)|and|(IIl C1 a.22), the partial derivative of cross section (or
transmission) f,, with respect to the component widths may be found using the chain rule as

Ofa _ 0Ay Of . (1 C1a.27)

oX oX O0A,,

Partial derivatives of A, are, usinglEq. (111 C1 a.22) through (111 C1 a.24j,

2
Oy __Ea (1 C1 a.28)
OAL A, AL
3
Ohu __ED (111 C1 a.29)
OAt, A, At
3
Dy __ET (1 C1 a.30)
oty A, Aty
Oha _ Ac (11 C1 a.31)
8ACl AaII
and
OBar _EAc (Il C1 a.32)
aACZ AaII
The partial derivative with respect to A, is found numerically via
£ (A, +d)-f, (A, -d
oty ~ ||( I ) ||( I ) | (111 C1 2.33)
OA 2d

all

where d is set equal to A, q with q=0.02.
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I11.C.1.b. Resolution broadening: exponential

An exponential form for the resolution broadening is also provided in SAMMY (and
MULTI). Physically this may correspond to an asymmetry in the burst width or moderator or
detector resolution function. When only the exponential function is to be used, the broadened cross
section (or transmission) is given by the integral

fexp(E):AitEJ.exp{—(tA;tt')}f(E')dt' , (11 C1 b.1)

E
t

where f (E ') represents the unbroadened cross section. This expression may be rewritten in terms

of E' rather than t' using the relationship in|Eq. (111 C1.1), and assuming JE' =+E as needed.
Eq. (111 C1 b.1) becomes

( E-E'
fexp(E):iJ‘exp{—u}f(E')dE' | (111 C1 b.2)
AE AE
E
in which the width is given by
2E 3/2
A =——— AL, . (111 C1 b.3)
- L(m/2)“2 -
Setting m/2 = (72.3)? as in the previous section gives the result used in SAMMY,
Ag =cE¥? | (111 C1 b.4)
in which c is defined as
C =2Jym/2At. /L = 0.02766At. /L ; (111 C1 b.5)

exact values used for the constants are discussed in| Section I X.A.

The width At. is the “exponential folding width in microseconds” and is the required input

quantity DELTAE (see [Table VI A.1, card set 5] or [Table VI B.2, card set 4). Two options are
available for energy-dependent width: The first assumes the form

At =—2h (111 C1 b.6)

JEIE,

In this case the input quantity is At,andEis fixed at 100 eV. The line “EXPONENTIAL

FOLDING width is energy dependent” must be included in the INPut file; see Table VI A1.2. The
second option assumes energy dependence of the form

At =D,E+D,+D,In(E) ; (1 C1b.7)

parameters D; are specified in card set 11, line 10| of the PARameter file.
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Partial derivatives

The partial derivative of f_ with respect to At is given by

0f,y _ OA Oty

OAt.  OAt. A,

where the first partial derivative is found from Eq. (I111C1b.3) to be

oA, A,

OAt. At

The second partial derivative in Eq. (111 C1 b.8) is evaluated numerically via

afap_waAE+d)—fm(AE—d)
oA, 2d

where d is set togA. with g = 0.02.
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I11.C.1.c. Resolution broadening: convolution of Gaussian and exponential

Gaussian and exponential resolution broadening may be invoked simultaneously, giving the
broadened cross section (or transmission) as

fGE(E) L T dE"eXp{_(E"_(E_AES))}

AeAaT ¢, Ag

deE'exp{——(E;E")z} f(E") ,

where the shift AE; is introduced in order that the maximum of the broadening function be located
at E=E".

(I clc.l)

Rearrangement of the integrands in Eqg. (111 C1 c.1) and explicit integration over the E°

variable yield
1 AL (E-E+AE,)
fGE(E)=2AEeXp{4A2E} '[ dE f(E)exp{ A

A E'-E+AE
x erfc| —2 —( S) .
27, A,

(I Clc.2)

Historical Note: this is not the form which is given in the MULTI manual [[GA74]| but is the
(correct) form that is used in both the MULTI and the SAMMY codes.

The energy shift AE; is found by setting g(E')=exp(.)erfc(.) from the integrand of Eq.
(I C1 c.2) and locating the value of E'  for which g(E'maX) IS a maximum by setting
dg/dE'=0 atthatvalue. Thisvalue E'., isthen setequal to E, and the resulting equation solved
for AE;. Newton’s method is used to find the solution.

Alternatively, one can assume that the energy shift is zero. This requires the inclusion of a
line in the INPut file reading

DO NOT SHI FT ENERGY for exponential tail on resolution broadening

The lower and upper integration limits in Eq. (111 C1 c.2) are truncated to E—-5A; and
max (E +6.25A; , E+5A; ), respectively.

Partial derivatives

Derivatives of the broadened cross section (or transmission) f,. with respecttoAt;, AL,

or At are found exactly as in the previous two subsections, with f; and ., replaced by f..
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I11.C.2. Oak Ridge Resolution Function (ORR)

For ORELA data, the resolution-broadening functions described in|Section 111.C.1| are not
especially accurate approximations. We have therefore developed a more realistic mathematical
description of the experimental situation at ORELA, based on concepts described by D. C. Larson et

_D

al.|[DL84]Jand initially derived by F. G. Perey [FP89].

The resolution function has four components: the electron burst, the ORELA moderator, the
neutron detector, and the time-of-flight channel width. Experimentally, the resolution-broadened

Cross section E(E) is formed when each contributing feature provides its own broadening; the
combined effect of the several components is all that is actually noticed. Mathematically, this may
be viewed as follows: Each component is modeled separately as a function of flight time (rather

than energy), and then each is convoluted in turn with the unbroadened (or partially broadened)
cross section; the convolution process is performed analytically where possible and numerically

where necessary. That is, the resolution-broadened cross section & (t) may be expressed as

&(t)=[1(t-t)dt [ 1, (t ~t,)dt, [ 15 (t, -t ) dt, [ 1, (&, —t,)dt, o (t,) . (1 C2.1)

where I is our mathematical model for the ith component. This expression may then be rearranged
into the form

F(t)=[1(t-t)o(t)dt" (111 C2.2)

where the resolution function | (t —t ) is defined as

L(t=t) = [1(t=t)dt [ 1, (t, ~t,)dt, [ 15 (8, ~t;)dt, 1,(t,—t") . (1N C2.3)

Because SAMMY deals with cross sections as functions of energy, rather than time, the relationship
2
E:EmvzzlmL—2 (111 C2.4)
2 2t

is used to convert from energy to time (or time to energy) in Eq. (111 C2.2), yielding
&(E)=[1'(t(E)-t)o(E(t"))dt" . (111 C2.5)

In the following sections we describe the components I; and the convolution procedure.
Input for using this resolution function is described in[card set 9] Table VIB.2. See also
Eection X.H, which describes program SAMORT, used for plotting the individual pieces and the
complete ORR function at a specified energy.
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I11.C.2.a. Individual components of the ORR resolution function

1. Electron burst

The electron burst from ORELA is closely approximated by a square function in time:

(I c2al)

I(t)— 1/p for O<t<p
o otherwise

where p is the burst width in nanoseconds. The value 1/ p for this function gives a normalization
of unity.

2. Neutron sources

Experiments at ORELA can utilize neutrons from a tantalum target, or collimate on the water
moderator surrounding the tantalum target. The two are modeled separately; experiments are
assumed to use predominantly one or the other, rather than a mixture of both. (The implications to
this representation if neutrons are emitted from both the tantalum target and the water moderator will
be studied as time and funding permit.)

ORELA water moderator

The distribution of flight-path lengths of neutrons in the ORELA water moderator that has
the most physical basis [SC92]|is the chi-square distribution with 2(m+1) degrees of freedom,

where m is an integer. (Originally m =4 or 5, but any integer from 1 to 10 will now work; the
default value ism = 4.)

I'Za(l)=#mm+lexp(—lx) , (I C2a.2)

where | is the flight-path-length variable and where the moderation distance A is a mean free path.
The value of A varies with energy as A = A+ A, In(E)+A, (In(E))2 [CC83]. Default values for
the A; are chosen to give agreement with([SC92].
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Tantalum target

The distribution of flight-path lengths for the tantalum target is somewhat more complicated:
Monte Carlo calculations of F. G. Perey [FP92] have shown that this distribution function has the
form

0 for I <x
u'(h)+v'(l) forx’ <l<x',

1 ()= I C2a.3
(1) u'(+w'(l) forx', <l<x! ( 23)
w'(l) forx’, <l
where the functions u'(1),v'(l), and w'(l) are defined as
U(1)=N'exp{-&" (1-x,)'} for x', <l<xj , (1 C2 a4)
, N'e'l , , ,
v'(l)= = exp{-A(1-x,)} for x', <l<x’, , (111 C2 a.5)
2
and
w'(l)=N"a'exp{-B'(1-x")} for x’, <1 . (11 C2 a.6)

The factor N' is a normalization, and «' determines the relative strengths of the pieces of the
function 1', . The relative values of the x’s are given by

XT<x, <X, <x'y . (nrcza.7)

3. Time-of-flight channel width
Like the electron burst, the time-of-flight channel width may be modeled as a rectangular

distribution of width c. This functional form ignores “electronic” time jitter, which is a reasonable
approximation. The time distribution due to the finite channel width is therefore assumed to be

1/c for O<t
|3(t)={ TeE (111 C2a8)

0 otherwise

where the channel width ¢ may be different for different energy regions.
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4. Detectors

Two types of neutron detectors are commonly used for transmission measurements at
ORELA: the NE110 (a recoil proton detector) and the lithium glass (for which moderation of
neutrons in the detector plays an important role).

NE110 detector

If 6 is the thickness of the NE110 detector, then the resolution function appropriate for that
detector is

I '4a(|)_{Aexp(—ﬂal) for 0<1<¢& (111 C22.9)

"o otherwise

where / is the number of molecules per volume (molecules per millimeter barn) of the detector
(0.0047 for NE110), and o (E) is the total cross section of the detector material (CHx.104 for

NE110). The normalization factor A is found by setting the integral over all space of |, equal to 1.

Lithium glass detector

For the lithium glass detector, the resolution function is assumed to have the form

Dg for O<t<d
Ly (1)= (11 C2 a.10)

Dexp(-f(t-d)) for d<t ,

where g, f, and d are constants, and D is chosen to give an integral of unity.
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I11.C.2.b. Converting length to time dependence

The relationship between energy E, flight time t, and flight-path length | may be used to
convert from a function of | to a function of t (assuming E is fixed):

E=e— | (11 C2 b.1)

1= 25t =t (111 C2 b.2)
m

in which we have defined b as the square root of 2E/m. A distribution function in | may then be
converted to a distribution function in t by (a) replacing | by bt everywhere and (b) replacing dl by
b dt. In particular, the distances x'; (tantalum target) translate to the time dimension via

which may be rearranged to give

X =x/b (111 C2 b.3)

and, similarly, 6 (NE110 detector) translates via

d=5/b . (11 C2 b.4)

For the NE110 detector, we also define f via

f=dob . (111 C2 b.5)
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111.C.2.c. Convolution of the components of the ORR resolution function

Mathematical details of the process of convoluting the four components of the resolution
function is non-trivial; only a summary is presented here.

The convolution of the electron-burst resolution function with the resolution function
representing the channel width is straightforward and yields a trapezoidal function whose exact
shape depends upon the relative magnitudes of the parameters p and c. Combining that result with
the detector resolution function (either NE110 or lithium glass) gives a continuous function of the
form

D

Il34(t):W{Aei e A, PR A TE A (I C2c.1)

which is valid in the region defined by t, ; < t < t,. Here t; is the ith member of the ordered set of
times {0, p,c,d, p+c,c+d, p+c+d} with t, defined as 0. Algebraic expressions for the

Aji ( j=¢621, O) in terms of the model parameters depend very strongly on the relative sizes of the

parameter values; the specific formulae are too numerous and too complicated to list here, but are
implemented within the code. Note that while the function is continuous, it is not smooth; the first
derivative of this function is piecewise continuous, with discontinuities at the t, .

Combining the above result with the resolution function for either the water moderator or the
tantalum target gives a result which is a combination of polynomials and exponentials in (t—t).

The final resolution function is continuous but again not smooth; the first derivative has
discontinuities at each of the t; ; for the tantalum target, the derivative has additional discontinuities

at x, X,, X;, and at t; +x; . Nevertheless, the resolution function generally appears smooth.
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111.C.3. RPI (and GELINA and nTOF) Resolution Broadening

Researchers at Rensselaer Polytechnic Institute (RP1) have carefully measured the resolution
function associated Wlth the “bounce target” and the transmission detector (lithium glass) for the
LINAC at RPI This resolution function may be described by the sum of a chi-squared
function (with six degrees of freedom) plus two exponential terms. The total resolution function
appropriate for data measured on that machine is then the convolution of the target-detector
resolution function, with a Gaussian function representing the electron burst and a square function
representing the channel width.

An extension to the RPI resolution function has been shown by Gunsino provide a
reasonable description for the resolution functions for two other time-of-flight facilities: the Geel
Electron Linear Accelerator (GELINA) at IRMM in Belgium and the neutron time of flight (n'TOF)
facility at CERN in Switzerland. This extension (discussed in the next section) has been
implemented in SAMMY.

Within SAMMY, the RPI resolution function is formed in much the same manner as
described for the realistic resolution function of |[Section 111.C.2, that is, the resolution-broadened

cross section & (t ) may be expressed as

t)=[ 1 (t-t)dt [1,(t —t,)dt, [ 1, (t, -t ) dt, o(t;) (111 C3.1)

where I; is our mathematical model for the ith component. This expression may then be rearranged
into the form

F(t)=[1(t-t)o(t)dt" (111 C3.2)
where the resolution function I (t—t")is defined as

H(t=t) = [1,(t=t)dt [1,(t -t,)dt, I, (t, -t"). (111 C3.3)

Because SAMMY deals with cross sections as functions of energy, rather than time, the relationship

1 1 L
E==my’==m— 11 C3.4
=2 ( )

5(E)=[1'(t(E)-t') o(E'(t))dt" . (111 C3.5)

In the following section (Section 111.C.3.a), the component functions I; are described, along
with the parameters for those components.
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Test cases tr053, tr054, tr094, and tr095 show several examples using the RPI resolution
function, with parameter values suitable for RPI data and candidate parameters for use with
GELINA data. More recently, the RPI resolution function has been extended to give a more suitable
energy-dependent form for use with both GELINA and nTOF data; this form was suggested by
Gunsing who also provided preliminary parameter values. Testing for the extension is
given in test cases tr104 and tr107; Gunsing’s parameter values are used in tr108.

To make plots of this resolution function and the individual components, see|Section X.K}
Also see test case tr107 for examples of another method of plotting the RPI resolution function,

using the Dirac delta function option for pseudo cross section with uniform energy grid
Section V.E),

Section 111.C.3.b|discusses the various input options for the RPI/GELINA/nTOF resolution
function.
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111.C.3.a. Components of the RP1/GELINA / nTOF resolution function

1. Electron burst

The electron burst from the RPI linac may be described by a Gaussian function in time, of the
form:

(1) =——e ™ (Il C3a.1)

where 2+/In2/w= p is the full width at half max of the burst. Normalization is unity for this
function.

2. Target plus detector

The RPI transmission resolution function, which represents the combined compaonents for the
“bounce target” and transmission detector, has been found by RPI researchers|[BM96]|to be best
described by the sum of a chi-squared function with six degrees of freedom plus two exponential
terms. A similar function (with different values for the parameters) describes the bounce target plus
capture detector.

The original RPI function had constant values for A; and As. The GELINA and nTOF
resolution functions proposed by |Gunsing [FGO5] use energy dependent values of the Az and As
parameters.

Specifically, the RPI resolution function has the form

1, ()= Ab{(t;/;) o)A +Ai|:Aze—A3(t+to) N AAe—As(ttho):l X (t)

(11 C3a.2)

5
+ Z Bzi—le_BZi(tHO) } ’

i=1

in which the function X (t) is zero if the quantity within the square brackets (the sum of the

exponential terms) is negative, and unity otherwise. Likewise the x* function is assumed to have
zero value when the exponent is positive (i.e., when t+7 <0). The value of Ag is chosen to give an
overall normalization of unity for this function. Parameters A, t, A1, A3, and As are functions of
energy, the specific forms being, respectively,

A(E)=Ag+A,In(E)+A,[In(E)] +AE™ (11 C3a.3)
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T(E)=re ™ +r,e " +7,+,E7 | (Inrc3ad)

and
A(E)= { ae ™" +a,e™" +a, +a,E" } o (I C3a5)

where i represents 1, 3, or 5, and o; is 1 for i = 1 but may be either unity or JE fori=3or5. All
other quantities in Eq.(I11 C3 a.2) are independent of energy.

As many as five exponential terms may be included in the sum over i; it is implicitly
assumed that the coefficients of the exponentials (B,, ,) and the coefficients of time within the

exponentials (B,; ) are positive numbers. These terms were added in an early attempt to provide a

useful form for the GELINA and nTOF resolution function; they have been retained in order to
permit additional flexibility for the analyst.

3. Time-of-flight channel width

The time-of-flight channel width may be modeled as a rectangular distribution of width c.
The time distribution due to the finite channel width is therefore assumed to be

1/c for—-c/2<t<c/2
Is(t)= (111 C3 a.6)

0 otherwise

The channel width ¢ may be energy dependent. For constant values of ¢ within an energy range, the
input is described in|TabIe VI.B, card set 14, line 20. |This is appropriate, for example, for data
having “crunch boundaries.” (In Europe, the French word “accordeon” is often used to denote the
system of crunch boundaries.)

When the channel width varies continuously with energy, for example, for data from the
nTOF facility, then the channel width (or bin width) is expressed as “n bins per decade.” That s, in
an energy decade from 10" to 10V for integer k, there are n bins equally spaced on a logarithmic
scale. The energy limits for the i bin in this decade are given by

i-1 i-1+& i

E, =107 <E=100 » <E,, =10"" , (11 C3a7)

Al K,i+1

where i = 1 to n, and ¢ is a positive number between 0 and 1. Converting to time limits, using
t =7/+/E where 7 is a constant whose value is unimportant for this discussion, we find

N L N S T — (11 C3a8)

tk,i+l =
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so that the channel width ¢ may be found from

1 1 £ —l+e
C=t,—t .=t ———\=t 10 2» —10 = ¢ . (I c3a)
V10" V10"
To calculate this quantity in SAMMY, we consider the value at £ =0,
c, =t {1—10*”2“)} , (111 C3 a.10)
and at £ =1,
c =t {10V<2”> —1} . (I C3a.11)

In either case, for large n these expressions may be expanded to first order in 1/n to give

yon 1
¢y = t {1-107¢7) ;t{l—{l—(ﬁln(lo)ﬂ}:%In(lO) (111 C32.12)
and
2n 1
c, = t {10%¢V -1 ;t{l + (Eln(lo)j—l}:%ln(lo) . (N c3al1’)

Because these two values agree to first order in 1/n, and n is large (~5000), it is therefore sufficient
to use the approximation

c=tIn(10)/(2n) (111 C3a.14)

rather than to spend the not-insignificant amount of computer time to generate exact values of kand i
(and therefore of c) for each value of E.

Input for the continuously varying definition of channel width c is given in Table VI.B, card
| set 14, line 19.
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111.C.3.b. Input for the RPI/GELINA/nTOF resolution function

Input formats for all parameters of the RPI/GELINA/NTOF resolution function are given in
Table VI B.2[card set 14. [Note that zero values are assumed to actually be zero and are not replaced
by default values. The first line of this card set contains one of the following phrases (which are
treated as equivalent):

RPI Resol ution function

GELI Na resol uti on functi on
NTOF resol uti on function

As usual, only those characters in capital letters are required; those in lower case letters are optional.

In|TabIe I C3 d.l, default values for the constants from Egs. (I1I C3 a.2) through
(11 C3 a.5) are defined for transmission and capture measurements. To invoke these defaults
(without the option to flag them for varying), the user must specify the appropriate phrase

RPlI Transm ssi on resol uti on functionor
RPI Capture resolution function

on the first line of card set 14.

Table 11T C3 b.Z,| provided courtesy of Frank Gunsing of Saclay|[FGO05]| gives parameter

values that may be suitable for use with data from the Geel Electron Linear Accelerator (GELINA)
at IRMM and with data from the neutron time-of-flight facility ("nTOF) at CERN. Note that these
values are preliminary; they are reasonable starting values which should be fine-tuned on
measurements of well-known resonances (i.e., on resonances that have been measured many times at
different installations). To invoke these values automatically (without the option to flag them for
varying), use one of the following phrases for the first line of card set 14:

CEEL DEFAU t val ues for resolution paraneters
CELI Na DEFAU t val ues
NTOF DEFAU t val ues

With the RPI/GELINA/nTOF resolution function, it is necessary to specify whether the
resolution function should be used exactly as given in the input or whether, instead, it should be
shifted so that it is centered on the current energy. To center the function, include one of the phrases

SH FT RPI RESOLUTION function to center
SH FT GEEL RESOLUTI On function to center
SHI FT GELI NA RESOLUti on function to center
SHI FT NTOF RESCLUTI On function to center

in the command section of the INPut file. To use the function exactly as given in the input, include
one of the phrases
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DO NOT SH FT RPI RESol ution function to center
DO NOT SH FT GEEL Resolution function to center
DO NOT SH FT GELI NA resolution function to center
DO NOT SH FT NTOF Resol ution function to center

Many test cases provide examples of input for the RPI resolution function; see, for example,

tr053, tr054, tr090, tr094, tr095, trll5, or tr136. For examples using the GELINA and nTOF
resolution function, see test cases tr104, tr107, and (especially) tr108.
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Table 111 C3 b.1. Default values for parameters for RPI resolution function
Value for Value for
transmission capture ®
Parameter name  “RPI Transmission” “RPI Capture” Units
1 p=2/m2/w Ns
2 1 326. 381. Ns
3 T 0. 0241 0. 0058 per eV
4 T 323. 323. Ns
5 T4 0. 029 0. 094 per eV
6 s 240. 105. Ns
7 Tg 0. 0. Ns
8 7 0. 0. [dimensionless]
9 Ao 686. 5 686. 5 Ns
10 As -224 -224.9 Nis
11 A, 21.04 21.04 ns
12 As 0. 0. ns
13 A4 0. 0. [dimensionless]
14 a - 0. 000985 -0. 001106 per ns
15 a, 0. 0241 0. 0058 per eV
16 as -0. 000626 0. 04752 per ns
17 a, 3.531 65. 083 per eV
18 as 0. 001029 0. 001264 per ns
19 ag 0. per ns
20 ay 0. [dimensionless]
21 ty 940. 940. ns
22 A, -65. 638 -65. 638 [dimensionless]
23 As 0. 005 0. 005 per ns
24 Ay 0. 39383 0. 39383 [dimensionless]
25 As 0. 0008 0. 0008 per ns
next B; 0.0 0.0
last ns

 Values listed in this column are not necessarily those that are appropriate for the RPI capture resolution function,

which has not yet been fully defined; these values are for illustrative purposes only.
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Table 111 C3 b.2. Parameters suitable for use with experimental data from GELINA at
IRMM and from nTOF at CERN. Values are from preliminary work of F. Gunsing [FG05]
Parameters not listed in this table have value zero. Test case tr108 contains these values

Value for GELINA Values for

Parameter name  90-degree flight path? nTOF Units

Ts -0.7722 -3. 7004 ns

T 1363. 85 -684. 39 ns

17 -0.5322 -0.5189 [dimensionless]

Ao 1. 4460 3. 8457 ns

As 454. 9720 502. 9930 ns

A4 -0. 5077 -0. 4155 [dimensionless]

a; 0.0 -0. 0381 per ns

a, 0.0 9.974x10°° per eV

as 0. 04152 -0. 01172 per ns

au -5.847x10°° 0. 0001019 per eV

as -0. 0415 0. 05009 per ns

ag 9.247x10°° 0.0 per ns

a 0.5961 0.0 [dimensionless]

A, 1.0 1.0 [dimensionless]

A, -1.0 -1.0 [dimensionless]
A3SQE (As): ass 0. 0003047 -0.0001689 per [ns x(eV)"?]
A3SQE (As): ass 7.818x10°° 0. 0004254 per [ns x(eV)“?]
A3SQE (As): as; -2.011 -0. 06043 [dimensionless]
A3SQE (As): ass 0. 007331 0. 0002766 per [ns x(eV)"?]

®The GELINA resolution function refers to the beam only and does not include a contribution from a detection system.
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I111.C.4. Straight-Line Energy Average

This relatively simple resolution function takes the form

1/D for E-D<E’
1,(E")= ) (11 c4.1)
0 otherwise ,
so that the broadened cross section is given by
1 E
5(E)== [ o(E)dE" . (111 C4.2)
D E-D

Note that the apparent position of a resonance is altered (shifted to a higher energy) by the use of
this resolution function.

Itis also possible to use this resolution function without shifting the apparent position of the
resonances. To invoke this option, include the phrase

CENTER THE CONSTANT ENERGY RESOLUTI ON FUNCTI ON
in the INPut file. In this case, the resolution function of Eq. (111 C4.1) is replaced by

1/D for E-D/2<E'<E+D/2
I, (E")= _ (1 C4.3)
0 otherwise ,
and the broadened cross section is given by
l E+D/2
a(E):B c(E")dE" . (111 C4.4)

E-D/2

Input for the value of D is variable DDDEEE in|card set 5 pf the INPut file. See test case
tr105 for examples. Note that this parameter cannot be fitted (i.e., it cannot be treated as a search
parameter in the fitting procedure).

CAUTION: Difficulties have been experienced in using this resolution function in the
neighborhood of extremely narrow resonances (probably due to the discontinuous nature of the
function). When results look very odd (abrupt changes in value of cross section as a function of
energy, for example), try increasing the number of mesh points in the auxiliary grid (see
Sections J11.A.1jand [I1I.A.2). If problems persist, contact the SAMMY author.
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I11.C.5. User-Defined Numerical Resolution Function

The user-defined resolution (UDR) function is another “realistic” resolution function, a
convolution of several numericalcomponents, designed for use when other forms are not adequate.
The components are

® clectron burst width (Gaussian function of time)

e time-of-flight channel width (square function of time; accordeon = crunch boundaries)

e user-defined numerical function of time at specified energies, with linear interpolation both
in time and in energy

® other user-defined numerical function(s) as required

The “complete” resolution function is then the numerical convolution of the individual pieces:
L(t)= [t (t=t)dt [ 1, (t =t )dt, - [ 1, (t,, ~t,,)dt 0 (t,,) . (11C5.1)

To use the UDR resolution function, include|card set 16|of Table VI B.2 in the PARameter
file, or|card set P16|of Table VIA.1 in the INPut file. Create file with UDR function, formatted as
described in Table 111 C5.1. See test case tr114 for examples.

NOTE: What is gained in flexibility is lost in accuracy and computation speed. This
resolution function should be used with extreme caution.

Table 111 C5.1. Format for numerical UDR function file.

Line

number  Column  What Meaning

1,2,... any Descriptive information, as many lines
as needed

3 -5 (at least five hyphens)  end of descriptive information

4 1-? Energy (eV) energy at which resolution function will
be given

5,6,... 1-? Time (ns), Function value of resolution function at the
specified time

7 (end with a blank line)

Repeat lines 4-7 as many times as needed, being sure to have same number of (time, function)
values for each energy.
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111.D. SELF-SHIELDING AND MULTIPLE-SCATTERING CORRECTIONS TO
CAPTURE OR FISSION YIELDS

The theoretical capture, fission, and other cross sections may be calculated directly from the
equations in Section 1 using the Reich-Moore (or other) approximation to the multilevel R-matrix.
However, in order to compare with experimental results, corrections must often be made for the
finite (non-infinitesimal) size of the sample. Both “self-shielding” and “multiple-scattering” effects
must be included in the calculation. These corrections are most often needed for capture
experiments; however, they may also be needed for fission, absorption, or other partial cross
sections. For the rest of this section, “capture” will be taken to indicate whichever type of cross
section is under investigation; the corrections described here apply in any case.

Derivation of the appropriate expressions for self-shielding and multiple-scattering
corrections, including details of the methods of calculation, is non-trivial and will not be presented
here. Results of comparison tests with Monte Carlo calculations indicate good agreement between
Monte Carlo results and results obtained via SAMMY, as reported in [NL02].| See Section X.M for
a description of the Monte Carlo code used for such comparisons.

The capture yield Y (E)can be written as the sum of four components, each of which is

described separately below; that is,
Y(E)=Y,(E)+Y,(E)+Y,(E)+Y,(E) . ('D.1)

Self-shielding

Self-shielding is the reduction in the observed capture cross section due to interactions of
incident neutrons with other nuclei in front of the current position. The probability that capture will
occur at depth z (within dz) can be written as

n —natz/Do_ dZ

5 . az (11 D.2)

where n is the sample thickness in atoms/barn and D is the sample thickness in the same units as z.
Subscripts t and ¢ denote total and capture cross sections, respectively. Integrating over z (from 0 to
D) gives the self-shielded capture yield

Y, = {1-e") (ij . (111 D.3)

O-t
(See the end of this section for a discussion of the normalization options for capture yields.)

Single scattering

The scattering correction is the increase in the observed capture cross section due to capture
of neutrons that have been scattered out of the original beam path. Calculation of the scattering
effect is more complicated than the self-shielding because it involves the product of (1) the
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probability of reaching a position (x,y,z) inside the sample, (2) the probability of scattering from that
position into solid angle Q within d Q, (3) the probability of those scattered nuclei reaching position
g within dg along that direction, and (4) the probability of being captured at that location. This
product is then integrated over the position g, over solid angle, and over the sample volume, giving
the single-scattering result. If the z axis is defined by the beam line, this expression can be reduced
to the form

YI(E):éjdxjdy%jdz exp(—%atzjjdgj—ga;%jdq exp(—%a't qj . (11 D.4)

in which primes indicate evaluation at the scattered energy, rather than at the incident energy of the
neutron. The scattered energy is given by

E'_Elcos‘9+\/ L SW@] —E£(0) | (Il D.5)

Ler \(1+1/r)" (1+r)

where r is the ratio of the mass of the target nuclidet to the mass of the neutron. [See Section I1.C.2
and especially Eq. (11 C2 b.3) for a derivation of this equation.]

Explicit evaluation of the expression in Eq. (I11 D.4) requires detailed knowledge of the
geometry of the sample and its positioning relative to the neutron beam, as shown in the sketch in
Figure 111 D.1| In the case where the sample is a round disk, with a flat surface perpendicular to the

beam, the expression can be reduced to

Yy (E) = Yo + Yoy + Yo + Vg (111 D.6)

where the subscripts “f ” and “b” refer to forward and backward scattering, respectively. The
subscript “oo” indicates that this term assumes the sample extends to infinity in the dimensions
perpendicular to the beam; subscript “c” indicates that this term is the correction for finite size.

The “infinite” terms in Eq. (111 D.6) are one-dimensional integrals,

P O-' — —N Oyt —NOyot _ —nO"m /,u
Ylwf(E)ZEJ.dﬂdo- Icap l1-e +e el ] (|||D7)
2 0 dQ o tot Otot Otot —0 1ot / H
and
1 h do Ulca 1-e " 1_e_n(5rot‘0\m/#)
Y ( ):—J‘dﬂ - - . , (111 D.8)
25 dQ oy Olot O =0 o [ 1

T There may, of course, be several different types of target nuclide, each with a different mass. While the equations in
this section assume only one nuclide, the implementation in the SAMMY code includes summations over all nuclides in
the sample.
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in which ¢ = cos(0). The “finite” corrections involve four-dimensional integrals of the form

1

1 dO' o' :
lcf :EJ. : Q (/u'o-tot’o- tot) (111 D.9)
0 tot
and
15 da o'y .
Vieo (B) =3 Jdug 5 —22Q, (1,000,0) - (1 D.10)
-1 tot
Here the three-dimensional integral Qs is given by
Q,(u.0,0")=[dze"™"[d Zs(ef”"@*z)’(”) —e-“UL’D) (I D.11)
and Qp, by
Qb (ﬂ’o_,o_l) _ de e—na'(D—Z)/Z'[d ZS (e—na(D—Z)/(D#) _efnaL/D) , (I“ D12)

where L is the actual path length, within the sample, available for travel by the scattered neutron;
note that L is geometry dependent. The integration over d S in this expression for Q is over the
beam cross section; the integration over z is over the thickness of the sample. SAMMY evaluates Q
on a separate grid and interpolates to produce the required values for Egs. (111 D.9) and (I11 D.10).

Values for Q are generated in advance (in segment SAMPAR) and stored in a file named

SAMMY.SSM. This file may be renamed and reused for subsequent runs, as long as the geometry
remains the same.

Incident neutron beam

Figure 11l D.1. Geometry for
the single-scattering correction
to capture or fission yield, for a
neutron incident on the flat
surface of a cylindrical sample.

Exit path for
scattered neutron
if not captured
inside sample
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More than one scatter

Derivation of the effect of two or more scatters followed by capture is accomplished in a
similar manner to the derivation of the single-scattering effect. The exact expression for k scatters

involves (3k + 3) embedded integrations; it is therefore necessary to make severe approximations in

order to derive an expression that can be calculated in a finite amount of time. The approximation
currently employed by SAMMY is borrowed from Moxon based on a derivation by Case
etal. |KC53]; an independent derivation was developed in preparation for implementation into the
SAMMY code. The approximation assumes that after two scatterings, neutrons are uniformly
distributed both in direction of motion and in position within the sample.* To quantify this
approximation, we assume that the escape probability for a neutron after k scatterings (i.e., at energy
E ®) depends only on the energy; specifically, the escape probability is given by the formula

% (0
Wy _ 1 11 e s gty 1+2noy,

P (E*) = —na“){z _!u e du} ool (Il D.13)
1+Z/R

where R is the radius of the sample. With this approximation, one can recursively define a function
y via

yj_l :J.de dO'g(Zj_l) (Uc(j) + y,)(l— pescape(E(j))) 1 (”l Dl4)

j

in which the superscript denotes the energy at which the cross section is to be calculated. The initial
estimate for a neutron scattered k times is
(k-1)

do
Yia ® Z”J. d 40

o (1— Descae (E<k>)) . (111 D.15)

k
This function y can then be used to estimate the capture yield for two or more scatterings:

Y, (E) =éjdxjdy%'[dz e_g%‘zj'ng—g Y, %jdq e

n_.
—BO' tot 4

(111 D.16)

In this form the multiple-scattering capture yield has the same mathematical properties as the single-
scattering capture yield of Eqg. (111 D.4). Similar computational techniques can therefore be used to
evaluate both quantities.

T This approximation has the effect of decoupling 2k of the embedded integrals, so that they can be performed separately
from the others.
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Alternative for more than one scatter

For very thick samples and/or very strong resonances, the crude approximation described
above for double-plus scattering may be woefully inadequate. For those situations, tabulated values
can be for Y,. The tabulated values are generated with a series of three runs, first SAMMY with the
command

PREPARE | NPUT FOR MOnte carl o simulation, or simply
MONTE CARLO

Next, the]SAMSMC code is run to perform the Monte Carlo calculation. Then|SAMGY 2|reads the
output from SAMSMC, smooths the Y2 curve, and creates a file named SAMY2.DAT that contains
the tabulated Y2 values for use in the next SAMMY run. For that run, the command

Y2 VALUES ARE TABULAt ed
is inserted into the INPut file, and the name of the file must be included in the input stream.

Only the values of Y, are given in this manner; derivatives are still generated as though the
original form were used. Caution must be exercised when using this option, especially when varying
resonance parameters, since (1) the tabulated values of Y, do not change unless the entire process is
repeated and (2) derivatives are inaccurate.

Simulation sim009 makes use of this option.

Neutron sensitivity

In capture experiments, not only gamma rays but also scattered neutrons reach the detector.
The detector is not always able to distinguish between the two; hence, it may be necessary to make
corrections for the neutron sensitivity of the detector. These corrections are temporarily unavailable
in SAMMY, pending further study.

Normalization and input options

Capture yield data may be normalized in a variety of ways; therefore, SAMMY allows the
user to choose which normalization is to be taken. The normalization generally referred to as
capture “yield” is the one shown in the equations in this section; this choice has the property that
values are in the range from 0 to 1. Another commonly used normalization requires dividing by
thickness n; in this case, the value approaches the capture cross section in the limit of zero thickness.

that is, by multiplying the yield by the total

Finally, the data may be normalized as (1—e_”“‘°‘ )amt :

cross section. To use these options, the appropriate phrase must be included in the alphanumeric
section of the INPut file:

NCRMALI ZE AS CROSS Section rather than yield
NORMALI ZE AS Yl ELD Rat her than cross secti on
NORMALI ZE AS (1-E) Sl gma
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No default is assumed for normalization; instead, SAMMY requires that one of the above options be
specified by the user.

The default mode in SAMMY is to not include self-shielding and multiple-scattering
corrections; therefore, to invoke these corrections, users will need to include one or more of the
following phrases in their INPut file.

For self-shielding but no multiple-scattering correction:
USE SELF SHI ELDI NG Only, no scattering, or
SELF SHI ELD

For self-shielding, single-scattering (with edge-effects), and no double-scattering correction:
USE SI NGLE SCATTERI Ng pl us sel f shielding, or
SI NGLE

For self-shielding, single-scattering (infinite slab approximation), and no double-scattering
corrections, two commands are required:

SI NGLE and

| NFI NI TE SLAB

For self-shielding, single-scattering (with edge-effects correction), and multiple-scattering
corrections:
| NCLUDE DOUBLE SCATTering plus single scattering, or

MULTI PLE SCATTERI NG or
DOUBLE

For self-shielding, single-scattering (infinite-slab approximation), and multiple-scattering
corrections, two commands are needed:

DOUBLE and

| NFI NIl TE SLAB

When finite-size corrections (for single scattering) are wanted, additional input is needed to
express the geometric properties of the beam and of the sample. These include the dimensions of the
sample, the cross-sectional dimensions of the beam if smaller than the sample, and integers that
determine the accuracy to which the function Q will be calculated. Details are given in
I Table VI A.1, card set 11|

Examples using multiple-scattering corrections can be found in test cases tr039, tr052, tr064,
tr099, and others.
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I11.E. OTHER EXPERIMENTAL CORRECTIONS

This section contains information about a variety of other corrections for experimental

conditions not covered in earlier portions of Section I11. Included here are the following:

1. Modifications needed for analyzing transmission measurements are covered in
| Section I11.E.1. |

2. The means by which one may analyze samples containing multiple nuclides (multiple

isotopes, chemical compounds, contaminants) is discussed in|Section III.E.2.|

3. Two methods of including data-reduction parameters (such as normalizations or
backgrounds) within the SAMMY analysis are described in|Section I11.E.3.|

4, Paramagnetic cross sections are discussed in|Section I11.E.4|

5. A treatment of I-dependent detector efficiencies is outlined in|Section I11.E.5]

6. Self-indication measurements are discussed in Section I11.E.6/

7. Attenuation and angle-averaging for angular-distribution data are described in
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I11.E.1. Transmission Experiments
The analysis of transmission (or total cross section) data requires an extension to the

description given in|Section I11.A} since what is actually measured (and thus what is to be “fitted”) is
not cross section o but transmission T, where

T=e"" . (111 E1.1)
Here n is the sample thickness, measured independently and expressed in units of atoms/barn. In
this section we consider the case of uniform thickness; for the case of non-uniform thickness, see the

next section (Section 111 .E.1.a).

Theoretical values of T and 0T /du are generated in SAMMY according to the following
procedure:

1. Generate total cross section ¢ and partial derivatives do/du as described in(Section 1.

N

. Doppler broaden the cross section and derivatives as described in Section I11.B,

3. Convert to transmission using Eq. (111 E1.1) for the value and

9T _ _ero OO (I EL.2)
ou ou

for the derivatives.

4. If thickness n is a varied parameter, generate JT /on from

T g™ = 6T . (111 E1.3)
on

5. Resolution broaden the transmission and derivatives, as described in[Section I11.C.

6. If total cross sections are to be fitted, rather than transmissions, convert the broadened
transmissions and derivatives thereof back to cross section. NOTE: Experience has shown
that fewer numerical difficulties are encountered if transmissions, rather than cross
sections, are used for the fitting procedure.

The total cross section determined using the above procedure corresponds to the actual
unbroadened total cross section. It may differ considerably from the “cross section” extracted
directly from the measured transmission using the relationship

(111 EL.4)

measured )

1
n II=__I T
o - n(
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In the study of transmission data, the distinction is made between “effective cross section”
oy and “true cross section” o,,. The effective cross section is defined by first resolution

€

broadening the transmission,
Tr(E)=[e" " R(E-E")dE" , (1l E1.5)

where aD(E') is the Doppler-broadened total cross section and R(E—E') is the resolution
function, and then converting to cross section,

oy (E) = —% In(Tr(E)) . (111 E1.6)

The so-called true cross section, on the other hand, is defined by resolution-broadening the Doppler-
broadened total cross section directly (i.e., by omitting the conversion to and from transmission):

O (E)=[0p (E)R(E-E)dE" . (11 EL.7)

The difference between o, and o,
measurements.

corresponds to the “self-shielding effect” in transmission

rue

In SAMMY, the “true cross section” can be generated (i.e., the conversion to and from
transmission can be omitted from the calculations) by including the command

USE TRUE TOTAL CROSS section for resol ution broadening

in the INPut file. With this command invoked, the treatment of transmission and total cross section
(as outlined on the previous page) is replaced with the following:

1. Generate total cross section ¢ and partial derivatives do/ou as described in|Section 1.
2. Doppler broaden the cross section and derivatives, as described in|Section 1.8
3. Resolution broaden the cross section and derivatives, as described in Eection III.Q].

Fitting to experimental data is inappropriate with this command, since Eq. (111 E1.7) does not
correspond to data measured by any practical experiment.
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I11.E.1.a. Transmission through a non-uniform sample

Occasionally the sample is known to be non-uniform in thickness, generally thicker in the
center and thinner on the edges. To model this situation, we assume that the sample is a circular

disk of average thickness n (atoms/barn) orZ (cm), with n=N Z . Actual thickness is specified
by the user in piece-wise fashion as a function of distance R from the center, as

Z(R) =2, for i=1toM, withR,=0 , (INElal)
where the units on the R, and Z,; are unimportant since SAMMY will rescale these. At arbitrary

values of R, the thickness is given by linear interpolation between the specified points:
R-R. R.,—-R

Z(R) = L7 +—" 7 =a+bR , 11 E1a.2

( ) R —R- i+l RHl_Ri i i i ( )
R|+1Z R|Z|+1 Zi+1_Zi

where a=——"— and b=——— . (I E1a.3)
Ri+1_Ri Ri+1_Ri

Under these assumptions, the measured transmission may be modeled as the average over
the area of the sample, as

T = 12 fRdRTd(peN“Z(R)
7R % 0
2 M 1 (NEla.d)
= R2 ZZ:(N b )2 [e_NUZiil(No-biRifl"'l)_ ot (N ob.R; +l)i| .
M= ob,

When b, is small, the result in Eq. (Il E1 a.4) must be modified to avoid singularities.
Rewriting this equation slightly gives a convenient form for small b, :

-NoZ;

_ R22 D [ ") (NobyR, , +1) - (Nob,R, +1)J . (Il E1 a.5)
Moi=2 (NO‘b )
For small arguments, an exponential can be written in the form
" =1+ Ax A=1+Bx B=1+Cx C=1+Dx . (111 E1 a.6)
Using this form for the second exponential puts Eq. (111 E1 a.5) into the form
T = % : (R ~Ry)[RA+ (R -R4)B] (N Ela7)

As one test to see whether this form is correct, consider the case for which all Z, are
exactly equal. For this situation, A—1 and B — 3, and the transmission becomes
2 -NoZ 1 _ aho
T oe Z(R ~Ri)[Ra+(R-Riy)%] =e™ . (NE1a8)

M i=
This is identical to the uniform-sample case. QED.
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Input for this option is accomplished in the same manner as for the multiple-scattering
correction in the case of non-uniform sample (not yet implemented in the code). The user
provides values for R, andZ, of |[Eq. (1l E1 a.1)| It is not necessary for the Z, to be normalized

so that the average is Z , only that the ratios be correct; SAMMY will take care of normalization.
Details for input of the non-uniform thickness are given in of the PARameter file.

The derivative of the transmission with respect to the total cross section o is also
needed. From Eq. (I1l1 E1 a.4), it is clear that this derivative is

M —
= e B ey b )
+—(N61b ; [-NZ, e " (NobR, ; +1)+ NZ,e "™ (NobR, +1) |
N (Nalb-)2 |:e—N0'ZH (NbiRifl)—e_No-Zi (NbiRi )}} (ME1a.9)

2 < -2 ~NoZ;
= 2 (Noby) {—e “[(1+NoZ )NobR,,+(2+NoZ, )]
> s

+e*““zi[(1+Nazi)NabiRi+(2+Nazi)]} .

The small-b expansion for this expression is
> i( Nob, )72 g N7 {—eN“b‘(R‘R”) [(1+ NoZ H) NobR;, + (2 + NGZH)]
Mo i=2
+{(1+NoZ )NobR, +(2+NoZ,) ]|
which becomes
dT 2 & ez,
dar e {

RZ-R2, —(R. —R.,)[ A(2R, + NoZ, R,
do oR? 5 - RL (R R AR+ NoZ R,) (1l E1 a.10)

+B(2+Noa, (R, - RH)]} .

In the limit as all the b, become zero, this is

S—Z — anez ie“”{Rf—Rfl—(Ri—Ri1)[(2Ri1+no-Ri1)+%(2+no-)(Ri—Ril)]}
M

i=2

(INE1a.11)
Again, this is identical to the uniform-sample case. QED.

Test case tr178 has examples of this feature.
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I11.E.2. Combining Several Nuclides in a Single Sample

Because the samples used in neutron experiments are often made from natural materials
rather than isotopically pure materials and may contain chemical combinations of elements and/or
impurities, the SAMMY INPut and PARameter files may need to describe resonances corresponding
to several different nuclides. A number of features of SAMMY have evolved to deal with this
consideration; these features are described below. In addition, users are referred to test case tr060,
which treats multiple isotopes of barium as well as oxygen and carbon. The user must provide
abundances for each nuclide; however, if the exact composition of a diluent is unknown, abundances
may be flagged (varied) so that SAMMY can determine the optimal values to fit the experimental
data.

The SAMMY features relevant to multiple nuclides in a single sample are as follows:

1. Spin groups may be specified in one of two ways, either of which may contain information

about abundances of isotopes or elements. See Section VI.A, Table VI A.1,|card sets 10.1

and for details. The nuclear spin (as well as mass and isotopic abundance) can be
specified for each nuclide separately.

2. When using a multi-nuclide PARameter file, flags on the appropriate spin groups in the
INPut file will eliminate the use of those spin groups in performing the calculation of cross
sections; thus, the same PARameter file may be used both for the analysis of data from an
isotopically pure sample and for the analysis of data from a “natural” sample, or for data

from a specific nuclide and for a chemical combination. Input details are again given in
able VIA.1

3. Channel radii (see|Section | I.A.lj for the different nuclei (and for different spin groups) may
be specified separately. Inaddition, the channel radius (PAREFF) used in evaluation of the
potential-scattering phase shift ¢; may differ from the channel radius (PARTRU) used in
evaluation of penetration factor P, and level shift factor Sy,; this is included for compatibility
with ENDF Input details are given in of Table VI B.2;
alternatively, one may use the older and more cumbersome card set /.| Any or all of these
radii may be varied in a SAMMY run.

4. To specify a single abundance and the correct mass for all spin groups corresponding to a

given nucleus, use card set 10 pf the PARameter file (see Section VI.B.). Abundances, but

not masses, may be varied.

SAMMY will confirm that the sets of spin groups corresponding to a given nuclide are
defined consistently between the INPut and the PARameter files.
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SAMMY is no longer restricted to a small number of spin groups. Previously, there were
two limitations:

parameters (card set 1 pf Table VI B.2). Furthermore, spin group numbers greater than 50
(or negative) are used to designate resonances to be omitted from the calculation. When
more than 50 spin groups are needed, an alternative (4-digit) format can now be used; see
for details. (The maximum permitted number of spin groups is now 500,
because the format in the INPut file permits only 3 digits.)

1. Only two di)iits are iermitted for the spin group number in the format for the resonance

2. The second limitation relates to the itemization of spin groups associated with
or with nuclide abundance in the PARameter file. Originally, this itemization used a two-
digit format and required that all spin groups be listed on one line. It is now possible to use a
five-digit format (when there are more than 99 spin groups) and to continue the itemization
on other lines if needed. Details are given in[Table VI B.2. (A better method of input for
channel radii is available in f the PARameter file, which uses key-word-based
input without fixed format.)
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111.E.3. Data-Reduction Parameters

Analysis of experimental data requires, first of all, a reduction of raw data to cross section (or

transmission). Values of the parameters for the data-reduction process may not be perfectly known,
and the effects of these uncertainties should be incorporated into the data analysis. Within SAMMY
there are several methods of doing this:

1.

The uncertainties can be carefully propagated through the data-reduction process, so that the
full off-diagonal covariance matrix of the reduced data is generated. This covariance matrix
is then explicitly input to SAMMY; see Section VI.C.2|for input details.

The user-supplied implicit data covariance (IDC) matrix may be used. SeelSection IV.D.3|
for a description of the IDC method and $ection VI.C.3.b ffor input for this option.

Another method of incorporating data-reduction parameters into the SAMMY analysis is to
perform the background subtraction and/or normalization process explicitly, analytically,
within SAMMY. In this case the operations are applied to the theoretical calculations, not to
the experimental data. [Section I11.E.3.a|discusses this option in detail.

The PUP (Propagated Uncertainty Parameter) method is perhaps the easiest method for the
analyst to use for incorporating measurement-related uncertainties into the analysis process.
See[Sections IV.D.1|for derivation of the PUP method,[Section IV.D.2|for a summary and
description of its use in SAMMY, and [Section VI.C.3.4 for input information. The PUP
method is applicable only for parameters for which SAMMY has derivatives internally
available; therefore, it is more restrictive than # 1 or # 2 (but more general than # 3).

Partial derivatives of the (reduced) data with respect to the data-reduction parameters can be
generated externally, and these derivatives read into SAMMY/, which will then generate the
explicit data covariance matrix. Details are given in [Section 111.E.3.b.| (The code ALEX

[NL84][can be used to generate the needed partial derivatives.) While this method requires

similar input to # 2 above (though in different format), it is an older formulation and has not
been extensively tested. Probably this option will be eliminated in the near future.

The computer code ALEX was designed to generate the data covariance matrix for ORELA

data and can therefore be used to prepare input for options # 1, 2, or 5. For a description of ALEX

nd a detailed discussion on the role of uncertainties in the data-reduction process, see [DL83]and
[NL84]., An update of this code, to be more directly applicable for option # 2, is planned.

See test case tr140 for equivalent examples of many of these options.
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I11.E.3.a. Explicit normalization and/or background functions

A constant overall normalization and a variety of different analytical models for
backgrounds may be applied to the theoretical values (cross sections, transmissions, etc.)
generated within SAMMY. These corrections are applied to the theory, not to the data.
Normalization is applied first, followed by background corrections, so that the backgrounds are
not multiplied by the normalization.

Let T, represent the uncorrected theoretical value (for cross section, transmission, etc.);
then the corrected value is given by

T(E)=aT,(E)+b(E) , (N E3al)

in which energy dependences have been explicitly displayed.

Input for the normalization a and four specific backgrounds is specified in of
the PARameter file. The four backgrounds are

by (

B/\/_

b (E)=B
b, (E)=
o (€)=B (IN E3 a.2)
and b,(E) =

B, exp{ Bf/\/E} .

With this format, the user provides one value (which may be zero) for each of the five
background parameters B, through Bs. It is not possible, however, to give more than one value
for any of the backgrounds; hence, one cannot, with this format, specify two exponential decay
rates for the background.

A second, more general, format for background functions is given inf the
PARameter file. Here there are nine different types of background functions; however, unlike
those given above, any number of each type may be included, so that the actual background is
the sum of all such functions. The functional forms for the first four of these backgrounds are,
respectively, constant, exponential, power, and exponential of a logarithmic function. An energy
range (Emin to Emax) may be specified for each of these functions. Explicitly, these functions

are X N
b ()~ Ae ™ |
b,(E(t))=At® , (1 E3 a.3)
ne b, (E(t))=exp{A+Bt+C/In(t)} ,

in which the flight time t is derived from the energy in the usual manner,
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2
t=,/r2:; , (1l E3 a.4)

where L is the flight-path length. If the value for L is already given (e.g., for transmission data),
that value can be used here. Otherwise, L can be specified along with the other parameters for
these functions.

The fifth type of background function is a point-wise linear function in time. This
function has the form
t.,—t t-t
b (E(t))=A —+A bl I E3 a5
5( ()) i —t- I+1ti+1_ti ( )

in which the value of by(E(t;))=A,

is specified at two or more particular times ft;.

Equation (11 E3 a.5) is valid for t, <t <t . For time t outside the range of times given for this
background type, the value of bS(E(t)) is set to zero. As with the other types of background

function, the flight-path length L may be given with the input for this function if it is not already
specified.

The sixth type of background is a point-wise linear function in energy. Specifically,

Ei+1_E E_Ei+1

—t+ A — I E3 a.6
I Ei+l_Ei " Ei+1_Ei ( )

b, (E) = A

in which the value of bG(Ei)z A, is specified at two or more particular energies E;.
Equation (I11 E3 a.6) is valid for E, <E <E, ,. For energy E outside the range of energies given

for this background type, the value of b, (E) is set to zero.

The seventh type of background is again a point-wise linear function in time, with
essentially the same form as type 5 except for a multiplicative factor B:

_t+AMﬂ . (I1E3a.7)
-1 ti+1_ti

Likewise, the eighth type of background is a point-wise linear function in energy, with
essentially the same form as type 6 except for a multiplicative factor B:

(I E3 a.8)

Ei+l_E E_Ei+l
b, (E)=B| A + A, .
Ei+l_Ei Ei+1_Ei
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For both type 7 and type 8, the point-wise values are listed in a separate file and cannot be
varied. The multiplicative factor can, however, be varied. Details are given in[Table VI B.2.

Because most of these parameters [excluding Emin, Emax, ti, E;, and L, and the A; of
Eqgs. (111 E3 a.7) and (I11 E3 a.8)] can be varied, partial derivatives of the theoretical values T are
required. These derivatives are found directly from Eqgs. (111 E3 a.1) through (111 E3 a.4) and are
not listed explicitly here. Derivatives generated prior to these corrections (e.g., derivatives with
respect to resonance parameters or broadening parameters) are also corrected by the
normalization factor, as needed.

The ninth type of background is of the form
bg(E):AE‘B : (N'E3 a.9)
where both A and B may be varied.

For examples of the use of normalization and/or background functions, the reader is
referred to the test cases that are distributed with the SAMMY code. Test cases tr032 and tr045
(among others) include normalization and constant background in card set 6]of the PARameter
file. Test case tr056 specifically addresses the use of more general background functions

(types 1 through 9) provided in of the PARameter file.
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I11.E.3.b. User-supplied data-reduction parameters

When uncertainties inherent in the parameters of the data-reduction process are carefully
propagated through that process, the covariance matrix associated with the reduced data is off-
diagonal. While SAMMY can handle off-diagonal data covariance matrices, it is often more
convenient as well as more informative to treat the data covariance matrix as diagonal and
incorporate the uncertainty information directly into the solution of Bayes' equations.

To understand how this is done, let d represent the raw (unreduced) data and D the reduced
data. The relationship between D and d is

D, = f,({d}.{a}) . (1IN E3 b.1)

where f; is some function of {d} (which represents the entire set of raw data) and of {q} (which
represents the set of data-reduction parameters). A small increment in D may then be written as

of, of,
oD, =) —dd. —0q, . I1E3b.2
i ;adj j+;aqk qk ( )

Squaring this expression, taking expectation values, and noting that the d;and g, are mutually

independent give
of. of.. of. of..
oD, 6D,.) = Y —LAMd —- + > —1(5q, 5q,.)—— 1 E3Db.3
190, 90) zzadj od, g;aqk< o qk>8qw ( :

for the covariance between D, and D,.. In Eq. (111 E3 b.3), use has been made of the uncorrelated
nature of the raw data:
(od;6d;)=A%d; 5 . (11 E3 b.4)

The first term in Eq. (111 E3 b.3) represents the statistical uncertainty on D. Generally, itis
diagonal with respect to i and i, since f; will usually depend only on d; and not on other d;, but we
have included off-diagonal terms for the sake of completeness. The second term contains
information from the data-reduction process. Generally, this term is off-diagonal with respectto i
and i'; that is, the reduced data D ; all depend upon the same parameters gk, and thus are correlated.
Thus the data covariance matrix V;;- to be used in Bayes' equations involves off-diagonal terms.

It is possible for the full covariance matrix to be calculated from Eq. (111 E3 b.3) and read
directly into SAMMY (see|Section VI.C.2). However, all data points that are connected by off-
diagonal terms need to be included in the same analysis. Because typical time-of-flight experiments
may involve thousands of data points, this process is often impractical computationally.

An alternative method of handling uncertainties on data-reduction parameters is to treat those
parameters as variables whose value is to be determined by the analysis process, that is, to treat them
in the same fashion as the resonance parameters.
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In the development of Bayes’ equations (Section 1V), the conditional probability p(D|PX)
was needed. Since the data-reduction parameters {q} are now considered to be a part of the set {P},
Eq. (IV Al.3) requires the probability of D being true given that {q} are exactly the correct values.
That is, we use the data covariance matrix V formed from only the first term in Eq. (111 E3 b.3), the
second term giving zero if the values for{q} are exact.

Since data D, as well as theory T, now depend on parameters P, Eq. (II A1.4) must be
expanded to include

T(P)-D(q)=T-D+G(P-P)-g(a-7) , (Il E3 b.5)

in which we have set the partial derivative of D; with respect to gk equal to gix; that is,

oD,
g, (11 E3 b.6)
o9,

Therefore, by expanding the set of parameters {P} to include the data-reduction parameters {g}, and
by redefining Gy, the partial derivative of the theory T; with respect to the parameter Py, to be the
partial derivative of (T; — D;) with respect to P, the equations take on the exact form discussed in
Section IV.A.

To use this method in SAMMY,, the analyst must generate the partial derivatives g prior to
the SAMMY runs, and provide the values to SAMMY. (The code ALEX |[DL83/and|NL84] may be
used for this purpose.) Input details are given in|Section V1.C pf this report.

Caveat: This option has been available in SAMMY almost from the beginning, but it has (to
the author’s knowledge) never been used extensively and hence never been thoroughly tested.
Moreover, the techniques used are not optimal. Unless there is demand for this option, it will
probably be discontinued with the next release of the code.
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I11.E.4. Paramagnetic Cross Section

The total cross section of nuclides like erbium, holmium, and thulium at low neutron
energies may include both nuclear and paramagnetic cross sections. The paramagnetic cross
section may be written in the following form|[YD98]:

2

(Atan(BE"))

BEP(1+(BEP)2)4 (1 E4.1)

Opy =C

Here E is the energy in eV, and A, B, P, and C are parameters (variables) whose default values
are given in Table 11l E4.1; these may be treated either as constants or as varied parameters
whose values are to be determined by the Bayes (generalized least-squares) fitting procedure.

As presently implemented within SAMMY, the paramagnetic cross section may be
invoked only in calculations for data types “total cross section” or “transmission.” In particular,
paramagnetic cross sections cannot be included in angular distributions nor in generating self-
shielding or multiple-scattering corrections for capture or fission yields.

Table 111 E4.1. Default parameter values for
paramagnetic cross sections

LA |B | P C
Tm | 6.1691 | 1.1308 | 0.3367 | 1.0

Er |7.9012]1.1278 | 0.3263 | 1.0
Ho | 8.7597 | 1.1435 | 0.3225 | 1.0

Input for using PM cross section (for total cross sections only) is given in Table VI B.2,

See test case tr055 for examples of this input.

Although SAMMY can search on any or all of these parameters, the user should be aware
that variables A and C are mathematically redundant; it is only the product CA? that is unique.
When values for both parameters are permitted to vary, the correlation coefficient will always
be —-1.

Derivatives of o,,, are as follows: Let x represent the quantity BE P. The derivatives with
respect to each of the four parameters are then

do _ 20 (111 E4.2)

A A
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90 _cpardfx (111 E4.3)
oB dx B
9 _cat iy (11l E4.4)
oP dx
and
oo o
9 _2 (111 E4.5)
oC C
In these equations we have made the substitution
-1
o tan x (11 E4.6)
x(1+ x2)
so that
_ 2
ar __ 1 {1—1 2 tanlx} . (111 E4.7)
dx x(1+ x2) X

Section 111.E.4, page 2 (R7) Page 200



Section I11.E.5, page 1 (R7) Page 201

I11.E.5. Detector Efficiency

For measurements of capture or fission yields, the detectors may have different efficiencies
for different I-values. SAMMY is equipped with a spin-group-dependent detector efficiency
(multiplicative factor), which can be used to model this effect. The user may specify as many
different efficiencies as needed, and delineate the spin groups to which those efficiencies apply.
(See Table VI B.2 for input details.) SAMMY will multiply the calculated capture or
fission partial cross sections by the efficiencies prior to applying self-shielding and multiple-
scattering corrections; these efficiencies can also be used with self-indication data. Note that the
total and elastic cross sections (used in the calculation of self-shielding and multiple-scattering
effects) are not multiplied by the efficiencies.

Test case tr078 contains examples of the use of spin-group-dependent detector efficiencies.
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I11.E.6. Self-Indication Measurements

Self-indication experiments involve a combination of both capture and transmission
measurements. Two samples are used: the one closer to the source is used for transmission and
the other is used for capture. Both samples contain the nuclide of interest. Such an experiment
preferentially removes neutrons near the peak of the resonances for this nuclide, thus focusing on
the shoulders or wings of a resonance.

Analysis of a self-indication experiment requires both calculation of transmission through
the first sample and calculation of capture yield with self-shielding and multiple-scattering
corrections for the second sample. Transmission is calculated as described in| Section II1.E.1)
using parameters appropriate for that sample (for thickness, nuclide abundances, contaminants,
temperature, etc.). Essentially, transmission T is given by

T(E)=e"" , (111 E6.1)

in which nt represents the sample thickness and o the total cross section (appropriately Doppler
broadened). Subscript T indicates that the thickness is that of the transmission sample;
subscript t refers to the total cross section. The capture yield Y (E ) is calculated as described in
using parameters appropriate for the capture sample; note that any of the three
normalizations (as cross section, as yield, or as yield times total cross section) described in that
section may be applied to the capture “yield” calculation here. The self-indication result is the
product of the transmission and the capture yield,

SI(E)=T(E)Y(E) , (111 E6.2)
followed by resolution broadening.

Parameters such as “isotopic” (nuclide) abundances, effective temperature, and thickness,
which are input in the usual fashion into SAMMY, are assumed to be those of the capture
sample. Input of parameters appropriate for the transmission sample is vig card set 11, line 7 pf
the PARameter file (see Table VI B.2). The phrase “self-indication” must occur in the INPut file

(CRED)!

Test case tr057 has examples, using artificial data, for self-indication experiments.

[Note that the option to calculate the self-indication ratio is not yet implemented into
SAMMY. This quantity is defined as the resolution-broadened SI(E) divided by the resolution-
broadened capture yield Y(E); implementation of this feature is one of many *“on the drawing
board” for future work.]
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I11.E.7. Corrections for Angular Distributions

Angular distribution measurements may require additional treatments for experimental
conditions beyond those required by angle-integrated measurements. Two kinds of treatment are
currently available in SAMMY; as experiments improve and the need arises for more
sophisticated treatments, others will be added to the code.

Attenuation

One type of correction for finite sample size in angular distributions is handled in much
the same manner as in the code RFUNC, which was developed by F. G. Perey|[FP89a]|for
calculating elastic angular distributions using the R-function approximation for spin-zero
samples. Two effects are included, which are denoted “incident neutron attenuation” and
“scattered neutron attenuation,” respectively.

Incident neutron attenuation is accomplished by multiplying the cross section by the
factor

exp{-n;, (0) o5 (E)} (11 E7.1)

where the “thickness” or attenuation n;, (6) may be specified independently for each angle and

may be treated as a search parameter. The cross section appearing in Eqg. (I1l E7.1) is the
Doppler-broadened total cross section.

The so-called “scattered neutron attenuation” is used to approximately describe three
distinct effects: (1) Neutrons initially scattered in the direction of the detector may be re-
scattered (or captured, or involved in some other reaction). (2) Neutrons not initially scattered
toward the detector may, after two or more scatterings, ultimately reach the detector. (3) Both
the sample and the detectors have large angular spreads.

To describe these effects, the cross section is multiplied by the attenuation factor
exp{ oy (0) 0 (EN)} - (11 E7.2)

Here the attenuation n, (49) again may be different for each angle and may be treated as a search

parameter. The cross section in this equation is evaluated at the scattered energy for the
particular angle and has been broadened (using a triangular resolution function) to approximate
the effects of the angular spread of the detector and sample.

See Table VI B.2, card set 11, line 4, for details of the input for these attenuation factors.
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Angle Average

Another available correction for the finite sample size is a straight-line average over solid
angle, of the form

cos(6—-D@) cos(6—-D6)
do do
— —d du I E7.3
< dQ> [ o/ | du ( )

cos(6+D@) cos(6+D@)

in which the differential elastic cross section is assumed to be a function of cos(d) but a constant
with respect to the azimuthal angle o.

The actual calculation in SAMMY s carried out in a relatively crude approximation
which implicitly assumes that the angular spread is not large. The cross section is calculated at
three angles: #+D¢@, 6, and 6—D@. Quadratic interpolation in cos(6) is used so that the

cross section at other angles is assumed to be given by

o(n) = A((Z:E;E:__s))w ((ﬁ:Z;Eg:f))+C ((‘é:Z;Eé‘__bb)) . (NE74)
in which we have set
a=cos(0+D@) b=cos(¢-D#) c=cos(0) (111 E7.5)
and
A= djg()a) B = d:g()b) C-= djggc) (111 E7.6)

Substituting Eq. (111 E7.4) into Eq. (11l E7.3) and integrating gives the resulting average cross
section

6

2
<do-> 1[A3c—b—2a ~3c+2b+a . (b-a) ET D

— B
dQ c—a i b—a (c—a)(b-c)

To invoke this option, include the phrase
ANGLE- AVERAGE FOR DI fferential cross sections

in the command section of the INPut file. The angles @ and angular spreads D@ are given in

[card set 8]of that file (see Table VI A.1).
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I11.E.8. Energy-Scale Dependence on ty and L

When analyzing two or more independent data sets, the problem of displacement between
energy scales often arises. Proper alignment of energy scales has traditionally been a task for the
analyst; however, help is available from SAMMY. Two methods are described here.

First method:

In time-of-flight measurements, the energy of the incident neutron is determined from the
flight-path length L, the flight time t, and the initial time t, as

E =

2
% L (11 E8.1)

(t-t,)

By treating L and t, as variables (parameters) and searching for those values of L and t, which
provide the best fit of experimental measurement to the calculated cross section, it is possible to
adjust the energy scales to provide agreement between different data sets. See|card set 11, line 6}
of the PARameter file, Section VI, for input details.

Derivatives of the cross section with respect to flight-path length L and initial time t, are
given in terms of the derivative with respect to energy as

do  OE Oo _ 2E oo (111 E8.2)

o, o, 0E  (t-t;)0E

and

do OE do 2Edo . (111 E8.3)

oL OLOE L oE
Recall that the cross section o is given in terms of the scattering matrix U. The energy-
dependence of ¢ is therefore that of U (via p) and of the (1/k2) multiplicative factor. That is,

this derivative is given by

0o _0o0p Ok 2, 0k (Il E8.4)

OE  0p 0k 9E  k OE

which can be rewritten as

2
a__
k

9o _|2c
oE

-3, aj— . (111 E8.5)
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Combining this equation with Egs.(111 E8.2) and (I11 E8.3) gives

9o __p 0o __2 , (111 E8.6)

oy, (t-t) op  (t—t))

and

6o _p oo _ %0' . (111 E8.7)

oL L ap

The derivative of the cross section with respect to p is again, as in|Section II.D.1.c] found by
substituting Eq. (11 D1 c.9) into Eq. (11 D1 c.6).|

Note that relativistic corrections are often added to the expression in Eq. (111 E8.1); such
corrections are ignored in SAMMY's treatment of the t, dependence.

Within SAMMY the value of L is not varied directly; rather, L is set equal to the product
of the “initial” value L; times a dimensionless quantity Lo. This dimensionless multiplier is
generally given an initial value of 1.0, and the value is varied in the SAMMY run.

In preliminary studies, what has been found practical is to use this option somewhat apart
from the mainstream of SAMMY analyses. The procedure that worked best in our trials was to
first obtain a reasonably good fit to the “best” data set (the data set which, in the analyst’s
judgment, has the “most correct” energy scale), with particular emphasis on obtaining accurate
resonance energies. Next, modify the parameter file to vary only L, and t (i.e., do not vary
resonance energies or other resonance parameters) and make a SAMMY run to determine the
best values for L, and t, for the data set in which the energy scale is “wrong.” Once those values
have been determined, generate a modified data set which has the corrected energy scale and use
the modified set in subsequent work. The code SAMFTZ, described in of this

manual, can be used to generate the modified data set.

Second method:

Begin by fitting each data set separately from the others, establishing in particular
appropriate energies for the largest resonances. Choose one data set (probably the transmission
measurement with the longest flight path) as the standard. For each other data set, compare
energies for individual resonances to those in the standard data set. By considering the relative
energy difference as a function of resonance energy, a fit can be made to the functional form

E-E _ % _ a+bVE | (11 E8.8)
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in which E is the energy of the resonance in the standard data set, and E' the energy in the other
data set. Equation (Il E8.8) is the appropriate functional form, as can be seen by taking
increments of Eq. (111 E8.1),

A€ = Eat+Eat, = ZEaL+2Eat, (111 E8.9)
oL at, L (t-t,)

or

E L L L

2./ 2E 2At,\[2
AE _ 2AL Wmo - ZAL{ ° ”“JJE . (nEsio)

Once appropriate values are determined for a and b, all energies in the non-standard data set can
be modified by replacing the original (incorrect) energy E' by E", where

E'=E"+(a+b\/F)E" . (11 E8.11)

Solution of this equation for E" can be done iteratively, with E" ~ E "as starting value.
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IV. THE FITTING PROCEDURE

In order to determine the parameter values that give the “best fit” of theoretical values to
experimental measurements, a fitting procedure is needed. The procedure must properly incorporate
all uncertainties in the measured data, including both statistical and systematic uncertainties, and
should provide appropriate uncertainties and correlations for the resulting set of parameter values.”
The fitting procedure must be able to deal with nonlinear systems.

The procedure used in SAMMY is Bayes’ method, sometimes denoted “generalized least
squares.” See|Section XI.C|for a philosophical discussion of the implications of the use of Bayes’
method.

(In the limit of infinite prior uncertainty, under the customary assumptions of normality,
Bayes’ method reduces to the more familiar least-squares method. SAMMY contains provisions for
using the least-squares method rather than the more powerful generalized least squares; see

| Section 1V.E.3 [for details.)

is devoted to a formal description of the relevant equations for Bayes” method.
Starting from Bayes’ theorem nd three basic assumptions, formulae are derived for updating
parameter values and parameter covariance matrix elements based on information contained in the
data currently being analyzed. These formulae, in their several guises, are hereafter referred to as
Bayes’ equations. The three versions used in the SAMMY code are derived in Section IV.A.1} and
the iterative versions thereof (for use with nonlinear systems) in|Section IV.A.3| Formulae for chi
squared are developed and discussed in Section 1V.A.2.|

Implementation of each of the three versions of Bayes’ equations in SAMMY is described in
_ection V. !

Most input parameters may be fitted in the SAMMY code, though the actual fitted parameter
is not always the variable given in the input. For example, though values for the resonance energies
are given in the PARameter file, the variable used in the fitting procedure is the square root of the
resonance energy. In|Section IV.C, parameters that may be varied are listed.

contains a discussion of the Data Covariance Matrix (DCM), its role in Bayes’
equations, and SAMMY’s various treatments of the DCM. SAMMY has the ability to read, store,
and invert a full off-diagonal DCM; however, the reader should be aware that this is a highly
inefficient method for treating experimental uncertainties. Instead, when components of the DCM
are generated external to SAMMY, those components (rather than the DCM itself) should be used as
input to the code via the User-Supplied Implicit DCM option|(Section VI.C.3.H has input details for
this option). To include the contribution from uncertainties on SAMMY input parameters, the
Propagated Uncertainty Parameter (PUP) option is available; see the discussion in[Section 1V.D.2|

* Uncertainties determined by R-matrix codes are often deemed to be too small. It is this author’s opinion that the
resonance parameter uncertainties are correct but that the resonance parameter covariance matrix alone is insufficient to
describe all the uncertainty in the evaluated cross sections. For further discussion on this topic, the reader is referred to

Section IV.E.6.
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and the input details in|[Section VI.C.3.a] In both cases, the full DCM is not calculated; instead, the
treatment is via SAMMY ’s Implicit Data Covariance (IDC) method, described in[Section IV.D.3]

[Section 1V.E tontains information about a variety of topics related to covariances. For a
discussion of simultaneous (rather than sequential) fitting of several data sets, see[Section IV.E.1. In
Section IV.E.2, information is found on SAMMY's retroactive covariance method, whereby a
parameter covariance matrix can be generated that is approximately correct for a given parameter
set. To use an infinite prior parameter covariance matrix (i.e., to use the least-squares equations), see
ISection IV.E.3.| Generating the covariance matrix associated with the theoretical cross section is
described in|Section IV.E.4| Section IV.E.5 describes SAMMY’s method for calculating average
values and uncertainties for certain classes of resonance parameters (e.g., the average capture or
neutron width for all resonances in a particular spin group). Finally,|Section IV.E.6|contains a
discussion of the capability of the resonance parameter covariance matrix (RPCM) to produce
credible cross section covariance matrices and describes available methods for altering or
augmenting the SAMMY -produced RPCM, in preparation for reporting to ENDF and/or publishing
results.
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IV.A. DERIVATION OF BAYES’ EQUATIONS

A derivation of Bayes’ equations is given in this section. It should be noted that this is
not the only possible derivation; alternatives can be found id [JM80] and|[AG73]

In Section IV.A.1, results obtained in this section are used as the starting point for
defining the three forms of Bayes’ equations used in SAMMY. A discussion of the chi-squared
values is given in|Section IV.A.2] and the iteration scheme that compensates for non-linearity is
presented in $ection 1V.A.3. |

Our derivation begins with Bayes’ theorem, which may be written in the form
p(P|DX)=p(P|X)p(D|PX) (IVAI)
where

e P represents the parameters of the (extended) R-matrix theory, and D represents the
experimental data to be analyzed.

e X represents “background” or “prior” information such as the data from which prior
knowledge of the parameters P was derived. X is assumed to be independent of D.

e p(P|DX) is the probability for the value of the parameters, conditional upon the new data D,
and is what we seek. It is conventional to call p(P|DX) the posterior probability. Since P
represents several parameters, p(P|DX) is a joint probability density function (joint pdf). The
expectation values of P times p(P|DX) are taken as the new estimates for the parameters; the
associated covariance matrix gives us a measure of how well the parameters are determined
and of the interdependencies of those determinations.

e p(D|PX) is the probability density function for observing the data D given that the parameters
P are correct. It is a function of the parameters P of the model and is proportional to the
likelihood function of the data D.

e p(P|X) is the joint pdf for the values of the parameters P of the model, prior to consideration
of the new data D; it is known as the prior joint pdf. The expectation values of P times
p(P|X) are the prior estimates for the values of the parameters; the associated covariance
matrix gives a measure of how well the parameters are known before consideration of the
new data.

Let P = {Py} for k = 1 to K be the set of all parameters of the theoretical model to be
considered. The joint pdf p(P|X) is assumed to be a joint normal pdf having as expectation value

the vector P and the covariance matrix M. Under this assumption, the pdf may be written
1 —\t —
P|X)xcexp|-=(P-P) M (P-P)| , VA2
p(P1X) xexp| -3 (P-P) M (P-F) (vA2)

where superscript t denotes the transpose.
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The experimental data are represented by a data vector D whose components D; are the L
data points. The experimental conditions are assumed to be such that the data D (i.e., the Dy’s)

have a joint normal distribution with mean <D>:T =T(P) and covariance matrix V. The
likelihood function is then

p(D|PX)~exp[—%(D—T)tV1(D—T)} . (IVA3)

Here T represents theory (i.e., calculated values of cross section or transmission plus
corrections), and the covariance matrix V represents not only the experimental “errors” of the
data but also any theoretical “errors” resulting from approximations used in calculating T.
Obviously V need not be diagonal.

Combining Egs. (IV A.L1), (IV A.2), and (IV A.3) gives an expression for the pdf of P
after consideration of new data D [i.e., for p(P|DX)], expressed in terms of the “true” value T.
What is needed, however, is an expressions for p(P|DX) expressed in terms of the parameters P.
This is obtained formally by considering T a function of P, performing a Taylor expansion about

P [the expectation value of p(P|X)], and keeping only the linear terms:
T(P)=T+G(P-P)+... , (IV A.4)
where T_:T(I3). The elements of G, often denoted the “sensitivity matrix,” are the partial

derivatives of T, with respect to the parameters Py , evaluated at P =P :

n=1toL
= T, for (IV A5)
R o k=1toK

Gnk

Because T is a vector of dimension L (equal to the number of data points), and P is a vector of
dimension K (equal to the number of parameters), the sensitivity matrix G has dimension L x K.

Substituting Eqg. (IV A.4) into Eq. (IV A.3) and using Eq. (IV A.2), we obtain for the
posterior joint pdf [Eq. (IV A.1)]

(IV A.6)

Because of the three basic assumptions we have made, that is,
I. the prior joint pdf is a joint normal, Eq. (IV A.2),
ii. the likelihood function is a joint normal, Eq. (IV A.3), and
iii. the true value is a linear function of the parameters, Eq. (IV A.4) with (IV A.5),
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it follows that the posterior joint pdf is also a joint normal. Denoting its expectation value by P'
and its covariance matrix by M ', we may write

p(P|DX)~ exp[—%{(P— P (MY (P 5')}} . (IV A7)
Substituting Egs. (IV A.2), (IV A.3), and (IV A.7) into (IV A.1) gives

exp[—%{(P—ﬁ')t(M ‘)_1(P—I5‘)}} - exp[—%(P—ﬁ)t M~ (P- 5)}

(IV A8)
x exp{—%(D—T)tvl(D—T)} ,

which is valid up to a normalization constant. To simplify this expression, we substitute
Eq. (IV A.4) for T, obtaining

(IV A.9)
5 exp[——(D—f—G(P—F_J))tV‘l(D—'F—G(P—P))} .

In this form, the theoretical function T is treated as strictly linear with respect to the parameters.
(In Section.IV.A.3| this formula will be generalized for nonlinear T.) Rearranging the exponents
gives

oxp) 3 {(P=P) (M) (PP
~(P-P) (M*+G'V7G)(P-P) 1V AL0)
+(P—ISt T

- D—'F)}} —  constant,

where the value of the constant depends upon the unspecified normalizations. After setting
P-P'=P-P+P-P' (IV A.11)

and rearranging, Eq. (IV A.10) becomes
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(IV A.12)

- D—'F)}} —  constant,

or

(IV A.13)

+HP-P) (M ')_1(5_5')—(D—f)tV1(D—'IT)H = constant.

In order for Eq. (IV A.13) to be valid for all P, the exponent must be constant. For this to
happen, the terms linear and quadratic in (P — I5) must separately be equal to zero. This gives

us two equations relating the primed (posterior) values to the unprimed (prior) values:

(M) =(M*+G'V7G)=0 (IV A.14)
and
(M) (P-P)+G'V*(D-T)=0 , (IV A.15)

which can be rewritten in the form
(M) =M*+G'VG (IV A.16)
and
P'=P+M'G'V*(D-T) . (IV A.17)

Equations (IV A.16) and (IV A.17) are denoted “Bayes’ Equations,” sometimes called
“generalized least squares” for reasons which shall be discussed later. Three distinct but
equivalent versions of these equations are used within the SAMMY code, as described in the
next section of this manual |(Section IV.A.1)
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IV.A.1. Derivation of SAMMY’s Solution Schemes

Three distinct versions of Bayes’ equations are used in the SAMMY computer code.
More specifically, it is the equation for M' that differs in the three versions. Each has
computational advantages and disadvantages for particular situations; these are described in
ection IV.B. In this section, the three versions are derived from the forms found in
Egs. (IV A.16) and (IV A.l?),|which are repeated here:

(M) =M*+G'V'G (IV AL.1)
and
P'=P+M'G'V*(D-T) . (IVAL2)

Here the bars have been dropped for simplicity of notation.

For readers who may be unfamiliar with matrix notation, the final equations are given at
the end of this section with indices and summations explicitly displayed.

M+W Version

The version of Bayes’ Equations which uses Egs. (IV Al.1) and (IV Al.2) directly is
denoted the “M+W” version,

|\/|'=(|\/|*1+W)’1 P=P+M'Y
W= G'VG Y=G'VD-T) ,

(IV AL.3)

in which the matrix quantities Y and W have been introduced to simplify later discussion. (See
especially Section 1V.E.1.)

In this form, the relationship of Bayes’ equations to the more common least-squares
equations is transparent: If the prior parameter covariance matrix M is infinite on the

diagonaI(M 2= O), then the equations in Eq. (IV Al.3) become the least-squares equations; the

only difference is in the first equation. Hence the least-squares equations may be considered to
be a special case of Bayes’ equations; alternatively, Bayes’ Equations may be viewed as
generalized least squares.
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1+Q Version

Multiplying Eq. (IV Al.1) on the right by M and on the left by M ' gives

Defining Q via

puts Eq. (IV Al.4)

(R7)

(M)Y'M=M'M+G'V'GM=1+G'V'GM
M' (M) 'M=M=M'(1+G'V'GM) .
Q=G'V'GM

into the form
M'=M(1+Q)" .

Substituting Eq. (IV Al.6) into Eq. (IV Al.2) gives

which is Bayes’ eq

N+V Version

P'=P+M(1+Q) 'G'V*(D-T) ,

uation for P' in the 1+Q version.

To obtain the N+V version of Bayes’ equations, use the identity

X*=2(xz)"
with X =1+Q and Z=G'(GMG'+V) G

Combining Egs. (IV A1.6) with Egs. (IV A1.8) and (IV Al1.9) gives

M'=MG'(GMG"'+V) G{(I +Q)G‘(GMGt+V)lG}l :

-1

which can be simplified by defining

to give
M'=

N=GMG'

MG'(N+V) G{(1+G'VGM)G (N +V) G}
G

Page 218

(IV Al.4)

(IV AL.5)

(IV AL.6)

(IV AL7)

(IV AL.8)
(IV AL.9)

(IV A1.10)

(IV Al.11)

=MG'(N+V) GIG (N+V) 6 +G'VIGMG (N +V) 6] (IVAL12)
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MG'(N+V)'G{G'(N+V)'G+G'V N(N +V)7lG}7l .

(R7)
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Rearranging gives

G{G((N+V) " +v 1N(N+V)l)G}1

1 -1

yefe|
)66 (N+V) (N+V—V)(N+v)‘1)e}1
)66 ((N+V) +v i —(N+V) |G|
w)'elevie)”
'V {GviG) "
)H(N+V-N)VG{GVIG)"
N+V) N vG){ev el
(vie-(N+v)'eMG'VIG){eVTG)
=M (G'VG-G'(N+V)'GMG'VG){GV G}
=M-MG'(N+V) ' GM
This is the N+V version of Bayes’ Equation forM ":

M'=M-MG'(N+V) GM
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(IV A1.13)

(IV Al.14)

The N+V version of Bayes’ equation for P' is found by inserting Eg. (IV Al.14) into

Eq. (IV Al.2) and rearranging:
P'=P+/M-MG'(N+V)"'GM |6'V*(D-T)

=P+[MG'-MG'(N+V)'GMG' [v*(D-T)

=P+MG'[I-(N +V)‘1N]V’1(D—T)

=P+MG'[I=(N+V)'[N+V-V]V*(D-T)

=P+MG'[1-(N+V )" (N+V)+(N+V)'V V*(D-T)

=P+MG'[I-1+(N+V)'V [V (D-T)

=P+MG'(N+V)'(D-T) .
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Equations with indices and summations explicitly displayed:

M+W Version, Eq. (IV A1.3):

MY =(MEew) R'=R+3M,'Y,
i

ij
(IV AL.16)
Wij = ZleVkirrl\GmJ Yj :Zij Vkiri(Dm _Tm)
km

[+Q Version, Egs.(IV AL.5), (IV A1.6), and (IV A1.7):

Qij :Z Gy VkiriGmn Mnj

kmn

Z My (1+Q), (IV AL.17)
P =R+Z M iijij_n:(Dm_Tm)
jkm

N+V Version, Egs. (IV Al1.11), (IV Al1.14), and (IV Al.15):

Nkm :ZGki Miijj
ij

MY =M= > M, G, (N+V), G M, (IV AL.18)

nklm

P

P+> M, G (N +v) (D,-T)

nkl
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IV.A.2. Chi-Squared and Weighted Residuals

The negative of the constant term (the P-independent term) in the exponent of Eq.
IVA.13), which we shall label as ¢, and denote the “Bayesian chi squared,” is of the form

Lo =—(P-P) (M) (P-P")+(D-T)V*(D-T) . (IV A2.1)
The second term in this expression is exactly the usual 5 value, defined as
Jv*i(D-T) . (IV A2.2)

The least-squares 5 is always larger than the Bayesian » because the difference [the first
term in the right-hand side of Eq.(IV A2.1)] is the negative of a squared quantity. What is

observed during a successful Bayes fit is that the value of the least-squares y, decreases with
each iteration, while the value of the Bayesian .., changes very little. In fact, the value of

Xts becomes very close to the value of 43, .. as the iterations proceed. (See|Section IV.A.3|for
a discussion of iteration as compensation for nonlinearity.)

Hence, the Bayesian »° is, in some sense, a measure of the “best fit” that can be found
between this theoretical formulation and these experimental data. When a very small x%, value

is considered to be a goal of the analysis process, but the value of g, .. is relatively large, the

analyst may find it prudent to look for problems with either the theory or the data before
attempting to find a good fit. For example, spin assignments might be incorrect|(Section 11.C.1),
background might not have been properly included (]Sectlon I1. E3a)| or multiple-scattering

corrections might be needed (Section 111.D).

The expression for ;(ZBayes can be written in terms of known quantities as follows:

Replacing (IS— IS')by its value as given in the expression in [Eq. (IV.A.16) gives

Ko ==(P=P") (M")'(P-P) + (D-T)v*(D-T)
=—((D-T)'VIieM (M)} (M'G'V(D-T)) + (D-T)V*(D-T) A3
=—(D-T)VGM'G'V *(D-T) + (D-T)V*(D-T)
= (D~

)V
){—V’lGM 'G'V 1 +vH(D-T) .

In the M+W version for M, #¢... therefore becomes
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Y =(D —T‘)t {_v “G(M T +wW )‘1Gtv 14y —1}([) -T) (IV A2.4)

where W is again defined as G'V " G.

In the 1+Q version, 73, takes the form
X =(D-T) {—v GM(1+Q) G'V +V’1}(D—T_) , (IV A2.5)

where Qis G'V'GM .

Finally, in the N+V version,
X =(D-T) {—v ‘1G[M _MG'(N+V)'G M}G‘v-1 +v-1}(D—T_), (IV A2.6)

in which N is equal toG M G'. The expression in the curly brackets in Eq. (IV A2.6) can be
simplified significantly as

{}=VG[M-MG (N+V)'GM |G'V+V"
=VIGMG'VI+VIGMG (N+V) GMG'V*+V ™
=V INVELVIN(N+V) NV 24V
=V [-NEN(N+V )NV v

=V [N H(N4V =V )(N+V) N v (IV A2.7)
=V NNV (N+V) TN +V v

V[V (N4V)T N4V =) +v v
=V Vv (N+V) VY v

SVAV(N4V)TV VT = (N

Making this substitution into Eq. (IV A2.6) gives
Zie=(D-T) (N+V)™(D-T) (IV A2.8)

for the N+V version of y2, ..
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Values for »* (of both types) are reported in the SAMMY output file SAMMY.LPT (see
[Section VILA). It should be noted, however, that SAMMY does not report »°/ dof (where
dof = degrees of freedom = NDAT — NPAR, with NDAT being the number of data points and
NPAR the number of varied parameters), since with Bayes’ method dof can be zero or negative.
Instead SAMMY will report »* and y/NDAT.

Caveat: In the past (prior to the release of sammy-7.0.0 in 2006), the value of x/;, as

reported in the SAMMY.LPT file, was calculated under the implicit assumption that the data
covariance matrix V was diagonal. This is no longer true; y 7 is now calculated using the actual

data covariance matrix, including off-diagonal elements if they are present.

Another quantity that the analyst will often find useful to examine is the so-called
weighted residual, which is the difference between measured value and theoretical value
weighted (divided) by the uncertainty on the measured value. Specifically, the weighted residual

at point i is defined as
RE=(D,-T)/ M, (IV A2.9)

a formula that implicitly assumes that the data covariance matrix is diagonal, since off-diagonal
elements are ignored. To ask for this array to be printed, the user should specify “PRINT
WEIGHTED RESIDuals” in the command section of the INPut file; see Table VI A1.2. The
array will be printed, however, only if the data covariance matrix is diagonal.

SAMMY recognizes another array related to the weight residuals and denotes it as the
“Bayesian weighted residual,”

RP=>(N+V),/(D;-T)) . (IV A2.10)

j

No particular physical interpretation is applied to this quantity. To calculate and print this array,
insert the command “PRINT BAYES WEIGHTED residuals” into the INPut file. If the
command “PRINT WEIGHTED RESIDuals” is given, and this array is generated in the normal
course of solving Bayes’ equations, then it will be printed even though it was not explicitly
called for.
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IV.A.3. lteration Scheme

The linearity hypothesis, that is, the assumption that the Taylor expansion of the
theoretical values around the prior expectation value truncates after the linear term, is in general

only approximately true. Therefore, the parameter values P' resulting from application of
Bayes’ equations are also only approximately correct. To obtain more accurate values, the

Taylor expansion, [Eq. (IV A.4), may be performed not around P but around the new

(intermediate) values P, where n represents the nth iteration and PO=P. Thatis, we
assume

T ;f(n)+G(n)(P_F_)(n))=f(n) G(n)(p_|3<0)+§(0)_|3<n))
(IV A3.1)

N
T 460 (PO -p0) 6 (PP

Here the sensitivity matrix G™ and the theoretical values T " are evaluated at P =P " . With
Eq. (IV A3.1) for T, the formula analogous to|Eg. (1V A.13) is

exp[—%{(P—ﬁ(o))t (M) (Mt a0y 6] (o5

+(P-P© )t [(M (n4) )*l(a(m _p)

(IV A3.2)

= constant .

The iterative forms of Bayes’ equations follow immediately, by replacing G by G Mand T
by TW-Gg™ (P(O) - P(”))in the equations of Section IV A.1.| Note that again we have dropped

the bars to simplify the notation.

Explicitly, the equations are as follows: For the M+W version,|Eq. (IV Al.3)[becomes

M (1) :(M 4w (n))*1 p (1) _ p(0)  pg (y ()
(IV A3.3)
w® o gMyig® y (™ :G(”)‘V’l(D—T(”) _G<n>(p(o> _ p(”))) _
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For the 1+Q version, the covariance equations, Egs. (IV Al.5) and (IV Al.6),|take the form

=]
Q(n) — My Mm and M ™D — M (| +Q(n)) , (IV A3.4)

and for the N+V version,|Egs. (IV A1.10) and (IV A1.13) become

-1

M ™ =M —M G(”)‘(N (" +v) GPWM with N=GP"MG™ . (Vv A35)
For all versions, the parameter equation is

PO PO MGV (DT -6 (PO -pP")) . (IV A3.6)

To control the number of iterations

When running SAMMY, the default number of iterations is 2; that is, SAMMY stops

after calculating P@andM®@.  This value was chosen based on early experience which
suggested that, for many practical applications, little was gained from additional iterations: After
two iterations, the value of a parameter would generally be accurate to within the uncertainty on
that parameter. To illustrate, suppose the “true” value of a parameter was
1.23456789 + 0.03456789. After two iterations, the value was found to be approximately
1.23500000 + 0.03500000, so no useful new information is gained by continuing the
computations.

Nevertheless, especially during early stages of an analysis, the user will often find it
helpful to iterate more times. To increase the number of iterations, specify ITMAX in columns
#6-50 of line 2 (i.e., card set 2) [of the INPut file, Table VIA.1.

Caveat: Setting ITMAX =0 in the INPut file will cause the default value ITMAX =2 to
be used. In order to obtain zero iterations (i.e., to evaluate the cross section but not update the
parameter values), the user must specify “DO NOT SOLVE BAYES Equations” in the command
section of the INPut file.

Caveat: Some older compilers interpret “1” (one) in column 49 as “10” (ten). To avoid
undue difficulties caused by having misplaced a number by one column, SAMMY assumes that
a value of ITMAX greater than 9 was an input error. If more than 9 iterations are wanted, the
user must insert the negative of the correct value into the INPut file.

At present there are no criteria in SAMMY for stopping the iterations when convergence
is reached. These may be added in the future.
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IV.B. IMPLEMENTATION OF BAYES' EQUATIONS

Each of the three forms of Bayes’ equations has its own strengths and weaknesses.

In the original version of SAMMY (circa 1978), only the N+V method was available. This
method requires inversion of a symmetric square matrix whose size is the number of experimental
data points — a prohibitive requirement, in the case where off-diagonal data covariance matrix
elements exist. The I+Q method requires inversion of a non-symmetric square matrix whose size is
the number of varied parameters; in its original form, however, 1+Q also required that the data
covariance matrix be diagonal. The M+W method also requires inversion of a matrix whose size is
the number of varied parameters; in this case, the matrix is symmetric.

Y’s method of solution of Bayes’ equations for N+V inversion scheme is described in
Section 1V.B.1,, and the solution for the 1+Q scheme in|Section IV.B.2[ The M+W solution method

is discussed in Section 1V.B.3]

By default, analyses in the resolved resonance region (RRR) use either the N+V or the 1+Q
method, and SAMMY will choose the method requiring the least amount of computer memory. In
general, this means that analyses involving a large number of parameters and/or an off-diagonal data
covariance matrix will use N+V, and analyses involving relatively few parameters and a diagonal
data covariance matrix will use 1+Q.

Under certain circumstances, it is possible for the user to override SAMMY ’s default choice
of which method to use. (This is accomplished by inserting the command “NPV” or “IPQ” in the
INPut file; see Table VI A1.2.) When both N+V and 1+Q are possible, they give the same results
but consume different amounts of computer resources (memory and time).

Analyses in the unresolved resonance region use only the M+W method.

For truly simultaneous fitting of a number of data sets in the RRR, the M+W is used and can
be made to behave as a least-squares process. The retroactive covariance matrix generation scheme
also uses M+W. See|Section IV.E| for discussions of these topics.

Certain types of off-diagonal data covariance matrices can be accommodated by any of the

three forms of Bayes’ equations. See|Section IV.D|for a discussion of the implicit data covariance
(IDC) techniques and propagated uncertainty parameters (PUPS).
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IV.B.1. Solving Bayes’ Equations: N+V Inversion Scheme

SAMMY uses coding similar to that in the code BAYES [NL82] to solve Bayes’ equations in
the N+V inversion scheme. In matrix notation, the noniterative form of Bayes’ equations can be
written

P-P=MG'(N +V)'1(D—T) (IvV Bl.1)
and
M':M—MG‘(N+V)_1GM : (IVBl.2)
where N is given by
N=GMG"' . (IV B1.3)

Solving these equations is equivalent to solving

AX =Y (IV B1.4)

K + 1 times (where K is the number of parameters for the problem), with A the L x L symmetric
matrix N + V (where L is the number of data points), and Y a column matrix equal to (D—T) in

Eq. (IV B1.1) or equal to each of the K columns of the rectangular matrix GM in Eq. (IV B1.2).

The inverse of matrix A is not evaluated directly. Rather, A is first factorized as
A=UBU" (IvV B1.5)

where B is a block-diagonal matrix and U is the product of elementary unit triangular and
permutation matrices, so that inverses of U and B are immediately available. The solution X to
Eq.(1V B1.4) is then found from

X=(Ut)BrUy . (IV B1.6)

In SAMMY, the factorization of Eq. (I B1.5) is performed by the LINPACK(|[JD79]|subroutine
SSPCO, and the (K + 1) solutions are obtained by LINPACK subroutine SSPSL (withthe SAMMY
author’s updates for double precision). Subroutine NEWPAR oversees these operations.

As explained earlier, it is necessary to modify this procedure slightly to account for the
approximations built into Bayes’ equations. Details are given in[Section 1V.A.3.
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IV.B.2. Solving Bayes’ Equations: 1+Q Inversion Scheme

In matrix notation, the noniterative form of Bayes’ equations for the 1+Q inversion scheme
can be written

P-P=M(1+Q) G *(D-T) (IV B2.1)
and
M'=M(1+Q) " , (IV B2.2)
where Q is given by
Q=G'V'GM . (IV B2.3)

Although Q (and thus I + Q) is not symmetric, nevertheless M’ is symmetric. This can be shown by
noting that

M'=M(1+Q) ' =M (M +MG'V *GM) M (IV B2.4)

provided that M ~‘exists. In the form of Eq.(IV B2.4), M’ is clearly symmetric.

The inversion of (1+Q) is found by using NAG[NAG] routine FOLAAF. When M’ is
needed (i.e., for the final iteration), Eq. (IV B2.2) is solved first and the array M’ used in
Eq. (IV B2.1) to find P'. When M’ is not needed, the quantity (| +Q)_lG‘V “(D-T) is first

generated and then the multiplication by M is performed. Fewer computer operations and thus faster
run time result from performing the multiplications in this order.

As with the N+V inversion scheme, two iterations is the default in SAMMY.

The user has the option to choose which inversion scheme to use (as defined in a command
line in the INPut file). If the user makes no choice, SAMMY will choose 1+Q or N+V based on
which method requires the smaller array size. However, if the data covariance matrix V is neither
diagonal nor separable (see(Section 1V.D.3), then the N+V inversion scheme must be used.
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IV.B.3. Solving Bayes’ Equations: M+W Inversion Scheme

The non-iterative form of Bayes’ equations for the M+W inversion scheme can be written

P-P=M'Y , (IV B3.1)
with Y defined as
Y=G'V(D-T) , (IV B3.2)
and
M'=(M*+w)” (IV B3.3)
where W is given by
W=G'V'G . (IV B3.4)

The inverse of M is relatively easy to obtain. Initially M is generally diagonal, so the inverse
is trivial. After the initial step, M is no longer diagonal but the inverse is already known from
Eq.(1V B3.3) at the previous step.

The solution of Egs. (IV B3.1) through (IV B3.4) is found from LINPACK [JD79] routines,
in the same manner as the solution is found for the N+V inversion scheme.

For calculations in the unresolved resonance region (URR), M+W is the method used.

In the resolved resonance region (RRR), the M+W inversion scheme is not yet as fully
integrated into SAMMY as are the 1+Q and N+V methods. In the RRR, the M+W scheme currently
may be used in a limited fashion, requiring several distinct SAMMY runs to complete the process.
The M+W scheme was first employed as a means of retroactively producing an approximate
covariance matrix for an existing set of resonance parameters, but now has other uses as well. See

[ Section IV.E]for a discussion of retroactive parameter covariance matrices, and for other topics
related to covariance matrices.
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IV.C.

CONSTRUCTING THE PARAMETER SET

Several distinct types of parameters may be varied (i.e., “fitted” or “searched on” in least-

squares jargon) in SAMMY. Alternatively, these parameters may be treated as PUPs (propagated
uncertainty parameters, as described in Bection IV.D.Zi. Input values for all varied parameters are
given in the PARameter file, Table VI B.Z; input values for PUPs may generally be given in either
the PARameter file or the INPut file. The different types of parameters are listed below; the list is
not necessarily all-inclusive.

Resonance energies and widths: that is, the Reich-Moore R-matrj as described
in Section I1.B.1|(or the Breit-Wigner parameters as discussed in Secti ). Values for

energies and widths are provided via £ard set I)of Table VI B.2.

The matching radii (or channel radii) for the different spin groups and/or potential scattering

vs. penetrabilities and shift factors. Values for the matching radii are given ir| card set 7|or
_

ard set 7alof Table VI B.2.

The seven parameters of the external R-function. These are described in Section 11.B.1.d;
values are input to the code as shown in of Table VI B.2.

Effective temperature for Doppler broadening, as described il Section I11.B. Inputisin card
[set 4Jof Table VI B.2.

Resolution-broadening parameters. For the original formulation (Gaussian and/or
exponential) of resolution broadening,[Section 111.C.1, input is in[card set 4 ¢f Table VI B.2.
For the Oak Ridge Resolution Function of{ Section 111.C.2, input is in card set 9.| For the
RPI/GELINA/nTOF Resolution Function of Section I11.C.3}] input is in

[The parameter for the straight-line energy average resolution function,|Section I11.C.4, is
not variable. Until the author is able to do more extensive testing, it is recommended that
parameters of the user-defined resolution function,{Section 111.C.5, also not be considered
variable.]

Normalization and background functions. See| Section III.E.3.$for description and card sets
[6]and L3 for input details.

Abundances for the various nuclides. See|card set 10/of Table VI B.2.

Sample thickness n. See ¢ard set 4 pf Table VI B.2.
Any of the miscellaneous parameters in|card set 11 jof Table VI B.2.

Detector efficiencies,|card set 15 jof Table VI B.2.

For each parameter of each type, the user sets a flag that specifies whether that particular

parameter is to be treated as a constant number (flag = 0), varied (flag = 1), or PUP’d (flag = 3).
SAMMY counts the number NFPALL of flagged (varied + PUP’d) parameters and sets up an array
U of dimension NFPALL. The initial values P needed in Bayes’ equations [see, for example,
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g. (IV Al.2)] are stored in U. These values are not necessarily the same as those input in the
PARameter file, but bear some functional relationship to the input form. For example, U will equal
the reduced width amplitude y,. rather than the channel width I, [see Eq. (Il A1.3)]. Details

concerning conversion to the “u-parameters” are given in the sections relevant to the particular
parameter.

Input uncertainties and correlations are likewise converted to represent the uncertainties and
correlations on the u-parameters. Let p, represent a physical parameter as input in the PARameter

file, and let u, be the related u-parameter. Sinceu, =ui(pi) is a precisely specified functional
relationship, we also know du, /o p,. Therefore, assuming u; is unrelated to other parameters, a
small increment in u; is related to an increment in p, via 6u; =(ou,/op;)&p;. This relationship
may then be used to convert from the covariance matrix for p to the covariance matrix for u; that is,

Mij=<§ui5uj>=2—l;i_<5pi5pj>2—:j_ , (IV C.1)
i i

where M is the covariance matrix needed for Bayes’ equations, and <5 p,op j> represents the “input”
or initial covariance matrix.

In some cases, a u-parameter may be related to more than one of the p-parameters. This is
true, for example, when both the resonance energy and the neutron width are flagged; see

ﬁection II.D.1.e| for a discussion of the modifications that must be made in this case. The
appropriate version of Eq. (IV C.1) for this situation is

Mij=<5ui5uj>=k2|: s:‘k <5pk5p,>2—l;"| . (IVC.2)
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IV.D. TREATMENT OF DATA COVARIANCE MATRICES

If we accept the assumption that the use of Bayes’ equations (or least squares) is an
appropriate choice for the data-fitting procedure, then there are several possible methods for
propagating the uncertainty on a data-reduction parameter (DRP) through the analysis process.
One method is to treat the parameter as a variable to be fitted, having a prior uncertainty
associated with the initial value of that parameter. Another method is to treat the value of the
DRP as fixed, but include the uncertainty in the data covariance matrix (DCM).

The expectation is that if these two methods are both correct, then they should yield
identical results (at least in the absence of complicating features such as nonlinearities). If
results are not identical, then one of the two methods must be flawed in some fashion.

In this section, we first demonstrate that the conventional formula for the creation of off-
diagonal DCMs does not produce results consistent with other, more rigorous, options. An
alternative formula is then derived which does not suffer this limitation. Finally, we offer a
suggestion for further improvement in the treatment of experimental uncertainties.

Example with two data points

A simple example will serve to illustrate that the two methods do not always give the
same results. Suppose two measurements were taken of the same quantity, one yielding
r, = 10000 £ 100 counts and the other r, = 12100 + 110. Data reduction consists of division by
a normalization whose value is n = 100.0 £ 0.5. The average of the two experimental values is to
be found using Bayes’ equations, incorporating all three uncertainties.

Averaging the two data points using Method 1

Method 1, treating the DRP (normalization) as a variable to be fitted, is most easily
accomplished by fitting to raw data. For raw data, the DCM is diagonal; for this example, the

values are
2 2
(an) 0 | {(100) 0 ]

2 ) (IVD.1)
0 (A r2) 0 (110)

VMethod 1=

Let X represent the “average” value of the two normalized measurements; that is, X is the
parameter whose value we wish to determine. Because we are fitting to raw data, the theory T is
related to X via T =nX. The uncertainty on parameter n is known (0.5); if the uncertainty on
parameter X is assumed to be infinite, then the inverse of the prior parameter covariance matrix

M is
v (00
o A?n

2t

Therefore the M + W version of Bayes equations,|Eq. (IV Al.3), takes the form

The partial derivative matrix G is
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o ool )
" ) . ey . (IVD.2)
R NN [ IR (LN [

This set of equations can readily be solved analytically; details are available from the author
upon request. The solution isX'=109.5023 +0.9205 and n'=100.0+0.5. (We have
deliberately chosen to retain an excessive number of digits to facilitate comparison with the other
method.)

5

Averaging the two data points using Method 2

Method 2, treating the DRP n as fixed but including its uncertainty in the DCM, is
customarily accomplished as follows.

Suppose instead we choose to fit the reduced data, which are d; =r;/n=100 and
d,=r,/n= 121. Generating the covariance matrix for the reduced data in the usual fashion,
treating the normalization as a data-reduction parameter, requires the following steps: First,
write the reduced data in terms of the raw data, and then take small increments of both sides of
the equation, giving

d,=r/n
sd; =, In—(sn/n)(r,/n) . (VD3
Squaring and taking expectation values then gives
V;; =(sd,sd; )
=(sror;)In*+((nsn)/n?)(r; /n)(r; /n)
+<5r5n>/n )+<5n5rj>/n2(rj/n) (IV D.4)

:<5ri5rj>/n2+( (snsny/n®)(r /n)(r;/n)

=5,; A’r,/n*+(An/n*)d,d

(This derivation assumes that <5ri5n>:<5n 5rj>=0, that is, that r and n are uncorrelated, a

reasonable assumption.) If An=0.5, then the conventional DCM for the reduced data has the
form

V

Method 2 —

A2r1/n2+(A2n/n2)df (Azn/nz)dld2

(Azn/nz)dld2 A2r2/n2+(A2n/n2)d§
- (IV D.5)
(1) +(0.005)*(100)°  (0.005)"(100)(121) ] B {1.2500 0.302500}

| (0.005)°(100)(121)  (1.10)" +(0.005)" (121)° | [0-3025 1.576025
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Bayes’ equations |[Eq. (v A1.3)]|can be used to calculate the average of these two values;
simply set T = X. Assuming infinite prior uncertainty on X, Bayes’ equations take the form

(X)=(X)+M"Y M'=(W)"

d,- X 1 (IV D.6)
_ -1 1 _ -1
Y = (1 1)VMethod 2 [d , = X J W= (1 1)VMethod 2 (l) '

The solution, which can again be obtained analytically, is X ' = 108.9587 + 0.9197.

Comparison of results found with these two methods

Results obtained from these two methods are summarized here.

Average with
Method Data Treatment of normalization and its uncertainty n=100.0+0.5
1 Raw Parameter to be fitted 109. 5023

+ 0. 9205
2 Reduced | Fixed value, with uncertainty contributing to the DCM 108. 9587

+ 0.9197

Clearly the two methods do not produce equivalent results. This is even more apparent if
the normalization uncertainty is large; assuming n=100.0 = 10.0 gives the strange result for
Method 2 shown here.

Treatment of normalization and its | Average with | Average with
Method Data uncertainty n=100.0+0.5|n=100.0+10.0
1 Raw Parameter to be fitted 109. 5023 109. 5023
+ 0. 9205 + 10. 9752
2 Reduced | Fixed value, with uncertainty 108. 9587 36. 5559
contributing to the DCM + 0.9197 + 6.3701

Description of an alternative method

It is reasonable to assume that correct results are obtained by fitting to raw data and
treating the data-reduction parameter as a variable to be fitted, because this treatment uses a
diagonal DCM. There can be little argument regarding appropriate treatment for diagonal
DCMs. Further, the results obtained by Method 1 appear much more reasonable than results
obtained by Method 2, especially for the extreme value of normalization uncertainty.

However, it is rarely practical and often impossible to analyze raw data and thus use only
diagonal DCMs. Fortunately, obtaining correct results with reduced data is possible, if the off-
diagonal DCM is modified somewhat from the conventional approach discussed above.

A derivation of this description of the DCM is outlined briefly below; details are shown
in |Section IV.D.1|. (See also[[NLO4a], [NLO4b]| and the SAMMY workshop notes. Readers are
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also encouraged to see the discussion regarding creation, storage, communicating, and usage of
DCM in [NLO8]| in which it is noted that only the pieces of the DCM need to be generated.)

We begin with Bayes’ equations written in terms of the raw data. Simple (albeit
extensive) algebra is then used to re-express the equations in terms of the reduced data; details
are presented in Eection IV.D.1I The resulting formulae are

-1

P-P=M"Y M'=(W+M™)
(IV D.7)
Y=G'V*'(D-T) W=G'V'G :
in which V has the form
V=v+gmg' , (IV D.8)

with g expressed in terms of the theoretical values for the quantity to be fitted (e.g., the cross
section). The only difference between these formulae (which we will denote Method 2a) and
those used in the conventional approach (Method 2) is that Method 2 calculates g in terms of the
experimental values.

Averaging the two data points using Method 2a
For our example, the DCM takes the form

A%t 0%+ (AN n?) X (A*n/n?)X?
VMethod 2a — 2 2 2 2 2 2 2 2 ' (IV Dg)
(A*n/n*)X A’r, /0% +(APn/n?) X
Substituting this into Eq. (IV D.7) gives us expressions similar in form to that for Method 2,
Eq. (IV D.6),

(X)=(X)+M"Y M'=(W)"
ﬁ | (Iv D.10)

d,—-X
Y = (1 1)VM;t1hod 2a [d ' _X ] W = (1 1)VM;tlhod 2a{ 1

2
for which the solution is X'=109.5023 + 0.9205, identical to that obtained with Method 1.
Likewise, with the larger uncertainty for the normalization, this method gives exact agreement
with Method 1.

Treatment of Values used
normalization and its | to generate | Average with | Average with
Method | Data uncertainty the DCM | n=100.0£0.5|n=100.0+10.0
1 Raw Parameter to be fitted 109. 5023 109. 5023
+ 0. 9205 + 10. 9752
2 Reduced | Fixed value, DCM Experimental | 108. 9587 36. 5559
+ 0.9197 + 6.3701
2a Reduced | Fixed value, DCM Theoretical 109. 5023 109. 5023
+ 0. 9205 + 10. 9752
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Further improvements

All discussion in this section has assumed that uncertainties on the raw data (the
“statistical uncertainties”) are expressed in terms of the experimentally measured values.
Generally, for time-of-flight neutron cross section data, the measured “number of counts” is
assumed to obey a Poisson distribution in which the uncertainty on the number of counts is given
by the square root of the number of counts. However, the actual variance of the Poisson
distribution from which the measurement was made is not the measured number of counts but
rather the mean of the distribution. This mean is, of course, unknown a priori; its value is to be
determined by the solution of Bayes’ equations.

Use of the actual variance of the Poisson distribution rather than the measured value in
the definition of the DCM has been advocated by several researchers; see, for example, [PB92]
and |[KHO8|]. Whenever practical, this is an appropriate practice and may lead to more reliable
results, as shown below for our simple example where data reduction consists only of
normalization. Unfortunately, this procedure is not always possible, because of the complicated
nature of the data reduction process. No option has yet been incorporated into SAMMY for
using this procedure.

Averaging the two data points using Method 2b

Combining this definition of the measured uncertainty with Method 2a produces
Method 2b, for which the DCM has the form

y X/n+(A2n/n2)X2 (Azn/nz)x2 v D1
Metod 20 (Azn/nz)x2 X/n+(A2n/n2)X2 ' (IVD.11)

Solving Bayes’ equations using this definition of the DCM yields X ' = 110.5000 + 0.9262. That
is, Method 2b gives the intuitively “obvious” result X ' = %2 (di+dy).

Comparison of results found with all methods

The table below gives results for all of the methods described above. Method 1b, not
discussed above, fits raw data while using theoretical values to define the statistical uncertainties;
Method 1b gives results exactly equivalent to Method 2b.

The final column in the table gives results that could be obtained with consistent data,

namely, with r; =10900 + 104, r, =11100 £ 105, and n =100.0 £ 10.0. In this case, results
from Method 2 are not unreasonable.
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Statistical | Values Consistent
uncer- for n =100. n =100.0 data,
M Data Norm tainties DCM +0.5 +10.0 An =10.0
1 | Raw Parameter | Exper. 109. 5023 |109.5023 |109.9904
to be fitted + 0.9205 |£10.9752 |+11.0238
1b | Raw Parameter | Theory 110. 5000 |110.5000 |110.5000
to be fitted + 0.9262 |+11.0750 |+11.0250
2 | Reduced | Fixed value, | Exper. Exper. | 108. 9587 36. 5559 |[108.0123
DCM + 0.9197 |+ 6.3701 |+10.9247
2a | Reduced | Fixed value, | Exper. Theory | 109. 5023 |109. 5023 |109.9904
DCM + 0.9205 |+10.9752 |+11.0238
2b | Reduced | Fixed value, | Theory Theory | 110. 5000 |110.5000 |110.5000
DCM + 0.9262 |+11.0750 |+11.0250
Discussion

In SAMMY, any parameter for which derivatives are available (i.e., any parameter that is
capable of being fitted) can be treated as a contributor to the DCM. Such parameters are denoted
“propagated uncertainty parameters,” or PUPs. In [Section IV.D.2] application of the PUP
method within SAMMY s described; a list is given of those parameters that may be treated as
PUPs.

ISection 1V.D.3|deals with methods of generating and inverting the DCM. In particular,
the “implicit data covariance” (IDC) method is introduced, which has many advantages over
explicitly g ing, storing, and inverting the full DCM. Further discussion on this topic is
available in iNLOS”

Even though the method is known to be flawed,” it was seen above that Method 2 can
produce reasonable results as long as the data are consistent. With consistent data and good
statistics, use of Method 2 is generally preferable to another common practice, totally ignoring
the off-diagonal elements of the DCM. SAMMY includes several options for input of DCMs
which have been generated in the usual fashion; these are detailed in Section VI.C.

Many SAMMY test cases give examples of the various treatments of DCM. See

Section XII.B [for the list of test cases.

* These flaws include inconsistency with the fit-to-raw-data method; excessive computer time and memory
requirements for explicitly creating, storing, and inverting the full DCM; potential problems with discrepant data;
and possible loss of accuracy and associated numerical difficulties if using ASCII formats to communicate values
for the matrix elements.

" Experience has shown that it is necessary to exercise caution when basing the DCM on experimental values alone.
Whenever possible, it is preferable to calculate the DCM with theoretical values as in Method 2a.
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IV.D.1. Derivation of Data Covariance Matrix Equation

In this section, we derive the equation for the data covariance matrix (DCM) in terms of
the data-reduction parameters and derivatives with respect to those parameters, as discussed in
[ Section IV.0. See also references|[NLO04a] |and Readers uninterested in details of the
derivation may safely bypass these pages.

Matrix notation is used in this derivation, with indices omitted. We begin with
definitions of terms:

e P =theory parameters
— R-matrix widths and energies, channel radii
— may also include some measurement-related parameters (Doppler widths, etc.) if
not included in p
e p = data-reduction parameter
— normalization or backgrounds
— resolution or Doppler widths
— others
e d = experimental measurement (raw data)
— related to cross section but exactly as measured by the experiment

e d =experimental measurement after data reduction (reduced data)
— afunction of d and p
e M = initial covariance matrix for parameters P
— can be diagonal or off-diagonal
— can be very large (suggesting little a priori information) or quite small (suggesting
the parameters are well known)
e m = initial (measured) covariance matrix for p
— can be diagonal or off-diagonal
— are determined during the measurement or data-reduction process
e v =covariance matrix for raw data d
— no assumption regarding diagonality is made yet, though generally the covariance
matrix for measured data is diagonal
e { =theoretical cross section
— afunction of R-matrix parameters in P
— the quantities whose values are to be determined by this experiment and analysis
e t = theory corresponding to the measured data
— afunctionof f andp
e g = partial derivative of theory t with respect to data-reduction parameters p
e G = partial derivative of theory t with respect to theory parameters P

The theory t is a complicated function of the cross section. This function incorporates
such effects as beam intensity, duration of the experiment, cosmic and room backgrounds,
Doppler- and resolution-broadening, detector dead time, finite-size corrections, and others. The
ultimate goal of the measurement and analysis is to learn what that cross section is as a function
of energy. In general, one can write

t="f (f,p) , (Iv D1.1)
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where f represents the cross section and p represents any parameters involved in the
transformation.

Again we conside[ Bayes’ equations (M+W version), using slightly different notation,

-1

P'=P+M'Y M= (M + W)
Y=G'V(D-T) W=G'V'g ,

(IV D1.2)

where @ represents all parameters, o the full covariance matrix for all parameters, © the
measured data, 7 the corresponding theoretical calculation, ¢ the partial derivative of 7 with
respect to @ and 7/the DCM. Primes represent updated values for ®and . Superscript t, as
usual, indicates transpose.

In Eq. (IV D1.2), substitute ®=d and 7=1t, and 9= v; in addition, substitute the matrix
identities

P M 0
P= ol M = o ml G=[G g] . (Iv D1.3)
The inverse of % is then
-1
= {Mo 01} | (IV D1.4)
m
W =G'v ¢ is therefore found from
G'v*? Gv'G GW'
GV = t _1} and G'vV G = G t _19} , (Iv D1.5)
gv gv gv-g
so that (m')*l becomes
. GVv'G+M™ Gt
(M/) l:gtrf/’lg-l-g‘/l*l :|: : _lG — ?1:| . (IV Dl6)
g gv g+m
M’ is found by inverting that equation. For matrix X of the form
t
xz[é (;} , (IV D1.7)
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the inverse of X can be shown to be

.| (a-crc) ~(A-c'B*c) c'B™

X 1= LA . , (IV D1.8)
~(B-CAC') CA (B-CA™cCY)

in which the off-diagonal terms are the transpose of each other:

[(B—CAlCt)_lCAszA1Ct(B—CA1Ct)_1
=(A-c'Bc) (A-c'BCc)A'c!(B-CACY)”
=(A-c'Bc) [ct-c'Bcact](B-CACH)” (IV D1.9)
=(A-c'Bc) c'B?[B-CcAC'](B-CATC!)"
=(A-c'Bc) c'B .

That Eq. (IV D1.8) is a correct form for the inverse can readily be verified by calculating
X X =X X =1 = the identity matrix, using Eq. (IV D1.9) as necessary.

Substituting the pieces of Eqg. (IV D1.6) for s’ into Eq. (IV D1.8) and (IV D1.9) gives
A-C'B'C=G'v'G+M *-G'v'g(g'vig+ m‘l)f1 gv'G
_G! { viovig(ghvig+m )’ gtv‘l} G+M*  (IVDLI10)
=G'(v+gm g‘)flG + M1

If we then define H as

H=v+gmg' , (IV D1.11)
then Eq. (I D1.10) takes the form
A-C'B*C=G'H'G+M™* . (IV D1.12)
Analogously, define h as
h=v+GMG"' , (Iv D1.13)
so that
B-CA'C'= gt( v+G M G‘)f1 g+mi=ghtg+m™ . (IV D1.14)
Also, since
A=G'v'G+M™ and B=g'vig+m* , (IV D1.15)
it follows that
A'=M-MG'h"*'GM and B*=m-mg'H'gm . (IvV D1.16)
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Making those substitutions into Eq.(IV D1.8) for X ~* gives the following for #:

-1

(GHG+M)" -{G'HG+M} G'v'g
x(m-mg'H ‘gm)
M= . . (IVD1.17)
_{ gth 71971+m71} gtv—le
i x(M MG 'h"'GM ) [gthigem?)” _

Similarly, for « from Eq. (IV D1.2) we find

¥ = [G v _t)} , (IV D1.18)
g'vi(d-t)

which leads to
[G'HG+M™) GV (d-1).
~{G'H'G+M ’1}71 G'v'g(m-mg'H ‘gm)g'v'(d-t)
PP
{ }: . (IVD1.19)

p—p
~{g'hg+m?} gvIG(M-MG'hGM)G\v(d-t)..

+{g'hg+ m‘l}_l g'v?(d-t)

Rearranging, this becomes

|:p'_p:| {G'HG+M ’1}7lG‘v’1{1—g(m—m g'H g m)g‘v’l}(d—t)

P=Pl |{g'h?g+m?} " gv?{-G(M-MG'h'GM)G v +1}(d-t)

{G 'H'G+M ’1}7lG‘v’1 { 1-gmg'vi+gmg'H g mg‘v’l}(d —t)

= B (IV D1.20)
{ gh*g+m*} gv'{-GMG'V'+GMG'h'GMG'v'+1}(d-t)
(GHG+M GV {vH "} (d-1)
. _{ g'h™g+ m’l}f1 gtv’l{ vh’l} (d —t)
p_p] |[{GHIG+M ) GH (-1
or { . }: | . (IV D1.21)
p—p { gth—lg+m—1} gth—l(d_t)
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Now, consider only the theory parameters P. The formulae for these parameters,
considered separately from the equations for the data-reduction parameters p, take the same form

as Bayes’ equations, provided that the DCM V is replaced by v+gmg'. Specifically, from
Egs. (IV D1.17) and (I D1.21), these equations have the form

P-P=M"Y M'=(W+M )"
Y =G'H*(d-t) W=G'H G (IV D1.22)
H=v+gmg'

The equations in (IV D1.22) are almost what is needed, except that they are written in
terms of the raw data rather than the reduced data (e.g., counts per time channel rather than cross
section per energy). Because most analyses are performed in terms of reduced data, it is
necessary to convert these equations. If a tilde is used to represent the reduced data, the
transformation can be written as

d=d(d,p) . (IV D1.23)
In Eq. (IV D1.1), we defined f as the transformation from “theoretical cross section f ” to “theory
corresponding to measurement t”. The transformation defined in (IV D1.23) is the inverse of
that transformation; that is,

d=a(d,p)="f"(d,p) . (IV D1.24)

Making this transformation everywhere in Bayes’ equations for the theory parameters
[Eq.(IV D1.22)] will give the equivalent equations in terms of the reduced data rather than the
raw data.

This is easily seen in the simple case of a two-parameter data reduction, where parameter
a is a normalization and b a constant background. In this case

t="f(f,p)=af +b (IV D1.25)
and
d=f"*(d,p)=(d-b)/a . (IV D1.26)

The derivative G can therefore be written as

AP e ; (IV D1.27)
oP oP

this equation defines G . Likewise, we may define V and §as

V=a‘'va' and §=a'g , (IV D1.28)
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and therefore rewrite H in the form
H=v+gmg' = ava+agm §'a=aHa . (IV D1.29)

Substituting into Eq. (IV D1.22) for Y and W gives

(IV D1.30)

and
W=G'H'G=(G'a)(a'H "a*)(aG)=G'H G . (IV D1.31)
The form of the equation is the same, with or without tildes.

In the general case with more than one parameter, equations analogous to (I D1.25) and
(Iv D1.26) are

f=0d(xp) at x=t
- (v D1.32)
or t=f(Xp) at X=f
and
d=0(x,p) at x=d
- (Iv D1.33)
or d=f(%Xp) at X=d
The function U is the inverse of the function f
Xx=f f
( p) (( p) p) (IvV D1.34)

Relationships between various partial derivatives can be established by using the chain rule:

of(d(x p), X, G (X,
Lo ox _of(a(xp).p) af(’f P) 24(x.p) (IV D1.35)
0 X o X oX oX

or ou(xp) = [8f(>’2, p)} : (IV D1.36)

o X o0X
Note that both fand d are independent of the data-reduction parameters p: f is calculated
directly from the theory parameters P, and d is measured directly with no corrections. Taking
the derivative with respect to p of the first line in Eq. (IV D1.34) with x=d and x=d gives

od of
0 = — = —| +
ap ap x=d

ot
0|, s

ou

et ; (IV D1.37)
ap x=d
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likewise, the derivative of the second line of Eq. (IV D1.34) with x=tand X={is

o - ot _au

ap ap

@
OX

ot

(IV D1.38)
x=t ap

X=t x=f

The last term (af /ap), however, is exactly equal to our definition of g at the beginning of this
section.

We now consider a Taylor expansion of d = f (x, p)‘ : in the neighborhood of {, for

X=

fixed p:
d= f(d,p)z f(Ep)+ of {d—f} ~t o4 2 {d—f} . (IV D1.39)
oX g=t oX x=t
For simplicity, define F as
SSRCAN B (IV D1.40)
oX | . _;
it follows that
d—t ~ t+ F{d—f} —t = F{d—f} . (IV D1.41)

In similar fashion, the derivative with respect to the R-matrix parameters can be written as

gt _otot s (IV D1.42)
oP — of oP

Substituting those expressions into Eq. (IV D1.22) for Y and W gives

Y=G'H(d-t) ~ (G'F)H'F{d-f} = G'FH'F{d-f} (IVD143)

and

W=G'H'G=(G'F')H*(FG)=G'F'H'FG . (IV D1.44)

Inserting the definition of H from Eq. (IV D1.11) gives

-1

FIH™F :(FlH(F‘)_l) :[Fl{wgmgt}(p)*}

“[Fov(F) v Fgmet(F) 7] (IV D1.45)

-1

-1

:[Flv(pr)u(plg)m(plg)j ,
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so that Y and W can be written in the desired form

Y~ GH? {&—f} (IV D1.46)
and
W =G'H'G , (IV D1.47)
provided H is defined as
H=FH(F') =Fv(F') +(Fg)m(Fg) . (IV D1.48)

If we then invoke Egs. (IV D1.36), (IV D1.38), and (IV D1.40), the expression for F g in
Eq. (IV D1.48) can be written as

Fg229 oty __eap (IV D1.49)
6X x=t 6 p %=t 6 p x=t
which yields
H=F" v (F‘)fl + (F'g) m (F‘lg)t
t
o oal ) [ aa o (IV D1.50)
= — V| — +| —— m|——
OX | 4y OX | ¢ op|,_, op|,_
or
7299 |49, 29 gl . (IV D1.51)
OX | 4t OX | ¢ op|,_ op|,_,
Bayes’ equations can therefore be written in the form
P_P=M'Y M'=(W+M)
Yzé‘H-l(N—f) W=G'H'G (IV D1.52)
H=V+gmg" ,
in which we have defined V and §as
oa oa| ) o
g = 4 | and §=2Y (IV D1.53)
OX |y OX | 4t op|,_,
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We now consider how H is related to the covariance matrix for the reduced data (i.e.,
for d ). The covariance matrix for the reduced data is customarily found from

t t
V = (6d 5d) _a (5d 5d) o, (6psp) U
OX <ed oX x=d 8p x=d 8p x=d
(Iv D1.54)
t t
ou oua ou ol
OX x=d 0X x=d op x=d op x=d

In this form, V in Eq. (IV D1.54) is very similar to H of Eq. (IV D1.51). The only difference
between the two is the value at which the derivatives are evaluated, that is, at x =t for H and at

x=d for the usual V. It therefore follows that the only modification needed in the usual
definition of data covariance matrix is to evaluate the various terms at the theoretical values, not
the experimental values.

Conclusion

Agreement between the fit-to-raw-data method and the fit-to-reduced-data method is
obtained by evaluating partial derivatives at the “true” cross section values (theoretical cross
section values) rather than at the measured (experimental) values.

The agreement is exact only for first-order fitting, without iteration for nonlinearities.
Caveat: Situations have been found in which use of a data covariance matrix evaluated at
experimental values of the cross sections gives poor agreement with the more exact method and

in fact produces surprising and unphysical results. Equation (IV D1.54) is to be used only with
great caution.
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IV.D.2. Propagated Uncertainty Parameters

In the previous section, it was demonstrated that writing the data covariance matrix
(DCM) in terms of the theoretical cross sections (rather than in terms of the measured data) leads
to equivalent results when fitting to reduced data as are obtained when fitting to raw data. This
is particularly important if there are discrepancies in the measured data, a situation for which the
usual definition of DCM can lead to strange results. See, for example, Peelle’s Pertinent Puzzle
[RP87]|and the many attempts to reconcile this puzzle SC94, NLO4a, NL04b,|[KHO5]
ACO7].

To reiterate, the benefits of this definition of DCM are numerous: Consistent and
reasonable results are obtained when fitting raw data and when fitting reduced data. (By
“results” is meant both parameter values and the corresponding parameter covariance matrix.)
All prior uncertainties are reflected in the final results, for varied parameters (as usual) and also
for unvaried parameters when the associated uncertainty is properly incorporated in the DCM.

The parameters that are unvaried but whose uncertainties are incorporated into the DCM
are hereafter denoted as Propagated Uncertainty Parameters, or PUPs.” In SAMMY, any
parameter for which derivatives are available (i.e., any parameter that is capable of being varied)
can instead be PUP’d, at the user’s discretion. Any of the experiment-related parameters can be
treated as PUPs. In addition, although the derivation of [Section IV.D.1] discussed only data-
reduction parameters, there is nothing to prevent a non-varied theory parameter from being
treated as a PUP in an individual run. However, a theory parameter will not currently be treated
properly if it is PUP’d in two successive runs because there is then a neglected component of the
DCM connecting the two data sets. The SAMMY user should be aware that results will not be
correct for that situation.

Specifically, the SAMMY parameter types that can be PUP’d are the shown in
Table 1V D2.1, along with relevant test cases (see|Section XII.B|for a discussion of test cases).

Table IV D2.1. Types of parameters that may be PUP’d

Test case for Related test case
PUPs without PUPs Type of parameter
tr044 tr009 resonance parameters (res)
tr059 tr093 R-matrix radii (rad)
tr040 tr011 R-external (ext)
tr038 tr007 broadening etc (brd)
tr041 tr012 normalization and background (nbk)
tr097 tr056 background functions (bgf)
tr068 tr021 Oak Ridge resolution function (orr)
tr096 tr054 RPI resolution function (rpi)
tr062 tr029 nuclide abundance (iso)
tr066 many miscellaneous parameters (msc)
tr055 tr055 paramagnetic cross section (pmc)

" Thanks to Royce Sayer for suggesting this nomenclature.
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Extensive testing has been done for each type of parameter, to ensure that the PUP theory
and implementation are indeed correct. The tests consisted primarily of running the code with as
many different options as possible for treating the parameter uncertainty, and comparing the
resulting values and covariance matrices for the varied parameters. The available options are

varying the parameter,

treating the parameter as a PUP,

giving an explicit DCM,

providing user-supplied implicit DCM (see/Section VI.C.3.b for details), and

treating via SAMMY’s original IDC parameter method (Section VI1.C.3.c), available
for normalization and background parameters.

arwDE

In the tests, options #1 and #2 gave identical results for the first iteration. When available,
options #2 and #5 gave exactly identical results for all iterations. Options #3 and #4 gave almost
identical results, as long as each element of the explicit DCM was specified with a sufficient
number of significant digits. When the data are not discrepant (so that a “fixed” DCM is a good
approximation), all methods gave similar results.

To designate that a parameter is a PUP, the SAMMY user must simply set the flag for
that parameter equal to “3” rather than “0” (to hold constant) or “1” (to vary). Uncertainties are
provided in the same manner as for varied parameters; details are given in[Table VI B.2.

In the SAMMY.LPT| output file, the ordinal numbers for PUPs are given in angle
brackets, for example, <38>, while numbers for varied parameters are given in parentheses, for
example (38).

Card sets for most types of parameters may be put into the |INPut file (Table VI A.lj
rather than the|PARameter file (Table VI B.2), provided none of that type of parameter is flagged
for varying. Varied parameters must always be in the PARameter file. PUP’d parameters, on
the other hand, may be in either the PARameter file or the INPut file. (A card set, however, can
occur in at most one of the two files.) A flag = 1 in the INPut file will be ignored; a flag = 3 in
either the INPut or the PARameter file will signify that the parameter is to be PUP’d. Values
(and corresponding uncertainties) for most PUP’d data-related parameters may be different from
one run to the next in a series for which the covariance matrix is carried along.

The exception to the above paragraph is any R-matrix parameter, all of which must be in
the PARameter file. Values and uncertainties for PUP’d R-matrix parameters may NOT be
changed from one run to the next in a sequential series. Furthermore, the current implementation
neglects the DCM component (caused by PUP’ing the theory parameter) relating one data set to
another. Hence, even though the option to PUP the R-matrix parameters is available, its use is
not encouraged.

Uncertainties for PUP’d parameters may be input to SAMMY in the same fashion as
uncertainties on the varied parameters. The user should be aware, however, that the “EXPLIcit”
option|(card set “Last B”|of the PARameter file) is not appropriate for PUPs because it cannot be
used when a COVariance file exists (card set[“Last A”)|for the varied parameters. (Therefore,
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for example, the final no-Bayes computation would not understand the EXPLIcit uncertainty for
PUP’d parameter.) Instead, the uncertainty for the parameter should be input in the card set
containing the parameter value itself. For the 2006 revision of the code (sammy-7.0.0), options
to include the uncertainties have been added to several of the card sets (e.g.,the
BROADening parameters).

When off-diagonal elements of the PUP covariance matrix exist, input of the covariance
matrix for some or all of the PUP’d parameters can be accomplished by means of a separate file.
This file can be created by the analyst using available information, or it can be created by

preliminary SAMMY runs. Details are given in[Section VI.C.3.a.
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IV.D.3. Implicit Data Covariance Matrix

As seen in previous sections, Bayes’ Equations for updating parameter and covariance
matrices require the inversion of the data covariance matrix (DCM) V. Because the dimension of
V can be very large (~1000’s), performing this inversion explicitly can consume significant
computer resources (CPU time and memory). Results can also be inaccurate, due to the round-
off errors that occur when dealing with such a large quantity of numbers. Fortunately, there is an
alternative method that is far more efficient than explicit calculation and inversion of V. This
alternative method is denoted the Implicit Data Covariance (IDC) method.

As demonstrated in Section IV.D.1], the DCM can be written as a sum of two terms. The
first, v, is a diagonal portion that contains statistical errors due to the measurement itself. The

second term, gmg', characterizes the uncertainties in the data-reduction process; these are

called systematic or common errors, since they apply systematically to all data points. This term
is, in general, fully off-diagonal.

In matrix notation, the formula for the DCM is
vV = v + g m ¢ (IV D3.1)

Here the boxes™ are intended to represent the size of the matrices and are best viewed
logarithmically. The dimensions of V may be quite large (~ tens or hundreds of thousands), and
the dimensions of m are generally quite small (~ tens). Solid boxes represent full (non-diagonal)
matrices; a dashed box indicates a diagonal matrix.

Because V has the form shown above, the inverse may be calculated symbolically as
Vi=(vigmg')

= vt - v*lg(m*1+gtv’lg)4gtVfl (IVD3.2)
_ V_l _ V_l g Z—l gt V—1 ,
in which Z is given by
Z=m? + g' v' g. (Iv D3.3)
o= O 4+ C—4 i i |:|

" Thanks to Helmut Leeb for suggesting this method of visualization.
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Equations (IV D3.2) and (IVV D3.3) provide an easy way to generate the inverse of the
DCM. However, further simplification is possible. It is not V ' that is needed, but the product

of V' with other quantities. In particular, for the M+W version of Bayes’ equations, matrices
W and Y are needed. The expression for W may be written as follows:

W = G' V' G

(IV D3.4)
= G' v G - G' v

In this expression, a third dimension has been added, this being the number of varied parameters
(~ hundreds or thousands). Typically, this is intermediate between the number of data points and
the number of data-reduction parameters.

The expression for Y is

Y= G' V*(D-T)

(IV D3.5)
= G' v'(D-T) - G' v' gz* g v'D-T)

===

The new dimension introduced in this expression is 1, since D — T and Y are simple vectors.

On first inspection, the expressions in the second lines of Egs. (IV D3.4) and (IV D3.5)
appear to be more complicated than the original expressions in the first lines. Indeed, they are
somewhat more complicated to program. However, there are significant advantages to using the
second expressions: The only large matrix, v, is diagonal and therefore trivial to compute.
The other two matrices that must be inverted, m and Z, are both very small (and m is often
diagonal). Thus computation time is reduced because no large dense matrix is ever inverted.
The required computer memory is reduced because no large matrix is ever stored. Finally,
numerical accuracy and stability are improved because there are fewer opportunities to encounter
round-off problems.

See papers| [NLO4a] and [NL04b[| for computational verification of the claims made in
the preceding paragraph. For the example cited in those papers, computation time for solving
Bayes’ equations was reduced by a factor of ~300 and array size by a factor of ~6 when using the
IDC method. Accuracy was also improved, as great care is needed to ensure that sufficient
significant digits are provided when using an explicit DCM.

Several options are available in SAMMY for using the IDC method. The earliest
available form was restricted to normalization and background corrections. See|Section I11.E.3|
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for a discussion of these corrections and|Section VI.C.3.¢| for a description of the original IDC-
relevant input. For the release of sammy-7.0.0 in 2006, two additional options were made
available: The first is the PUP option, discussed in Sections [V.D.1]and[IV.D.2] The second is
for the user to provide externally generated values for g and m. Input details are provided in
ISection VI.C.3.b/|
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IV.E. MISCELLANEOUS TOPICS RELATED TO COVARIANCES

For a summary of many of the available SAMMY options related to covariances, the
reader is referred to presentations [NLO4a], [NLO4b], and especially [NL06a].

Section IV.E.1 brovides information regarding simultaneous fitting of several data sets.

SAMMY’s so-called “retroactive covariance method” is a particular application of the
simultaneous fitting procedure of Section IV.E.1. This retroactive method is a means of
generating a parameter covariance matrix that is approximately correct for a given (pre-
determined) parameter set. See[Section IV.E.2|for details.

For a means to set the prior parameter covariance matrix to infinity, thereby reducing

Bayes’ equations to the usual least-squares equations, see |Section IV.E.3. Other topics (such as
fitting to multiple data sets while including iteration for nonlinearities) are also covered here.

Generating the covariance matrix associated with the theoretical cross section is
described in Section IV.E.4|

For each spin group and channel, the average resonance width and associated uncertainty
are calculated and printed in the SAMMY.LPT file. In $ection 1V.E.5] the algorithm used to
generate those values is described.

Bection IV.E.6| describes the rationale and methodology for modifying the SAMMY
output resonance parameter covariance matrix prior to reporting the values or using them for
post-processing (e.g., for calculating multigroup averages).
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IV.E.1. Simultaneous Fitting to Several Data Sets

Page 263

The M+W scheme can be used for truly simultaneous fitting to several independent data sets
in the resolved-resonance region. Any number of data sets of any type (capture, fission, integral,
transmission, etc.) may be included. The procedure requires a series of separate SAMMY runs, first

to generate the information separately for each data set and then
the entire system. The procedure is as follows:

to solve Bayes’ Equations once for

Step a. Create a single PARameter file containing only R-matrix parameters and no measurement-

specific information. Flag all variables of interest; PUP

no parameters. This parameter file

will be used as the prior parameter set for all runs in steps b through d below.

Step b. For each independent data set, create an INPut file as usual. Put all measurement-related
information into the INPut file (see the end of [Table VI A.1)); PUP parameters as needed

(Section 1V.D.2). Include the command
CGENERATE Y AND W MATr i ces

or YW

in the INPut file. Run SAMMY with this INPut file, the PARameter file from step a, and the
appropriate DATa file, SAMMY will produce sub-matrices Y; and W;, which are this data
set’s contribution to Y and W needed in Bayes’ Equations (Section IV.B.3). Arrays Y;and W;

are defined as

Y,=G'V,}(D-T,) and W, =G'V,'G , (IV E1.1)

in which the subscript i denotes the specific data set. These values are stored in file
SAMMY.YWY, which the user should rename and keep for use in step d.

Step c. Repeat step b as many times as needed, once for each data set.

Step d. Once Y; and W; are known for each set of experimental data, they can be summed over the

data sets i, giving
Y=>Y, and W=>W

(IV E1.2)

These matrices will be used in Bayes’ equations,

Eqg. (IV B3.2) and Eq. (IV B3.4),

respectively, to solve for updated parameter values and covariance matrix. This step is
accomplished by an additional SAMMY run in which the INPut file includes the phrase

READ Y AND W MATRI CEs or

Wy

The PARameter file from step a is used, and a dummy name may be given for the data set.
Names of the files containing the sub-matrices Y; and W; are specified, one per line,
immediately following the dummy data-file name in the input stream.

This run produces the SAMMY .PAR and SAMMY.CQV files. Be sure to rename these to

use in later steps.
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If iteration for nonlinearities is to be used, an additional command is required in the INPut
file in step d:

REVEMBER ORI G NAL PAr anet er val ues

This command causes a file REMORI.PAR to be created; this file contains values for P ©
and M *, as needed in the iterative form of Bayes’ equations for M+W [Eg. (IV A3.3)].

Step e. To iterate for nonlinearities, create a second INPut file for each data set identical to the
INPut file created in step b but containing one additional command:

USE REMEMBERED ORI Q nal paraneter val ues

This command does not tell SAMMY to calculate theoretical cross sections at the original

parameter values but rather to use P@, as specified in the REMORI.PAR file, for
generating Y viathe iterative form of Bayes’ equations I Eq. (IV A3.3)|. That file (with that
name) must be available in the subdirectory in which these runs are made.

Run SAMMY with this INPut file and the appropriate data file, using the PARameter file
and COVariance matrix created in step d. This will cause SAMMY to generate a new Y;and
Wi using the parameter values determined in Step b.

Step f. Repeat step e as many times as needed, once for each data set.

Step g. Fit the data sets using the M+W scheme using the commands

USE REMEMBERED ORI d nal paraneter val ues
READ Y AND W MATRI CES, or W

The “use remembered...” command will cause SAMMY to use the P® and M * from
REMORI.PAR when solving for updated parameter values and covariance matrix, as in
Eqg. (IV A3.3).

Step h. Repeat steps e, f, and g as many times as desired, or until convergence (i.e., until there are no
more changes in the x> values for any of the data sets).

Step i. To obtain plot files with the final fits to the data, it is necessary to make another set of runs,
one for each data set. In these runs, the INPut files should include the command

GENERATE PLOT FI LE Automatical ly

Test cases tr082, tr089, tr131, and tr149 give examples of steps a through d of this procedure.
A slight variation of this procedure is used for least-squares runs in test case trl63; see
Section IV.E.3[for details.
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IV.E.2. Retroactive Parameter Covariance Matrix Method

Occasionally it is necessary to produce an approximate covariance matrix associated with a
pre-existing set of resonance parameters.

For example, most current evaluated nuclear data files (ENDF) contain resonance parameters
but not uncertainties / covariances for those parameters. The ideal cure for this situation would be to
reanalyze the experimental data, including all appropriate uncertainties (those associated with both
measurement and theory), thus producing a new set of resonance parameters and the corresponding
covariance matrix. However, it is not possible to immediately produce complete new evaluations for
all nuclides in the ENDF. Therefore, a method is needed to generate an approximate covariance
matrix appropriate for the current ENDF resonance parameters.

This may be accomplished using a scheme called the “retroactive parameter covariance
matrix method”: First, create representative data sets covering the energy range of the R-matrix
evaluation. This may be done by running SAMMY in the no-Bayes mode with suitable energy grids
and using the calculated cross sections as the “experimental data” in later runs. Make reasonable
choices for the covariance matrix for this set of data. Do a simultaneous fit to all those data sets,
taking the ENDF File 2 parameter set for initial values and varying all resonance parameters. Check
to be sure the output parameter values are not very different from the input values. If that is the case
(as it should be, with the artificial experimental data in use here), then the output parameter
covariance matrix (PCM) may safely be assumed to be a reasonable approximation for the
covariance matrix associated with the input parameter values.

Test case trl49 gives an example of the procedure for retroactively producing an
approximate covariance matrix.

After the retroactive covariance matrix has been produced, it is possible to use that
covariance matrix with the original parameter values in another SAMMY run. To do this, include
one of the following (equivalent) commands

RETROACTI VE OLD PARAneter file new covari ance or

RETROACTI VE or
U COVARI ANCE MATRI X is correct, p is not

in the INPut file. In addition, make a new file identical to the original PARameter file but
containing the phrase “COVARi ance matri x exi st s” at the end of the file (after the final
blank line signifying the end of the previous card set, or immediately after card set 2 if there are no
other card sets). This new file and the now-renamed SAMMY.CQV file from the run that created
the retroactive parameter covariance file are used as the input *.par and *.cov file for this run. See
test case tr083, step r, for which the PARameter file t083r.par is identical to the original file
tr082a.par except for the final line.

Variations on this procedure are possible. Instead of assuming that the u- PCM is correct,
Ime that the p-PCM is correct. (For a discussion of u- vs. p-parameters, see the end of
Section IV.CJ) Ideally, there should be virtually no differences in results obtained from the two
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assumptions, since only insignificant changes should occur to the value of the parameters in the
retroactive process. In practice there will be small differences. To use the p-PCM instead of the u-
PCM from the *.cov file, include the command

P COVARI ANCE MATRI X is correct, u is not

The user may wish to modify (increase) the uncertainties on some of the parameters. To give
explicit values for the uncertainties, while maintaining the correlation matrix currently in the *.cov
file, include both of these commands in the INPut file:

P COVARI ANCE MATRI X is correct, u is not and
MODI FY P COVARI ANCE matri x before using

In addition, create a file (the “new uncertainty” file) containing, in free format, the values you want
for the uncertainties for all of the varied parameters (p-parameters), in the numerical order as
indicated in the LPT file. An uncertainty equal to zero in this file indicates that SAMMY should use
the uncertainty from the *.cov file. The name of this file is given at the end of the input stream. See
also Table VI E.2 for a complete listing of the ordering of input files.

It is possible to use the “MODI FY P COVARI ANCE” option with “U COVARI ANCE
MATRI X” rather than “P COVARI ANCE MATRI X.” In this case, the u-PCM is taken from the
*.cov file and transformation is made to give the associated p-PCM; this matrix is then modified
using the uncertainties from the new uncertainty file. The reverse transformation then gives the
u-PCM to be used in the SAMMY calculations.

For additional details on modifying the SAMMY -produced PCMs, see Section IV.E.6.|
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IV.E.3. Least Squares and Other Extensions of SAMMY’s Methodology

The least-squares method can be considered as a special case of Bayes’ equations, in which
the initial parameter covariance matrix (PCM) M is diagonal and infinite (so that the inverse M ~ is
zero). Nonetheless, in practice it is not easy to reach that limit when creating input for SAMMY .
The usual technique is to provide a very large prior uncertainty for each parameter, large enough to
be “effectively infinite.” Using this technique, however, can lead to numerical problems. In
particular, large prior uncertainties on resonance energies will often permit two resonances to
interchange positions — an untenable feature.

To circumvent this difficulty and to facilitate comparisons with other codes that do assume a
diagonal and infinite prior PCM, several options have been added to SAMMY. The relevant test
case is tr163; the procedure is outlined below.

Step a. For each of the data sets, generate Y; and W; as described in the previous section. The
command line

GENERATE Y AND W MATr i ces or YW
must be in the input file for each run.

Step b. Fit the data sets using the M+W scheme, including the following commands in the INPut
file:
USE LEAST SQUARES TO give pcmfor initial paraneters
REMEMBER ORI G NAL PAr aneter val ues

READ Y AND W MATRI CEs or Wy

The first of these directs SAMMY to assume that the inverse of the prior covariance matrix
IS zero; this command is optional (though required if one wishes to do least squares). The
second command causes a file REMORI.PAR to be created; this file contains values for P
and M, as needed in the iterative form of Bayes’ equations for M+W [Eq. (IV A3.3)]| The
third command is always needed when invoking the M+W method in the resolved resonance
region.

If values of starting parameters are not extremely close to the “true” results, there
may be divergence problems. In that case, it may also be necessary to include the command

TAKE BABY STEPS W TH | east squares net hod

in the INPut file. This command will cause the change in the parameter increment
(P'—P)to be 1/10 the calculated value of M 'Y [see|Eq. (IV A3.1)or[Eq. (IV B3.1)], and

will often alleviate the divergence problems.
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Step c. For each data set, generate a new Y; and W; using the parameter values determined in step b.
Include these command lines

GENERATE Y AND W MATrices or YW
USE REMEMBERED ORI G nal paraneter val ues

The second of these lines does not tell SAMMY to calculate theoretical cross sections at the
original parameter values but rather to use P©, as specified in the REMORI.PAR file, for

generating Y viathe iterative form of Bayes’ equations. That file (with that

name) must be available in the subdirectory in which theseTunsaremade.

Step d. Fit the data sets using the M+W scheme, with the commands

USE REMEMBERED ORI G nal paraneter val ues
READ Y AND W MATRI CEs or WY

The “use remembered . . .” command will cause SAMMY to use the P and M ™ from
REMORI.PAR when solving for updated parameter values and covariance matrix, as in

. Again, it may be necessary to include the “take baby steps . . .” command.

Step e. Repeat steps ¢ and d, as many times as desired, or until convergence (i.e., until there are no
more changes in the x> values for any of the data sets).

Test case tr163 has been set up to repeat steps ¢ and d twice more (steps e and f, hand i). In
addition, two command files (test163_many and test163hi) allow the user to rerun steps h and i 20
more times, each time overwriting the previous results (to avoid keeping so many intermediate files)

while keeping track of the changes in the > values.

These options were implemented by the author to facilitate intercomparisons among three
R-matrix codes (SAMMY, EDA [GH75]/ and RAC |CZ95]), as part of an IAEA Cooperative

Research Project on Light-Element Standards @| NDCO02, JINDCO @]
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IV.E.4. Covariances for Calculated Cross Sections

Let T; represent the theoretical cross section (or transmission), at energy point E;, as
calculated from the “final” set of resonance parameters and parameter covariance matrix. The
covariance matrix element connecting theory point T; with point T; is found from

oT, oT.
> M, — (IV E4.1)

kn
kn OU, ou,

where My, is the covariance matrix element connecting parameter ux with parameter u, . The
theoretical uncertainty on theory T; is the square root of the diagonal element; that is,

: oT, oT,
AT, = AT, = ZEM“E : (IV E4.2)
k

k,n n
When the phrase
| NCLUDE THEORETI CAL uncertainties in plot file

is given in the command section of the INPut file, values of AT ; will be reported in the plot file. See
Section VII.C [for specific details about where to find which uncertainties.

To create an ASCII listing of cross section (or transmission), uncertainty, and correlation
matrix, include the phrase

CROSS SECTI ON COVARI ance matrix i s wanted

in the command section of the INPut file. The desired listing will be given in the SAMMY .LPT file.
This is a no-Bayes run (i.e., no fitting can be accomplished in the same SAMMY run).

Using this command will also give the cross-section covariance matrix formatted into a
“publishable” file named SAMCOV.PUB. This file is formatted with values separated by tabs so
that it can be easily ported to a spreadsheet or other program, for example, to be plotted in three
dimensions. This SAMCOV.PUB file contains the following information:

Row 1: three tabs, followed by the T; separated by tabs

Row 2: three tabs, followed by the AT; separated by tabs

Row 3: three tabs, followed by the E; separated by tabs

Row 4: Ti, A Ty, E;, followed by the first row of the covariance matrix separated by tabs
Row 5: T, A Ty, E», followed by the second row of the covariance matrix separated by tabs

Row N+3: T, A Ty, En, followed by the N™ row of the covariance matrix separated by tabs

In this format, it is easily possible to manipulate the results in a spreadsheet program. For example,
the correlation matrix is found by dividing the covariance matrix element by the uncertainty in the
same column in Row 2 and by the uncertainty in the same row in Column 2. See test case tr010,
run e, for an example of this. (Caution: The user should exercise caution in porting this file to a
spreadsheet, as the number of data points can easily become too large to fit into a normal
spreadsheet.)
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The SAMMY user should note that the covariance matrix constructed in this fashion is not a
complete representation of the evaluated cross section covariance matrix. Detail arguments
concerning this assertion are presented in|Section IV.E.6
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IV.E.5. Calculating Average Values and Uncertainties for Resonance Widths

In the SAMMY .LPT file (discussed in|Section VII.A)I, the average value and uncertainty
are reported for the various channel widths for every spin group. These averages are generated
from the p-parameter covariance matrix by invoking Bayes’ equations over a different set of
variables from those used in earlier sections of this manual.

To calculate an average over a set of correlated parameters, we recognize that “average”
can be interpreted as “most likely value for a group of numbers.” Bayes’ equations therefore are
applicable, where the theoretical model is a simple function equal to the average whose value is
needed. Explicitly, we can rewrite Bayes’ equations [see, for example, |Eq. (IV A1.1)| into the
form

A'=K'G'MT (IV E5.1)

-1

and K'=(G'M7'G) . (IV E5.2)

Here A' represents the needed average (for example, for the neutron widths for spin group
number 3), and I" represents the individual values (for each of those widths). The prior value for
the average is set to zero. K' is the needed variance for the average, and the prior variance is set
to infinity. M represents that portion of the parameter covariance matrix which corresponds to
this set of widths. Finally, G is the partial derivative of the function to be fitted with respect to
the average A, so that G is 1 for parameters in the set of interest and O for all other parameters.
With these definitions, Eq. (IVV E5.2) reduces to

K':{Z(M -1)”}1 , (IV E5.3)

i
in which the summation includes all parameters within the set to be averaged. The average value
from Eq. (IV E5.1) then becomes

A'=|<'Z‘,(|\/|-1)”_rj , (IV E5.4)

again summing over only the relevant parameters.

In the SAMMY .LPT file, two different average values and uncertainties are reported for
each channel width for each spin group:

The first is labeled “Expected Value” in the LPT file and includes all varied widths in the
summations in Egs. (IV E5.3) and (IV E5.4).

The second is labeled “EV changed parameters” and attempts to include only those
widths whose values have been affected (changed) by the data analysis. However, the
criterion used to determine which parameters are to be included is rather naive: the
uncertainty on the individual widths must be less than 9% of the value of the parameter.

In either case, if there are no parameters fitting the requirements, the printed average and
uncertainty are zero.
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IV.E.6. Augmenting the Resonance Parameter Covariance Matrix

The posterior resonance parameter covariance matrix (RPCM) produced by SAMMY is a
accurate representation of the uncertainties in the R-matrix evaluation.”  Nevertheless,
uncertainties for evaluated cross sections reproduced by propagating the RPCM have historically
been regarded as “too small.” In fact, cross section uncertainties based solely on the RPCM are
indeed too small, because it is not possible for the RPCM to convey complete information
concerning the evaluated cross section covariance matrix (ECSCM).

There are at least three reasons for this inability: (1) computation of the RPCM is based
on assumptions which are not fully valid; (2) Bayes’ equation for the RPCM contains no
information about the validity of the fit of theory to data; (3) the experimental data base is not
unique. These three reasons are discussed more fully below.

(1) Assumptions underlying computation of the RPCM. The RPCM would indeed
provide a complete description of the ECSCM, if all underlying assumptions of the
evaluation procedure were to have no uncertainty associated with them. However, most
underlying assumptions are suspect to some degree.

The most basic assumption is that R-matrix theory provides a correct and
complete description of the interactions for which data are being evaluated. All
resonances are included, even very small experimentally invisible resonances and even
the (infinite number of) resonances lying outside the energy region under analysis. All
spin assignments are correct; there is no unresolved ambiguity. No direct components or
other extensions to R-matrix theory exist. Further, everything has been calculated
correctly; there are no bugs in the computer code.

Another important assumption is that all experimental conditions are properly
understood and included in the analysis. Corrections are accurately made for Doppler
and resolution broadening, multiple-scattering, normalization, and backgrounds. No
corrections, however minor, have been omitted; each experiment is completely
understood and correctly simulated in the code. Everything has been calculated
correctly; there are no bugs in the computer code.

Clearly, not one of the assumptions listed in the previous two paragraphs is
absolutely valid; each has some non-readily-quantifiable uncertainty associated with it.
None of those uncertainties will be reflected in the RPCM.

(2) Validity of the fit. The non-iterative form of Bayes’ equation for the RPCM
can be written as

M'=(G'ViG+M )", (1.1)

" This has been confirmed by at least two independent researchers, who compared the SAMMY -produced results
with Monte Carlo simulations. Unfortunately, neither of those studies has been published.
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where M is the prior resonance parameter covariance matrix (usually assumed to be large

or infinite, so that M ™ = 0), G is the sensitivity matrix (partial derivatives of theory with
respect to the parameters), and V is the experimental data covariance matrix. Nowhere in
this equation is there any information about the goodness of the fit between theory and
measurement. Therefore the RPCM does not contain any information about poor fits, nor
can it reflect any discrepancies among the various data sets.

(3) Non-unique data base. For every evaluation, the evaluator considers all
available relevant measurements and accepts or rejects each measurement based on
his/her determination of the quality of the data. This determination is based on a study of
the documentation for the measurement (e.g., whether or not sufficient information is
provided to understand the uncertainties associated with the experiment) and on
preliminary analyses of the individual data sets. The evaluator may find the need to
renormalize the data, subtract a background, or rescale the energies for certain
measurements in order to make them consistent with other measurements.

Even though the evaluator can and should attempt to incorporate all known
uncertainties into the evaluation (e.g., including normalization uncertainty as a PUP
parameter), there is no well-defined methodology for including uncertainties related to
the choice of data base. Those uncertainties will therefore not be reflected in the output
RPCM.

The logical conclusion is that the resonance parameter covariance matrix alone cannot
provide complete information on the uncertainty in the evaluated cross section. Something else
is clearly needed.

It is not obvious how one could quantize the effects described above. Nevertheless, the
attempt should be made, and some approximate contribution be added to the ECSCM in addition
to the contribution from the RPCM.

Historically, what has been done is to increase the RPCM in a rather arbitrary fashion,
based on the nuclear data community’s judgment of what the ECSCM should look like. For
example, for the light element standards for ENDF/B-VI, the ESCSM uncertainties were
adjusted upwards so that “... if a modern day experiment were performed today on a given
standard using the best techniques, those results should fall within these expanded uncertainties
(2/3 of the time).”"

For the first release of ENDF/B-VII and for early subsequent evaluations, the usual
procedure was for the evaluator to increase either the diagonal elements of the RPCM or (more
commonly) increase the uncertainties while maintaining the correlation matrix, while attempting
to conform to the evaluator’s opinion of what the multigroup cross section covariance matrix
should look like. (Various options for accomplishing this task were implemented in SAMMY;
these are described in|{Subsection IV.E.6.a.) This technique, however, is highly subjective and

" As quoted by A. D. Carlson at the 2002 Research Coordination Meeting of the IAEA Coordinated Research
Project on light element standards.
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awkward to use, as the link between the RPCM and the ESCSM (or multigroup covariance
matrix) is sufficiently indirect that much trial-and-error is required to achieve the desired result.

More recently, it was recognized by Herve Derrien that normalization and/or background
uncertainty components could be added to the RPCM component in order to provide a seemingly
realistic description of the expected ECSCM. While these components certainly do not
completely reflect all the various types of uncertainties discussed above, they nevertheless may
provide a reasonable first approximation for the previously omitted components. The link
between normalization and background uncertainty and ESCSM is direct, making this a more
satisfying solution than arbitrary increases in the RPCM. An additional positive feature of this
option is that it may be implemented directly into ENDF files, without new format requirements,
by using ENDF File 33 normalization and background descriptiong [NLO7c].
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IV.E.6.a. Modifying the parameter uncertainties

In response to analysts’ requests for automated methods to increase the uncertainties on
the resonance parameters, a variety of options have been created. With the exception of
Option #2 below, these will be used with runs that perform post-processing operations (e.g.,
calculate multigroup averages as described in|Section V.C|or create ENDF File 32 descriptions
of the PCM as discussed in. All of these methods assume that uncertainties are to be
modified but the correlation coefficients will remain the same.

Option #1. A simple INPut file command will cause every uncertainty for every
resonance parameter to be multiplied by the same value, that is, every element of the PCM to be
multiplied by the square of that value. This command is

| NI TI AL UNCERTAI NTY rmul tiplier = value

The equal sign must be present, and “value” is replaced by a positive real number. At the
beginning of this SAMMY run, each element of the PCM obtained from the input COVariance
file is multiplied by the square of the value. See test case tr019, run d.

Option #2. A related command is
FI NAL UNCERTAI NTY MU tiplier = value

Here it is the output PCM that is modified; see test case tr019, run e, for an example of the use of
this command. Use of this option is not recommended because it requires the analyst to decide
before viewing the PCM that the PCM must be changed. Option #1 can be used to produce the
same result without permanently changing the SAMMY.COV file (produced directly from the
data analysis process) via multiplication by a preconceived value.

Option #3. To multiply the PCM by a value which varies with energy, and may also be
spin group dependent, use the command

E- DEPENDENT | NI TI AL uncertainty multiplier or
E- DEPENDENT UNCERTAI nty nul tiplier.

(The hyphen is optional here.) A separate EDU (energy-dependent uncertainty) file is needed
with this command; the EDU file contains the following information:

1. Alphanumeric title

2. Second title line, or blank

3. Spin group = 1 [only the equal sign and the number are absolutely necessary]

4. Energy, value of multiplier in 2F10.1 format (i.e., one value in the first ten columns and
the second in the next ten columns)

5. Repeat line 4 as many times as needed

6. End with a blank line

7. Repeat lines 3 through 6 as many times as needed

Energies (line 4) must be in order of increasing energy. For resonances in the specified spin
group, SAMMY will linearly interpolate to give the value of the multiplier at the resonance
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energy. If the resonance energy is outside the specified energies (below the first or above the
last), the multiplier is assumed to be unity. Likewise, if a spin group is omitted from this listing,
the multiplier will be unity for all resonances in that group. Note that the same multiplier is used
for all parameters (energy and widths) for a particular resonance.

The name of the EDU file is given after the name of the COVariance file in the input
stream. Note that this option works only if you are using a pre-existing COVariance file, not if
starting from scratch. Examples are given in test case tr019, runs f and g.

Option #4. To modify the uncertainty on each parameter separately and independently
from the modification of the uncertainties on other parameters (while maintaining the original
correlation coefficients), insert the commands

P COVARI ANCE MATRI X is correct, u is not
MODI FY P COVARI ANCE matri x before using

into the INPut file. Create a file containing the new values for the uncertainties, in the same
order in which they appear in the LPT file, in free format. For those parameters for which you
do not wish to change the uncertainty, it is not necessary to copy the value of the uncertainty into
this file; instead, the value in this file can be set to zero. The name of this file is given to
SAMMY directly following the name of the COVariance file. For examples, see test case tr149,
runs I, m, o, and p.

Option #5. The RSAP program contains options to read the SAMMY -produced
SAMMY.PUB file (see Section VII.F) and create plots showing the effects of modifying the
parameter values within the bounds of the uncertainties on the parameters. The uncertainties can
be scaled, in which case RSAP produces a new file rsap.PUB in the same format as
SAMMY .PUT, containing, however, the scaled uncertainties.

To report the scaled uncertainties back to SAMMY for additional computations, an
auxiliary code PUB2COV was written by D. Wiarda. (This code will be made available as part
of the RADCOP program under development by R. O. Sayer.[[RS06a] ) Input to the PUB2COV
code consists of the original SAMMY PARameter and COVariance files, the original PUB file,
and the modified PUB file. Output is a hybrid SAMMY COVariance file containing the original
parameter values, the modified p-PCM, and the original u-PCM. (The modified p-PCM has the
new uncertainties but the original correlation coefficients.)

To use the hybrid SAMMY COVariance file in a new SAMMY run (e.g., to generate
ENDF Files 2 and 32), include the command

P COVARI ANCE MATRI X is correct, u is not
in the INPut file.

Section I1V.E.6.a, page 2 (R8) Page 278



Section V, page 1 (R7) Page 279

V. POST-PROCESSORS AND OTHER MISCELLANEOUS TOPICS

In addition to fitting energy- and angle-differential data in the resolved (and unresolved)
resonance region, SAMMY has capabilities for other tasks such as reproducing cross sections
directly from resonance parameters, calculating average cross sections, or creating portions of
ENDF files. Some of these features are described in this section. For a discussion of SAMMY’s

interactions with ENDF files, see|Section 1 X

Methods for reconstructing point-wise cross sections without having to specify an energy

grid are given in|Section V.A.

Section V.Bjincludes a discussion SAMMY’s calculation of certain integral quantities.
The code can also fit to these quantities where data or standard values are available.

describes how SAMMY may be used to average cross sections (both
theoretical and experimental) over particular energy range. The corresponding covariance matrix

is also generated.

SAMMY'’s calculation of Maxwellian averages of capture cross sections (sometimes

called “stellar averages™) is discussed in{Section V.D.

Section V.E describes various “pseudo cross sections” (simple functional forms) that can
be generated by SAMMY, for use primarily in debugging Doppler or resolution functions.

Section V.F| describes a method for generating the summed strength function for
resonance parameters in a particular spin group.
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V.A. RECONSTRUCTING POINT-WISE CROSS SECTIONS

SAMMY’S main purpose is to analyze neutron-induced cross section data by fitting to R-
matrix parameters; in that mode, the user provides an energy grid (the experimental grid) from
which an auxiliary grid can be constructed as discussed in Sectiong111.A.1|and I11.A.2] To calculate
a cross section directly from the resonance parameters without any pre-defined energy grid, one
would use_a nuclear data processor code such as AMPX NJOY or
PREPRO these codes were designed to create energy grids that would describe the
unbroadened cross sections with sufficient accuracy for essentially any purpose.

Occasionally, however, it is desirable to have SAMMY generate point-wise cross sections
without a pre-existing energy grid. SAMMY has two methods of accomplishing this, as described
below. The user should be aware that the energy grids generated in SAMMY will provide a means
of viewing the cross sections but are not intended to be highly accurate representations of all the
structure in the cross sections.

Method 1

The first method, borrowed almost directly from the processing code NJOY usesa
convergence algorithm to choose an energy grid sufficiently dense to properly define total, elastic,
and capture cross sections, as well as fission if needed. The output plot files (SAMMY.ODF,
SAMMY.LST, SAMM.PLT) contains energies in section 1, total cross section in section 2, elastic
cross section in section 3, capture cross section in section 4, and reaction cross section in section 5 if
needed; section 6 holds the absorption cross section (sum of capture plus reaction cross sections).
These cross sections are unbroadened (zero temperature). To invoke this option, include the phrase

RECONSTRUCT CROSS SEctions fromresonance paraneters
in card set 3 [of the INPut file (see $ection \VVI.A|of this report). SAMMY will ask for the data file

name, as always, but a dummy name may be given since that information is never used.

Caveat: This method makes use of the Reich-Moore approximation to R-Matrix theory. It
cannot be used with MLBW or SLBW resonance parameters.

Several criteria are used in the RECONSTRUCT option to ensure that the energy grid is
sufficiently dense. An initial grid consists of beginning and ending points plus all resonance
energies within the specified energy range. Beginning at the lowest energy, each pair of points

o,=c(E,) and o, =o(E,) is examined to see whether these two points alone can describe the

midpoint between those two points o = a( E,= %( E.+E, )) . Convergence is assumed only if each
type of cross section (elastic, capture, and reaction) separately meets one of the criteria.

Criterion # 1. If both o, and o, are smaller than SIGMIN, points a and b are sufficient.

The value for SIGMIN is an input parameter whose default is 10~° barns.
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Criterion # 2. For large changes in the cross sections (o, >1.40, or o, >140,), the
midpoint is added to the energy grid.

Criterion # 3. Let o, represent the interpolated cross sectionat E_; o, ;. is given by
Eb o Em Em o Ea

Omint = O, + Oy (V Al)
’ Eb - Ea Eb - Ea

If o, issmaller than both o, and o, (so that the midpoint is near a minimum in the cross section),
the convergence requirement is

|0y~ | <oy xERRXC2/10 . (VA2)
where ERRXC2 is an input parameter whose default value is 0.005.

Criterion # 4. If o, is not smaller than both o, and o, the criterion is less stringent.

|0, =0 | |0y xERRXC2 . (V A3)

The convergence parameters ERRXC2 and SIGMIN may be specified by the user to have
different values from the default values of 0.005 and10~° barns, respectively. See of the
INPut file (Table VI A.1).

For examples using Method 1, see test case tr037 and others.

Method 2

SAMMY’s second option for generating point-wise cross sections without specifying an
energy grid a priori makes use of SAMMY?’s ability to choose an auxiliary grid that properly defines
the unbroadened cross section (see [Section I11.A). The user must provide some kind of a “data file,”
but it need not necessarily be appropriate for the nuclide(s) being considered; it is used only as a
starting point for the auxiliary grid. SAMMY first sets up a grid of NEPNTS from EMIN to EMAX;
NEPNTS is specified onof the INPut file (see Table VI A.1). This grid is evenly spaced
in velocity space (i.e., in the square root of energy). SAMMY then chooses additional points for the
auxiliary grid as though broadening were to occur.

To invoke this option include the phrases
ARTI FI CI AL ENERGY GRi d i s needed

and
PUT UNBROADENED CROSs sections into plot file

in the INPut file. An output plot file SAMMY.UNBY contains energies in section 1 and cross
section in section 2. A second file, SAMMY.DAT, contains the same information in SAMMY’s
TWENTY data format.

t Note that the name of this file is no longer SAMXAC.ODF, to avoid confusion about which file is produced when.
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Unlike the RECONSTRUCT method of generating an energy grid, this method evaluates
only the one type of cross section specified in the INPut file. Also unlike the first method, any of the
several R-matrix approximations may be used, as specified in the INPut file.

Both methods

Examples of reconstructing point-wise cross sections using both of these methods can be
found in several test cases. See, specifically, tr037 for “pure” reconstruction and tr042, tr049, and
tr175 for reconstruction followed by computation of stellar (Maxwellian) averages (see

Section V.D).

Finally, it should be noted that, prior to release 7.0.1 of the SAMMY code, the
implementation of method 1 would occasionally produce unrealistic values of stellar averages.
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V.B. INTEGRAL QUANTITIES

Although SAMMY was designed for calculating and fitting “differential” quantities such
as cross section as a function of energy, nevertheless it often is useful to have the code calculate
integral quantities for comparison with integral data. These integral quantities can also be
included in the fitting procedure, if desired.” Details of the methods used to calculate these
quantities are given in Additional features have been added to the code after publication
of that report in order to facilitate direct comparisons between calculations made by SAMMY
and those made by NJOY see items 9 and 10 below.

A single SAMMY run is used to calculate a variety of integral quantities. The first four
quantities listed below are calculated for x = capture, fission, and absorption (as appropriate for
the nuclide under consideration); the others are calculated only for fissile nuclides.

It should be noted that this option works only with the Reich-Moore formalism, not with
either of the Breit-Wigner formalisms nor with SAMMY s original implementation of the Reich-

Moore formalism. Also, the cross section for the unresolved resonance region is not included
here.

1. Thermal cross section,

oo =0, (E,) forE,=0.0253eV . (V B.1)

2. Maxwellian average at thermal energy. This quantity is defined with somewhat different

normalization from that used in/Section VV.D] that is, as

E,

G, = IaX(E)Ee’E’E‘)dE | Epemge (VB.2)
E E, E E,
where E; =10 eVand E, = 3eV.
3. Westcott’s g-factor,
) &
L, =——=—2 V B.3
9= o (VB.3)

" Integral quantities may be calculated and fitted only for the resolved resonance region. In the future, this capability
will be made available for the unresolved resonance region as well.
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4. Resonance integral,
E,
X=IGX(E)d—E+X4X , (V B.4)
E, E
in which E3=0.5¢eV, and E 4 and X 4 are specified by the user.
5. Average integral,
Eq
&X=I0X(E)dE/(E6—E5) (V B.5)
Eg
6. Watt spectrum average,
E, E,
Gu = | o (E)®(E)dE / [®(E)dE , (V B.6)
El El

in which the upper limit E ; = 20 MeV. The Watt fission spectrum,CD(E), is given by the

function

<I>(E):e‘E’asinh(\/E):e‘E’a(er_E—e‘Jb—E)IZ : (VB.7)

Here a and b are constants to be supplied by the user. For ?*°U, values of a and b are

0.988 MeV and 2.249 MeV™, respectively.

An alternative formulation to Eq. (V B.7) for the flux is discussed in

Section V.B.1.

T

(V B.8)

7. K1,
Kl=voy; 9 — 04, 0a =(Vaf _O-a)_
where v, the total number of neutrons per fission, is a constant whose value is provided by
the user.
8. Alpha, or a,

a=1/1
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9. Thermal alpha integral (NJOY’s a)|[RM98],

E2
= jEe*E’EodE . (V B.10)
E E,

10. Thermal eta integral (NJOY’s ) [RM98],

tvo, (E) E _ e TE
= — e F'RdE / | —e F'RdE . V B.11
Mnsoy é" O'a(E) E, ;'5[ E, ( )

Input to SAMMY for fitting integral quantities is essentially the same as in
differential quantities, with a few minor changes and one additional file. Please see|Section VI.D

for details. Test cases tr069, tr077, and tr082 have examples of fitting to integral quantities.
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V.B.1. User-Supplied Flux for Watt Spectrum Average

For the Watt spectrum average of Eq. (V B.6) with user-supplied flux, it is necessary to
evaluate integrals of the form

fa(E)(p(E)dE , (VBL1)

in which o (E) is given by one of two types of interpolation (defined below), and ¢(E) is a
linear interpolation between energy points provided by the user. That is, the flux has the form

@(E)=d+cE | (VB1.2)

and the constants d and c are found by setting the flux equal to the given values at two
neighboring points. Specifically, if the set of points {E;”,goj} are given, then for E” <E <E/,

j+1
these values are found from

p,=d+CcE/ and ¢;,=d+CcE/, (V B1.3)
which gives
c= % (V BL4)
T
and
E? 0. —E’0p.
d=—0Pi =i P (V B1.5)

E?

j+1

— ij

At sufficiently low energies, far below the lowest resonance, the cross section is
generally assumed to be 1/V, where “velocity” V is the square root of the energy E. In this case,
we may approximate the cross section between grid points Ex and Ey+1 by

J(E):—3+b , (V BL.6)
where a and b are given by
V. Vi,
a= _ V B1.7
V., -V, (9 ~004) ( )

and
b= Vit O =V 0

: (V B1.8)
Vk+1 _Vk

in which we have set

O-k:O-(Ek) ) O_k+l:O-(Ek+l) , Vk:\/Ek , and Vk+l:\/Ek+1 . (VB19)
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Inserting Egs. (V B1.6) and (V B1.2) into the expression (V B1.1) gives

Q'—.
I.I.I
N
“@

E)dE = j{ +b} {d+cE} dE = j{ }{d+cV}2VdV

2 [ {a+bV}{d+cv?}dv

Il
N
S

{d(a+bV)+c(av?+bv®)} dv (V B1.10)

d(av +%bV2)+c(%aV3+%bV4)]f

:d[Za(\/ﬁ—\/g)+b(ﬂ—aﬂ+C[§a(,6’3’2 —a3’2)+%b(ﬂ2 —az)} :

2

1

Replacing a and b with their values from Egs. (V B1.7) and (V B1.8) gives

V Vk+1

V -V,
q Zh(ak—dm)(\/z—\/a)ﬂ“ k+1 Fk+1 ~ Vi Ok (ﬂ—a)} (Vv B1.11)

Vk+l _Vk

2 Vk Vk+l

1V, 0., -V,0
el 2y ) () p A )|

which can be rearranged in terms of coefficients of o, as

¢ {2 (V) refe (977 )47 =)
(V B1.12)

a2 (VB e )+ (8] +of-3v, (5% -a**) 35" )]
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This is the form used in SAMMY to evaluate the integral, with the limit a given by either
o =E, = point on energy grid for the cross section or o. =E /= grid point for the flux generation.

Similarly g is either g =E, ,, or f=E/

j+1°

At higher energies, the cross section is no longer 1/V. In this case, the cross section
between grid points is assumed to be of the form
o(E)=a+bE , (V B1.13)
where a and b are given by

_ Ev.io—E o

a= (V B1.14)
Ek+1 - Ek
O, — 0,

and b= M . (V B1.15)
Ek+1 B Ek

Substituting Egs. (V B1.13) and (V BLl.2) into the expression for the integral in
Eq. (V B1.1) gives

o(E)p(E)dE

{a+bE}{d+cE} dE

R

2
{ad +acE +bdE +bcE } dE (V B1.16)

Il
R ™ Ry

adE +1(ac+bd)E? +%bcE3}Z
d(f-a)+i(ac+bd)(p*-a’)+ibc(B°-a®) .

I
o)

Inserting the expressions for a and b from Egs. (V B1.14) and (V B1.15) gives

o(E) p(E) dE =

R

E.i0 —EOvs

Ek+1 - Ek

[d(ﬂ—a)+%c(,b’2—a2)] (V B1.17)

Ok~ 0, p 2\ 1 3 3
g (-poselr )]
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Reorganizing gives coefficients of o, :

(a[Es (=)= 38" -+ c[1En( -a?)-3(° - ") ]

X
Ek+l - Ek

(V B1.18)
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V.C. AVERAGING THE CROSS SECTIONS

Once the SAMMY analysis is completed, the analyst may wish to average the theoretical
curves produced by SAMMY over an energy range (or ranges) in order to more directly compare
results with those from other experiments or analyses. Alternatively, the analyst may wish to
produce multi-group cross sections plus covariance matrix for use in further calculations.

Three options are available in SAMMY for averaging the cross section:

The original option uses an energy or time average and treats the quantity to be averaged as a
histogram. Hence it is useful for averaging experimental data that have been binned into channels
but is not so useful for accurate averaging of theoretical cross sections. See|Section V.C.1[for details
on this option.

The second option uses the Bondarenkq [IB64] narrow-resonance scheme for weighting the
cross section. Sophisticated integration techniques are used to accurately and rapidly calculate the
averages. | See Section V.C.2| for details.

The third is an unweighted energy average similar to the first option but uses the same
techniques to evaluate the integrals as are used in the Bondarenko option; see|Section V.C.3.

In all cases, uncertainties are propagated through the entire procedure. Uncertainties and
correlation matrix are printed for the multi-group cross sections.

To ensure accurate uncertainties for the multi-group cross sections, it may be necessary to
eliminate the cutoff for non-s-wave resonances (Section 11.D.1.b). This isaccomplished by inserting

the command
USE NO CUTOFFS FOR Derivatives or cross sections

into the INPut file.
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V.C.1. Energy- or Time-Weighted Averages for Experimental Data

SAMMY’s energy-averaged or time-averaged cross section is an average over a specific
energy range or time-of-flight range, with no additional weighting. The implementation of this
option assumes that the unaveraged cross section has already been “binned,” as would occur
during the data-collection process. Hence, this option cannot be used for accurate calculation of
averaged theoretical cross sections.

The energy-averaged cross section is of the form

Emax
azré-j o(E') dE" | (VCL.1)

Emin

with the normalization N given by

Emax
N = J' dE' = Emax—Emin . (VC1.2)

Emin

Similarly, the time-averaged cross section has the form

5=iTa¢a»m', (VCL3)

tmin

with the normalization N given by

tmax
N = J. dt' = tmax—tmin . (VCl.4)

tmin

In practice the integrals in Egs. (V C1.1) through (V C1.4) are replaced by sums over discrete

intervals of the form
Imax
o =% oA (V C15)
Imin

N is given by the same formula with the o, term omitted inside the summation.

For energy averaging, the A, are given by
A = %[Em - Ei—l] : (V CL.6)

this is equivalent to assuming that the channel endpoints are exactly halfway between the
energies specified as channel energy.
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For time-average cross sections, the A, are given by the difference between the time at

the end of a channel and the time at the beginning. This assumes that the specified experimental
energies are stated at the center of the channel, that is, that the time associated with channel i is

2
= ML (V CL7)
2 E,
and A;is given by
A, :%[tm—t”] . (V C1.8)

In both cases described above, corrections are made to ensure that the range included in
the summation does not extend beyond the minimum and maximum energies, which are not
likely to be channel boundaries. Note that neither of these approximations is exactly correct
when compared to the experimental situation, since the endpoints of the time-of-flight channels
are estimated based on center-time information. A more correct procedure would be to use the
exact information from the experimental time-of-flight channels; unfortunately such information
is not available to the analysis.

To determine the uncertainties associated with &, we consider a small increment in &,
which can be written as

ZZ 'A§u , (V CL.9)

where u; are the u-parameters (see Section IV.C). Squaring this quantity and taking expectation
values give the variance on & as

Var (&)= ((65 > ZZZ a“ a" A A (Sudup) L (VCLI0)

Note that the quantity <5uj ou;. > is just the parameter covariance matrix M which is known

it
from the earlier analysis. The partial derivatives in Eq. (V C1.10) are readily evaluated within
SAMMY, and the A, are known. Thus, the uncertainty on the average cross section & may be

found directly from this equation.

The input needed to use this option is described in |Section VI.F.1.| Examples are given in
test cases tr014 and tr075.

Section V.C.1, page 2 (R7) Page 296



Section V.C.2, page 1 (R7) Page 297

V.C.2. Bondarenko-Weighted Averages

The general definition of the flux-weighted multigroup cross section is

EL

G, = jax(E)cD(E)dE/ [®(E)dE | (V C2.1)
El

in which subscript x indicates the particular type of cross section (e.g. capture, fission, total).
(Superscript g on the energy limits is used to distinguish these energies from the energies E; of
the experimental grid.) The flux ®(E) is the energy-dependent neutron flux. Since this flux is
not known, the Bondarenko narrow-resonance scheme|[IB64]|is often used. This scheme is

defined as
Ef EJ
i+1 E C E i+l C E
G, = J' MdE J' (7)(15 , (V C2.2)
& O'tm(E)+0'0 & O'tot(E)+O'0
in which o, is the total cross section, o, is an energy-independent constant, and C(E) is a

smooth function of energy. Currently in SAMMY, C(E) may be expressed as a piece-wise linear
function of energy; see[Section VI.F.1|for input options.

(The limit in which C is constant and o, is effectively infinite, while it has little practical
application, may be useful for comparison purpose. This limit may be written as

3 23
G, = jaX(E)dE/ [dE (V C2.3)
E?

E?

this is the form discussed in 5ection V.C.3|as the “unweighted energy average” option. While a
large value of o, and constant C can be used with the Bondarenko option to calculate this

quantity, that method is highly inefficient. Instead, it is recommended that the option described
in Section V.C.3 be used.)

Evaluation of the integrals in Egq. (V C2.2) is performed in similar manner to that
described in for numerical integration of the Doppler and resolution-broadening
functions. However, unlike the integrations needed for those operations, here the integrand does
not approach zero at the end points. The integration scheme is therefore modified at the end
points to use the exact limit.

In addition to the calculating the multigroup cross sections, it is also necessary to
generate the associated covariance matrix. This is accomplished by first taking small increments

56,=, au“ su, (V C2.4)
k

k
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where u represents the resonance parameters. The covariance matrix is then found by taking
expectation values

05, ; 05, |
Cory = (05,05, ) =3 S5 (su, 5u,) XL
’ e Ou, ou,.
(V C2.5)
05, 05, |
&Heu, M au,
in which
M. ={(du, su,.) (V C2.6)

is the (known) covariance matrix for the resonance parameters.

Derivatives of the multigroup cross sections with respect to the resonance parameters are
found using the chain rule, in the usual fashion.

Input needed to generate Bondarenko-weighted averages (multigroup cross sections) and
the associated covariance matrix using SAMMY is described in|(Section VI.F.1 of this document.
Examples are given in test cases tr083 and tr085; included in these examples are validity tests
where the Bondarenko scheme of Eq. (V C2.2) is used to mimic the energy-average scheme of
and the unweighted average of |Section V.C.3.|
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V.C.3. Unweighted Energy Average

The unweighted energy average is defined as

Exyi:Tax(E)dE / TdE | (v C3.1)

E?

This form is mathematically equivalent to the limit of[Eq. (V C2.2} in which C is constant and o ¢
is effectively infinite. However, it would be highly inefficient to use Eq. (V C2.1) to calculate
Eq. (V C3.1), because in the Bondarenko method, (a) the total cross section (as well as the cross
section of interest) must be computed and (b) not only the numerator but also the denominator
requires numerical integration. Hence, the unweighted energy average is calculated via a
separate implementation in SAMMY .

The multigroup covariance matrix is calculated in the same fashion as described in
Section V.C.2 for the Bondarenko averaging scheme.

Input details are presented in|Section VI.F.1. | For examples, see test cases tr071, tr085,
and tr146.

Section V.C.3, page 1 (R7) Page 299






Section V.D, page 1 (R5) Page 301

V.D. STELLAR-AVERAGED CAPTURE CROSS SECTIONS

Stellar-averaged capture cross sections* may be generated for nuclear astrophysics
applications. These are similar to the Maxwellian average used in reactor applications (see
Section V.B/on Integral Quantities) but defined in a somewhat different fashion. They are obtained

rom the stellar reaction rate formula [KW84],

((E)VE), =[O (E)VEW (EKT)dE (VD.1)
0
where W(E,KT) is the Maxwellian weighting factor
—-E/KT
W(E,kT):Z‘/E—e2 , (VD.2)
J7 (KT)

and the capture cross section ocapre 1S generated from the resolved resonance parameters. The
integration is performed numerically in SAMMY, using techniques similar to those described in

Section Il1.Alfor the broadening integrals.

Energies in the above equations are center of mass. The cross sections generated from
resonance parameters are, however, expressed in terms of laboratory energy. The conversion from
center of mass to laboratory is

M
E —

=—=E_ |, V D.3
m+M lab ( )

where m is the mass of the incident neutron and M is the mass of the target nucleus. The integration
variable is changed from E to E;,, before the integral is evaluated.

The numerical integration technique is used to evaluate Eq. (V D.1) instead of the analytical
approximation which may be more familiar to nuclear astrophysicists, because the assumptions
underlying the analytical approximation are not always valid (see below). SAMMY does, however,
calculate and print the approximate value in addition to the numerical result and provides a
comparison between the two. (In addition to printing these in the LPT file output, SAMMY also
generates an output file SAM16.DAT which contains only the table of stellar averages.)

The assumptions under which the analytical approximation is derived are the following: (1)
The function e ®*" is constant across the width of a resonance. (2) The neutron width I'y; is
constant across the width of a resonance. (3) The multilevel Breit-Wigner approximation provides
an adequate description for the cross section. (4) The lower-energy limit may be extended from 0 to
negative infinity. Under these assumptions, the Maxwellian average has the approximate value

* Only the resolved resonance parameters, not the unresolved, are used in the calculation of Eq. (V D.1). However,
point-wise cross sections from ENDF File 3 may be added, as described at the end of this section.
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(o(@)E) s 2 (L | e mr 2l
(V D.4)

+ thermal o

kT capture (Ethermal ) ’

where the summation includes only those resonances that have positive energies, and the “thermal”
energy is somewhat arbitrarily taken to be the lowest energy for which the differential cross sections
are calculated. [This is sufficient, since results are the same so long as the energy is low enough that

the energy-dependence is 1/V (i.e., 1/\/E).]

To generate Maxwellian averages [both the numerically integrated values of Eq. (V D.1) and
the analytic approximation values of Eq. (V D.4)], include a line in the INPut file specifying one of
the following two statements; note that these are treated identically within SAMMY :

MAXWELLI AN AVERAGED capture cross sections are wanted
STELLAR AVERAGED CAPture cross sections are wanted

It is also necessary to provide an additional input file, the MXW file, containing values for the
temperatures at which the calculation is to be performed. See Section VI1.F.4| for details.

There are several options in SAMMY for specifying the energy grid on which the numerical
integration of Eg. (V D.1) will take place. Because the precision with which the results are
calculated may depend upon the method chosen, the user is encouraged to try different options to
ensure that the desired accuracy is achieved. The first option is to use an experimental (i.e., user-
provided) grid. A better alternative is to begin with the experimental grid, but the user should also
specify

BROADENI NG | S WANTED
and give values for at least one broadening parameter. (This might be considered the “default,”
since this is what would apply if stellar averages were requested but no other thought was given to
the specifics.) If the Doppler temperature is specified, it is used only to calculate an energy grid; the
cross sections in the Maxwellian average are of course evaluated at zero temperature.

The purpose of specifying that broadening is wanted is to force SAMMY to choose a
sufficiently dense auxiliary grid (see Section I11.A) to properly describe the structure in the cross
section, and thus to ensure accurate integration. Additionally the user may wish to request extra
points added between experimental points (see variable NXTRA in[card set 2 of the INPut file,
Table VI A.1).

Two other options permit SAMMY to choose the energy grid automatically. The first uses
the (NJOY) reconstruct option via the command
RECONSTRUCT CROSS SEction from resonance paraneters
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(This command can be used only with the Reich-Moore approximation.) The other option (which
can be used also with Breit-Wigner) begins with a uniformly spaced grid, then adds points as needed
to describe the structure. This option is invoked with the command

ARTI FI Cl AL ENERGY GRid i s needed

The number of energy points in the initial (uniformly spaced) grid is given by variable NEPNTS on
card set 2 in the INPut file (Table VI A.1).

In all cases, the user specifies EMIN and EMAX as limits for the differential data. Within
those energy limits, SAMMY will generate the capture cross section on the chosen energy grid and
use those data points for the numerical integration process. External to those limits (i.e., below
EMIN and above EMAX), SAMMY will extrapolate in an appropriate fashion in order to reach the
integration limits (0 to infinity). SAMMY will issue warnings if the limits seem too confining (i.e.,
if the integrand does not approach zero at high energy).

Estimates of the covariance matrix for the stellar-averaged capture cross section may be
found by using default specifications for solving Bayes' equations (i.e., by not specifying

DO NOT SOLVE BAYES EQUATI ONS

in the INPut file) and assigning uncertainties (and possibly correlations) to the flagged parameters.
Those uncertainties will then be propagated through the averaging process, and the covariance
matrix for the stellar-averaged capture cross section will be generated. Caveat: Only those
uncertainties included, either implicitly or explicitly, on the flagged parameters will contribute to the
uncertainties on the averages. This may result in an underestimation of the uncertainties on the
averages, since not all resonance parameter uncertainties can be included.

Often it is important to include values for the capture cross section at higher energies than
those described by the resolved resonance parameters (i.e., in the unresolved resonance region).
Currently the only way to accomplish this within SAMMY is to present this data as an ENDF file
and include the phrase

ADD CROSS SECTIONS Fromendf/b file 3

in the INPut file. SAMMY will ask for the name of this file immediately following the name of the
MXW file. For the numerical integration results, the File-3 values are added directly to the
resonance cross section before integration; in this case, the differential data are still extrapolated to
zero, but the extrapolation beyond EMAX is based on the File-3 values. For the analytic
approximation, the File-3 cross sections are integrated (numerically) separately and the results
reported both separately and summed with the approximation results.

Test case tr051 contains examples of the various options described above.
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V.E. PSEUDO CROSS SECTIONS FOR TESTING

Itis possible to generate a fictitious theoretical “cross section” that exhibits constant, linear,
delta-function, or 1/V (inverse velocity) behavior. These pseudo cross sections are useful for testing
the effect of resolution functions or Doppler broadening.

To invoke these functions, in the INPut file, in the location where you would normally
provide the data type (“transmission”, “capture”, “differential elastic”, etc.), give one of the
following phrases:

CONSTANT
LI NEAR
QUADRATI C
DI RAC

1/ V

SAMMY will then calculate, instead of the Reich-Moore cross section, the following:

a constant cross section [everywhere equal to 1]

a linear-in-energy cross section [=1 at Emin, 2 at Emax, but see below]

a quadratic-in-energy cross section [=1 at Emin, 2 at Emid=(Emin+Emax)/2, 1 at Emax]
an approximation to the Dirac delta function [= 0 everywhere except 1 at Emid]

a 1/V cross section [whereV = JE with E = Energy]

In the output plot file (SAMMY.ODF or SAMMY .PLT , as described in Section VII.C|of
this document), the pseudo cross section is stored in section 2 (which would normally contain the
experimental data). Section 4 contains the “corrected” cross sections that have been Doppler or
resolution broadened, normalized, or otherwise corrected as specified in the user’s INPut and
PARameter file.

Along with these pseudo cross sections, it is often useful to have SAMMY choose an energy
grid according to certain well-defined specifications (such as uniform in energy or uniform in flight
time). To invoke these options, include one of the following lines in the alphanumeric command
section of the INPut file:

UNI FORM ENERGY GRI D
UNI FORM VELOCI TY GRI d
UNI FORM TI ME GRI D

In the first case, the code will provide an “experimental” energy grid that is equally spaced in
energy E. The default number of points in this grid is 1001, though you may overwrite this number
by specifying NEPNTS in| columns 41 to 45 of line 2 of the INPut file.

For the uniform velocity grid, SAMMY uses 1001 points equally spaced in V = JE ; forthe
uniform time grid there will be 1001 points equally spaced inT =1/\/E (which is proportional to
time of flight t). Again, NEPNTS can be specified if you wish a different number of points.
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(Note that, for the SAMMY run, you must include a name for a data file, but the file does not
need to exist; it will be ignored.)

When using a fictitious cross section with a uniform grid (in energy, velocity, or time),
SAMMY assumes that you want the LINEAR or QUADRATIC or whatever cross section to be
LINEAR or QUADRATIC , etc., in the variable in which the grid is given. That is, if you specify
for a example a “UNIFORM TIME GRID” and ask for QUADRATIC cross section, it will be

quadratic in the time variable (in T =1V =1/vE ).
See test case tr115 for examples of these features.

[CAVEAT: While using the DIRAC delta function option with only resolution broadening,
the calculated curve in section 4 of the SAMMY.ODF or SAMMY .PLT file will closely resemble
the resolution function. The user should, however, be aware that it is NOT the resolution function.
If the resolution function has discontinuities (as, for example, a square function in time whose width
changes abruptly at a certain energy between Emin and Emax), those discontinuities will manifest
themselves as odd shapes in the calculated curve.]
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V.F. SUMMED STRENGTH FUNCTION

The summed strength function, as defined by Mughabghab|[SMO06]|for incident neutrons
and converted to SAMMY notation, is

S () - GrsaE 2E A V)

29,
" (2+1)AE, ;‘ \/_7‘n

Only the first elastic (neutron) channel ¢ =n is considered here. The summation is over all
resonances of the one or two particular spin groups (where A is the total number of such resonances)
in an energy interval AE,. The convention for AE,, taken from is that AE is the energy
difference between the first and last resonances, plus one average spacing between resonances, that
is,

AE, = (E\-E)+——(E\-E) = ——(E,-E) . (VF.2)

To calculate S(1) through S(N)), for resonances within a specified energy range in one or

two spin groups (for which the first elastic channels must have the same value of 1), include the
following command ir| card set § of the INPut file:

SUMVED STRENGTH FUNCtion is wanted

In the interactive input, immediately following the name of the PARameter file, give the name of the
COVariance file. Onthe next line, give two spin group numbers (the second of which can be zero if
only one is required) and the energy range (minimum and maximum energies) for which you want
the summed strength function to be calculated, in free format. Subsequent lines may contain the
same information for other combinations of spin groups and energy ranges, if desired. See test case
tr019, run h, for examples.

[There are two differences here from the usual SAMMY input: (1) No DATa file is needed,
and no dummy name should be supplied. (2) This option works ONLY when a previous SAMMY
run has generated a SAMMY.COV file.]

For each input line, SAMMY will calculate S (A)for A=1to N, where N is the total number

of resonances in the energy interval specified. SAMMY will also calculate the uncertainties for each
S(A), and the covariance matrix for the set of S(A). See test case tr019, run h.
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INPUT TO SAMMY

Page 309

Input to SAMMY consists of three or more files, which may be user generated or
(sometimes) produced by earlier SAMMY runs. These files are summarized in Table VI.1 and
described in detail in the sections listed in the table. Test case numbers (see [Section XII.B) are
given for those files that are infrequently used.

Table VI.1. SAMMY input files

Section(s) /
table(s) Test case
containing using this
Description Contents details file
Interactive input Interactive input to SAMMY (file | Section VI.E |
names, energy ranges)
INPut file Details about the interaction being Section VILA
studied, including SAMMY control | Tables VI A.1|
information and VI A.2
PARameter file Initial values for resonance and other Section VI.B
parameters, flags defining which are to able VI B.2
be varied, uncertainty information
DATa file Experimental data, including energy, Section
cross section (or transmission, for VI.C.1
example), and uncertainty Table VI C1.1
COVariance file Covariance matrix for the parameters Section VIIL.B
as output by an earlier SAMMY run
DCV (Data Covariance information for the data Section tr007,
CoVariance) VI.C.2 tr118
IDC (Implicit Data  Information on data-reduction Section tr070
Covariance) for parameters to be used to generate VI.C.3.c
normalization and implicit data covariance matrix
backgrounds only
IDC (User Information on data-reduction Section tr118
supplied) parameters to be used to generate VI1.C.3.b tr140 (*.dcv)
implicit data covariance matrix
NTG file Integral data file [Section VI.D | r069, tr077
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Table VI.1 (continued)
Section(s) /
table(s) Test case
containing using this
Description Contents details file

AVG file or BON
file

ENDF resonance
parameter file

YWY file

Information needed by SAMMY in
order to produce energy-averaged or
Bondarenko-averaged cross sections

Information needed by SAMMY in
order

to generate an output file in ENDF-6
File 2 format

File 2 from ENDF, to be used instead
of the usual SAMMY PARameter file
(and for part of the SAMMY INPut
file)

Smooth cross sections to be added to
the cross section calculated from
resonance parameters, for use in
calculating the stellar (Maxwellian)
averages

Temperatures at which the stellar
(Maxwellian) averages are to be
evaluated

Edge-effects corrections to single-
scattering correction for capture cross
sections (file is generated by a previous
SAMMY run)

Input information for unresolved
resonance region

W and Y matrices from a single data
set, when analyzing several data sets
simultaneously, e.g., for creating a
retroactive parameter covariance matrix
(files are generated by previous
SAMMY runs)

Section VI.F.1

Sections V.D
and

Sections
IV.E.1land

tr014, tr083,
tr084, tr085

tr049, tr050,
tr086, tr091,
tr102, tr129

tr042, tr049,
tr051

tr039 and
many others

tr082, tr089,
tr131, tr149
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VI.A. THE INPut FILE

SAMMY’s INPut file contains essentially three types of information. The first is a set of
command statements that define the particular case to be run; these are discussed in detail in
ISection VI.A.1.| The second type consists of spin group and channel definitions, and the third is
miscellaneous other information. ives details about the second and third types.

Information in the INPut file is categorized into “card sets.” One or more lines of input are
included in each card set. The categories are described here, and details are given in|Table VI A.1.

Card set 1| of the table contains a title, which is reproduced in the output LPT file (see
Section VII.A} but is otherwise unused.

contains miscellaneous information, including the mass of the sample, the energy
range, and a flag to indicate how many iterations of Bayes’ equations are to be run. Some of the
information given here may also be input elsewhere, in which case, values given here are ignored.

Card set 3]contains the command statements; see|Section VI.A.1| for details.

Card set 4 contains particle-pair definitions, an alternative method of providing information
(masses, spins and parities, charges, threshold values) for the two particles in the channel, in key-
word format. This is the preferred format.

Card set 4a [contains the same information as in card set 4, but in fixed format.

Card set 4.5|exists only if the command “PLOT RESOLUTI ON FUNCt i on” is given in
card set 3.

Card sets 5 and |6—bescribe the original input for the Doppler- and resolution-broadening

functions (see Bections I11 B.1 and TIT C.1). (See alsd card set P4))

gives the matching radius for the R-matrix formalism, sample thickness, and
various other parameters. Values for many of these parameters may, however, be superseded by
values specified in the PARameter filemyor elsewhere in the INPut fild (card set P4).

Card set 8 gpecifies the type of data to be analyzed (e.g., capture cross section, transmission).
When the data are angular distributions, angles are also specified here.

Card set 9 was originally used to specify the spin and parity of the nucleus in the sample.
For Version M6 and subsequent versions, this card is no longer required and should be removed
from INPut files. Currently, this card set will be ignored if it exists in the INPut file; however,
future versions of SAMMY may require that this line be removed.

Card set 10 had previously been used to describe the quantum numbers for the various spin

groups. For Version M6 and subsequent versions, the original format is deemed to be obsolete and
is no longer supported. Users should convert their INPut files to use either the “NEW SPIN GROUP
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FORMAT” (previously called “Alternative to card set 10” and now denoted [‘card set 10.1” in
Table VIA.1) or the new [‘card set 10.2,’] which makes use of the particle-pair definitions given in

or[4a] In either case, SAMMY provides assistance in converting the INPut files; users can
simply begin a SAMMY run using the obsolete INPut file and follow the instructions on the screen.

Card set 11]is needed only when analyzing capture cross sections using self-shielding and
multiple-scattering corrections, or when analyzing transmission data with a non-uniform sample.
Dimensions of the sample, plus interpolation and integration parameters, are specified in this card
set.

Finally, many of the parameter types that are normally given in the PARameter file (see
Table VI B.2)[may now be given in th¢ INPut file instead. This is convenient, for example, when an

evaluation involves data from many different experiments, in which case the same resonance
parameters but different measurement-specific parameters are needed for each data set. Caution:
Parameters that are specified in the INPut file cannot be varied; any flags equal to 1 will be ignored
here. The parameters can, however, be PUP’d (see [Section IV.D.2 for a discussion of the
Propagated Uncertainty Parameter option). Flags equal to 3 will be understood in both the INPut
and the PARameter files. Note that each of these card sets can occur in at most one of the two files;
SAMMY will abort with an error message if the same card set is found in both files.
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Table VI A.1. Format of the INPut File

Comment 1: Numbers in the first column (labeled “C:L”) represent the card set number (before
the colon) and the line number within that card set (after the colon).

Comment 2:

(columns) within the line.

Numbers in the second column (labeled *“P,T”) indicate position number
Letters indicate format type:

integer format (“I”,

which implies a number without a decimal point and requires that the number be
in the right-most columns), real format (“F”, which requires a number with a
decimal point), or alphanumeric (“A”, which can be numbers or letters or

symbols).
Variable

cL PT name Meaning (units) Notes
1:1 11-80,A TITLE
2:1 1-10,A ELMNT Sample element’s name

11-20, F :AW Atomic weight (amu)

21-30, F 'EMIN  Minimum energy for this data These values for EMIN and

set (eV) EMAX will be ignored if values

31-40, F EMAX Maximum energy (eV)

1. See for a

141-45,1 NEPNTS 1. Number of points to be

used in generating artificial
energy grid (default =
10001)

Maximum number of
points to be analyzed at one
time (default = 500).

Use of this option is
discouraged.

are given in the interactive input

discussion of the artificial
energy grid.

NEPNTS is the number of
data points to be included in
each region when “DIVIDE
DATA INTO REGions” is
specified in card set 3.

46-50,1 ITMAX Number of iterations

Section VLA, page 3

(default = 2)

Correlations smaller than this
value (divided by 100) are not
to be printed.

0<ICORR <100

Default =50

(R7)

Use a negative number for values
> 9; see Section IV.A.3|for
details.

ICORR is ignored unless the
phrase “DO NOT PRINT
SMALL Correlation
coefficients” occurs in card set 3.
ICORR relates only to what is
printed in SAMMY .LPT, not to

what is used in calculations.

Page 313



Section VLA, page 4

(R7)

Table VI A.1 (continued)
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Variable
cL PT  name Meaning (units) Notes
2:1, 53-55,1 NXTRA Number of extra points to  The minimum number of points
cont. be added between each pair in the auxiliary grid is
of data points for auxiliary (NXTRA+1) x NDAT,
energy grid where NDAT is the number of
points in the data grid.
0<NXTRA <999
Default=0
56-57, | IPTDOP Number of points to be See Section I11.A.2]
added to auxiliary energy Default =9
grid across small range is 1 < IPTDOP <21
_resonances
59-60, | IPTWID Determlnes the number of Default =5
points to be added to
auxiliary grid in tails of
smaII resonances
61-70, | IXXCHN 1 Number of energy 1 When reading experimental
channels in ODF-type data from an ODF file (as
data file to be ignored discussed in bection VI.C.lj,
usually the first data point is
in channel 1. Tostartata
later channel, set IXXCHN
equal to the number of
channels to be skipped.
2. When MATNUM
(below) is not zero, 2. This option is almost never
then IXXCHN = ZA used. See[Section IX for
for use in an output more appropriate input for
ENDF file creating ENDF files.
71-72,1 NDIGIT  Number of digits for See [Section VI1.E|for details.
_compact format for

_covariance matrix
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Table VI A.1 (continued)

Page 315

Variable
cL PT  name Meaning (units) _ Notes
2:1, |73-74,1 |IDROPP | The input resonance- Value: 1t0 99; default=2
cont. parameter covariance
matrix will be modified This variable is ignored unless
before being used in the the phrase “DROP SNVALL
fitting procedure. VALUES OF correl ation
Correlations smaller than mat ri X occurs in the
this % will be set to zero. command section of the INPut
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, file (card set3).
75-80,1 MATNUM ENDF Material Number This value is almost never used.
See|Section IX for more
appropriate input for creating
ENDF files.
3:?  [1-20, A |WHAT Alphanumeric information | See[Table VI Al.2 for a listing of
concerning program valid commands.
_________________________________________ OPUONS. e e
3:Last (blank)
Section VLA, page 5 (R7) Page 315
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Table VI A.1 (continued)

C:L

Notes

4:?

This card set is present only when the phrase “KEY WORD PARTICLE PAiTr
definitions_are given” occurs infcard set 3|above. The same information is
given here as in, but here the format is not in columns. Instead, SAMMY’s
key-word format is used: The key word is printed, followed by an equal sign, followed by
the value of the parameter. Spaces before or after the equal sign are optional.

For each key word, characters given in CAPs are required, and those in lowercase are
optional. Either caps or lowercase may be used in the INPut file.

The information for a particle pair begins with the NAme key word and terminates either
with another NAme key word (for another particle pair) or with a blank line. As many
parameters as desired may be on a line (separated by either commas or blanks); spacing on
the line is arbitrary. For each particle pair, any number of lines can be used.

Valid key words are as follows. Values that are zero need not be explicitly specified.

Name Equal sign must be followed by a unique eight-character
name for this particle pair

“Particle A’or An arbitrary eight-character name for this particle.

LlPA!’
SAMMY recognizes a few special types, for which it will

automatically set the mass, charge, spin, and parity. These
values do not need to be given in the INPut file; values that
are given in the INPut file override the default values for
these particles.

The recognized particle types are listed below. Characters
in caps (and the digit “3”) are required; alternatively, use
the first character followed immediately by a space.

“NEUt ron” or “N ” = neutron
“PRO:ron”or “P ” =>» protron
“DEUt er on” or “D = deuteron
“ALPha” or “A ”  =» alpha particle
“HE3” or “H ” => helium 3
“TRIton” or“T”  =» triton

When this particle pair occurs in an incident channel,
particle A is assumed to be the incident particle rather than

the target particle.
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Table VI A.1 (continued)

C:L

Notes

4:7,
cont.

“Particle B”or
LlPB!’

“Q val ue” or
“THr eshol d”

“EFf ecti ve
r adi us” or “RE”

§When this particle pair occurs in an incident channel,
particle B is the target particle.

[Mass of particle A, in amu

Fmmmmmmm e e e e oo

Mass of particle B, in amu

!Parity of particle A; needed only if the spin of particle A is
zero and the parity is negative

=Parity of particle B; needed only if the spin of particle B is
zero and the parity is negative

Note: If the Q-value is given, it is implicitly assumed to be
in the center-of-mass system. If, instead, the excitation
energy (threshold energy) is given, it is assumed to be in
the laboratory unless overridden with one of the commands

“CM NON COULOVB EXCl Tati on”
or
“CM COULOVB EXCl TATI On”.

Channel radii may be given here if they are appropriate for
all channels in which this particle pair appears. However, if
channel radii are given in card set 7 or 7a of the parameter
file, the values given here are ignored.

4:] ast

(end this card set with one blank line)
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Table VI A.1 (continued)

Variable
cL PT name Meaning (units) Notes

4a:1° 1- 8, A NAMPP Alphanumeric name for this : This card set is present only when the
particle pair command “PARTI CLE- PAI R
DEFI NI tions are used”

occurs infcard set 3|above.

9-10, A :Aa Type of particle for first For special particle types, charge,
particle in pair (incident mass, spin, and parity do not need to
particle, if appropriate) be given in the INPut file. These types

include “ n”,“ p”, “de”, “he”,
“h3", “tr”, and “al ”.

11-12, Ab Type of particle for second ditto

A particle in pair

13-15,1 i Za Charge number for first (not needed if one of the special
particle particle types is used, or if the other

16-18,1 'Zb Charge number for second ~ Particle is a neutron, or if this is a
particle fission pair)

19, 1 Lpent :1 to calculate penetrabilities  (required)
0 if penetrability = 1

20, | Ishift 1 to calculate shift (required)

__________________________ 0fS-B=00
21-25,F Sa Spinand parity for P1 (not needed if one of the special

26-30, F Sb Spin and parity for P2 ‘particle types is used, or if this is a
O S fission pair)

51-60, F :EXx Excitation energy (eV) Asssumed to be defined in the

(Zero for ground state) laboratory system. Override with
card-set 3 commands

“CM NON CouLOvB

EXCl Tati on”

or “CM COULOVB EXClI TATI On”.

61-70, F :Re Effective radius for These are the “default” values, but

channels of this particle pair  they may be overwritten for some
________________________ (fermi) ____|chamnels.
71-80, F :Rt True radius for for channels

of this particle pair (fermi)

4a: Last  (end this card set with a blank line)
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Page 319

Table VI A.1 (continued)

~ Variable

C:L P, T name Meaning (units) Notes

45:1 1-10,F ERESOL :Energies at which to This card set is present only if “PLOT
11-20, F plot the resolution RESOLUTI ON FUNCtion” is specified
function in card set 3.
71-80, F

See| Section X.L [for details.
Section VILA, page 9 (R7)
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Page 320

~ Variable
cL PT name Meaning (units) Notes
5:1 ' 1-10,F : TEMP Effective temperature of the This card set is omitted when
sample (K); zero for no Doppler “BROADENI NG | S NOT
broadening. This value may be WAnted” is specified in
overwritten in PARameter card set 3. (SAMMY will
S [Card set 4(see Table VIB.2).  abort if this rule not followed.)
11-20,F DIST ___ Flight-pathlength (m) |
21-30, F | DELTAL : That portion of the Gaussian Value may be overwritten in
resolution width attributed to the PARameter(see
i Mightpathlength(m). _______TableViB2). ]
31-40, F DELTAE E-folding width of exponential See {Section I11.C.1.b, If the
resolution function (us); line “EXPONENTI AL
(0 for pure Gaussian resolution FOLDI NGwidth is energy-
function). dependent” is specified in card
This value may be overwritten in  $et3 0f the INPut file, then see
PARameter|card set 4(see Table  £Q-(LLLCLb.6)/for details of
VI B.2) the energy dependence.
41-50, F DELTAG The absolute value of DELTAG See Section I11.C.1.a,
is the FWHM (us) of a Gaussian  Egs. (111 C1 a.13) and
resolution function representing (1M Cla.15). If DELTAG is
the burst width. (DELTAG =0 negative, channel widths are
for a purely exponential given in card set 6.
.. [Tesolutionfunction) .
51-60, F DELTTT | Approximate step size for the See[Section 111.B.2]
Effective Temperature for the
Leal-Hwang method of Doppler If DELTTT < 0.0, an error
broadening (K). message will be printed and the
. Value>0;default=50 code will cease operation.
The energy below which no Default = 0.0

161-70,F

ELOWBR

_broadening is wanted, for high-
_energy Gaussian approximation
éto Doppler broadening (eV)

771 80, F DDDEEE Range for straight-line energy

average resolution function (eV)

See|Sect|on 1.C. 4|
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Table VI A.1 (continued)

Page 321

Variable
CL PT  name Meaning (units) _ Notes
6:1 1-10, F DELTAB  Minimum channel width for “This card set is included
interval from EMIN to EMAX only if DELTAG <0 in
SO DU | (L) U | cardsetS.
11-15,1 NCF Number of crunch boundaries
(energy intervals)
6:2 © 1-10,F (BCF(I), BCF(I1) = maximum energy for The value of At to be used
11-20, F CK(I), this crunch factor (read in order of in the energy range
etc. I=1,NCF) :increasing energy) (eV) BCF(I-1) < E < BCK(l)
is CF(1)xDELTAB.
CF(I) = crunch factors (integer
units of DELTAB) See|Eqg. (111 C1 a.9)|and the
following.
7:1 1 1-10,F CRFN Channel radius (fermi) Value may be overwritten
in[card set 4Jor 7of the
If CRFN is input as zero, its value ~ PARameter file (see Table
Is computed as VI B.2).
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1.45x (1.008665 +AW)1/3. |
11-20,F THICK Sample thickness (atoms/barn) Needed only for
TRANSmMission or for
TOTAL cross section or
for multiple-scattering
_________________________________________________________________________________ corrections.
21-30,F DCOVA or :DCOVA = Constant term in data Data covariance matrix has
_________________ ERRXC2 __covariance (default=00) _ additional term of the form
31-40,F DCOVBor DCOVB = Linear term in data (DCOVA + Ei x DCOVB)
SIGMIN  covariance (default = 0.0) X _
(DCOVA + Ej x DCOVB).
For a description of ERRXC2 and )
SIGMIN, see[Section V.A bn Usually these terms will be
reconstructing point-wise cross set to zero.
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, sections.
41-50,F VMIN 'Minimum absolute uncertainty If an experimental

(standard deviation) on
experimental data

Often set to zero

uncertainty in the DATa
file is smaller than VMIN,
SAMMY will increase the

value to VMIN.
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Table VI A.1 (continued)

Page 322

- Variable
cL PT name Meaning (units) Notes
8:1 1-80,A CROSS Type of data, which must begin in first column on the line.

Section VILA, page 12

Only those characters in CAPITAL letters are required.

'TRANSHi ssi on

ELASTi c or
SCATTer i ng

Dl FFEr ent i AL
REacti on

REACTi on , or

| NELAst i c
scattering,or

FI SSi on

FINAL state pairs
PAIRS in final state

Use of transmission data rather
than total cross section data is
recommended; see [Section XIL.A |
for details.

These three data types produce the
same computation, unless further
information is given. For details
regarding the use of individual

.ﬁi‘ion types, see Section
. See also|card set 10.1:2|

and|10.2:2 | parameter IFEXCL.

Using one of these two options is
the preferred means of indicating
the reaction data type. The equal
sign must be followed by the
names (from[card set 4] or [4a)] of
the particle pairs to be included in
the final state.

Section I11E.6

Gabsorption = Gfission + Gcapture

COMBI nat i on
CONSTant

LI NEAr

QUADRat i ¢

DI RAC delta function
1/V

Defined as
Teapure)

71 = O'fission /(Gﬁssion + capture

This option is no longer available.

ee for details on

ese pseudo cross section types.
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Table VI A.1 (continued)

cL P, T Variable name Meaning (units) | Notes
1 1 l ]
8:2 1-51 NANGLE  Numberofangles - This line and those following
11-20,F ANGLE(1) Firstangle, in laboratory; ~are presentonly for data
between 0 and 180 degrees types “DIFFErential elastic
R F———— f - Cross sections” or
21-30,F  ANGLE(2)  Second angle (degrees) “DIFFErentiAL REaction.”
77777777777777 - see Bection 11.B.1.4 for
71-80,F ' ANGLE(7)  Seventh angle details.
8:3  1-10,F éANGLE(S) Other angles, for a total of These lines are absent if
etc. 11-20,F %ANGLE(9) NANGLE NANGLE < 8.
I L L Y S
8:4 11-20,F DANGLE(1) Angular spread of detector at
o ANGLEQ)(degrees)
L DANGLE(7) [Spreadat ANGLE(7) | e,

8:6 | 1-10,F DANGLE(8) Spread at other angles, for a These lines are absent if
etc. 11-20,F DANGLE(9) total of NANGLE NANGLE < 8.

etc. etc.
9 This card set, which originally contained the spin of the target nuclide, is no longer

needed and should be removed from INPut files. The spin of the target nuclide is now
given either in card set 10.1 or in card set 4 or 4a.

Currently, SAMMY will ignore this card if it is present. However, that capability will not
necessarily be maintained in future releases of the code.

10

The original card set 10 is obsolete and must be replaced by either|card set 10.1 [or card
set To convert your old INPut files, begin a SAMMY run using that file; SAMMY
will generate a file INPUT.NEW containing card set 10.1.

Caution: Information in INPUT.NEW may not be entirely correct, as information in the
obsolete format can be misinterpreted. It is the user’s responsibility to ensure that the
conversion is correct.
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Table VI A.1 (continued)

Page 324

CiL

P, T

| Variable |

name

Meaning (units)

Notes

10.1: It is no longer necessary to have “USE NEW SPI N GROUP For mat ” in[card set 3 |n

1 order to use this alternative; card set 10.1 is now the default. The recommended version,
‘however, is|card set 10.2]in conjunction withlcard seftd]
131 4 Spingroupnumber:123,..
5 A EXCL Flag to exclude this spin group éblank = include

from calculation of cross X7 = exclude
e e SOOI
6-10,1 NENT(JJ) Number of entrance channels NENT + NEXT is the total
. (mustbe>0) number of particle channels for
11-15,1 'NEXT(3J) 'Number of exit channels, ‘this spin group.
excluding those that are also :
oo EnMrance channels (canbe zero)
16-20, F |SPINJ(JJ) |Integer or half-integer spin for Positive for even parity and
.l |resonancesingroupd) |negativeforodd
21-30, F . ABNDNC . Isotopic abundance for this gThese values may be over-
JJ) spin group ‘written in the PARameter file,
,,,,,,,,,,,,,
31-35, F SPINI Ground-state spin for the ' Integer or half-integer; positive
nuclide (i.e., for the target for even parity and negative for
particle) odd

10.1: 4-5,1 N Channel number One line is needed for each

2 SN R channel.
6-8, | KZ1(N,JJ)  Charge number Z1 for the first (blank if only neutron channels
,,,,,,,,,,,,, ~|particleinthischannel  jarepresent)
10, | LPENT IsSAMMY to calculate the 1 if calculate penetrability

(N,JJ) penetrability for channel N, 0 if penetrability is not to be
e SPingroup N calculated (e, ifP=1)
11-13,1 :KZ2(N,JJ) Charge number Z2 for the (blank if only neutron channels
... sSecondparticleinthischannel  arepresent)
15, 1 ISHIFT 1 if calculate shift;
(N3 Oifasumes-B=O0
18, | IFEXCL 1 if exclude this channel from This flag defines the particular

(N,JJ) final-state calculation for reaction to be calculated. (See

reaction cross section; above.)

. Offinclde
1920 I %LSPIN éOrbitaI angular momentum for on-negative integer

(N,9))

_channel
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Table VI A.1 (continued)

Page 325

. Variable
cL PT  name Meaning (units) _ Notes
10.1: 21-30, F CHSPIN  Channel spin (integer or half- Channel spin is the vector sum
2 (N,JJ) integer, sign implies parity) of the spins of the two particles
cont- . inthechamnel.
31-40, F [ENBND  Boundary condition (eV) If ENBND > 0, then B = S(p),
(N,JJ) where p =kaand 7k is the
Used only if ISHIFT =1 center-of-mass momentum for
energy ENBND (see
Default: ENBND = - I, where | Section II.A).
is orbital angular momentum If ENBND < 0, then
,,,,,,,,,,,,, i BEENBND.
41-50, F 'ECHAN  Excitation energy of residual Assumed to be defined in the
(N,JJ) nucleus in an inelastic channel laboratory system. Override
eV) with card-set-3 commands
“CM NON COULOVB
EXCl Tation” or
“CM CouLOvVB
_____________ P TATIONT
51-55,F RDEFF  Effective radius (fermi) As defined by ENDF; used in
(N,JJ) calculating phase shift only.
(Value may be overwritten in This value is used only in the
the PARameter file.) absence of (and 7d)
_____________ ... Ofthe PARameterfile.
56-60, F RDTRU  True radius (fermi) As defined by ENDF; used in
(N,JJ) (Value may be overwritten in calculating penetrabilities and
the PARameter file.) phase shifts. This value is used
only in the absence of card set
_____________________________________________________________________ TYand[ra) of the PAR file.
61-70, F :EMM1 Mass of first particle in this If zero, SAMMY uses AW
(N,dJ) channel (that is, of the target from
nuclide, in the case of an
,,,,,,,,,,,,, _jincidentchannel) @mu)
71-80,F EMM2 Mass of second particle in the If given as zero, SAMMY uses
(N,JJ) channel (that is, of the neutron the atomic weight of the
or other incident particle, for neutron.
entrance channels) (amu) _
10.1: 3,4,etc. Repeat Line 2 for a total of (NENT + NEXT) lines
10.1: 5,6,etc. Repeat Lines 1, 2, 3, 4, etc., once for each spin group
10.1: Last (blank)
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Table VI A.1 (continued)

Page 326

CL

Variable

P,T name Meaning (units)

Notes

10.2: EUse this option for defining the spin groups only when one of the phrases

1 “KEY- WORD PARTI CLE-PAir definitions are given” or
“PARTI CLE- PAIR DEFINI'tions are given”
ocours in card set 3, and whenfard set 4pralspresent.
1-3, 1 W in group number
_____________________________ onsecutive, beginningwith 1) ¢
5A EXCL(JJ) ag to exclude this spin group ank = include
I N from calculation “X7=exclude
8-10, | NENT(JJ) Number of entrance channels ~ NENT + NEXT is the total
- (mustbe>0) number of particle channels
13-15, | NEXT(JJ) ‘Number of exit channels, for this spin group.
excluding those which are also
________________________________ entrance channels (canbezero) |
16-20, F SPINJ(JJ) Integer or half-integer spin for ~ Positive for even parity and
eeeooadeoeeoo.. fesOnancesingroup)  negativeforodd
21-30, F ABNDNC lIsotopic abundance for this spin  {(May be overwritten in
(JJ) group PARameter file)
10.2: 351 N Chamnelpumber . )
PTG

Section VILA, page 16

=18, lor A IFEXCL 1 if exclude this channel from

‘Must be identical to one of the

particle-pair names given in
ard set 4|or{ 4a]

This flag defines the particular

(N,JJ) final-state calculation for reaction to be calculated. (See
reaction cross section; [card set 8 pbove.)
0 or blank if include.
This option (“X”) should be
X (or x) to exclude this channel used only for purposes of
from inclusion anywhere in testing your input; it should
the calculation. not be used for regular
production runs. See test case
tr152 for examples using this
feature.
19 20, | LSPIN rbital angular momentum for on-negative integer
; (N,J9) ichannel
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Table VI A.1 (continued)

Page 327

Variable
C:L P,T name Meaning (units) Notes
10.2: 21-30,F CHSPIN Channel spin (integer or half- ‘Channel spin is the vector sum
2 (N,JJ) integer, sign implies parity) the spins of the two
comt., b jparticlesinthechannel.
31-40,F ENBND Boundary condition (eV) If ENBND > 0, then B = Sy(p),
(N,JJ) where p = ka and 7k is the
Used only if ISHIFT =1 or center-of-mass momentum for
SHift = Yes. energy ENBND (Section 11).
Default: ENBND = - LSPIN If ENBND < 0, then
_______________________________________________________________________________ BZENBND.
41-50, F RDEFF Effective radius (fermi) Needed here only if different
(N,JJ) from the value of the effective
radius given in the particle-
pair definitions. Is ignored if
Radius parameters are given
e inthelPARameter file.]
51-60, F RDTRU True radius (fermi) Needed here only if different
(N,JJ) from the value of the true
radius given in the particle-
pair definitions. Is ignored if
Radius parameters are given
in the PARameter file.
10.2: 3,4,etc. Repeat Line 2 for a total of (NENT + NEXT) lines
10.2: 5,6,etc. Repeat Lines 1,2,3,4,etc, once for each spin group
10.2: Last  (blank)
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Table VI A.1 (continued)

Variable
cL PT  name Meaning (units) _ Notes

11:1 This card set is present only if self-shielding and multiple-scattering corrections are
‘mentioned in card set 3. See|Section I11.D for details.

1-10,F THSAMP Sample thickness (cm)

This may be calculated as the thickness in atoms/barn, multiplied
by the atomic mass in amu, multiplied by the inverse of Avagadro’s
number (i.e., by 1.66053886 in the appropriate units), divided by
the density for the material in g/cm®. See, for example, the web site
http://www.chemicool.com/ for values for density.

11-20,F XSAMP Sample height (cm) or sample
____________________________ radivs(em)
21-30,F YSAMP Currentlyunused
31-40, F XBEAM Beam height (cm) or beam If XSAMP is given as zero here
radius (cm), or zero if beam is but XBEAM is positive, the
larger than sample code will set XSAMP =
_______________________________________________________________________ XBEAM, and vice versa.
41-50,F YBEAM . Currentlyunused
51-55,1 NTHETA Total number of points for theta Default = 33
____________________________ integration |
56-60, 1 NGAUSZ Number of points for pieces of z 4, 8, or 16 Default = 16
____________________________ integration

61-65,1 NGAUS Number of points for pieces of 4, 8, or 16 Default = 16
integration over cross section of
beam

66-70,1 MTHETA Number of points for theta Default =5
integration near the end points
(2*MTHETA < NTHETA)

71-75,1 NXTPT  Number of points for Default = 32

interpolation over o; see
,,,,,,,,,,,,,,,,,,,,,,,,,,,, Eq. (Il D.9) and the following -~
76-80,1 MXTPT  Number of points for Default = 32

interpolation over c'; see
Eé. (111 D.9) and the following
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Page 329

. Variable
cL PT  name Meaning (units) Notes
11:2Thisline is optional
1-10,F  XTMIN Lowest value of log of total Default = -20.0
cross section to be used in
evaluating Q for single-
scattering correction (barns).
____________________________ SeelSection IlL.D|for details.
11-20,F XTMAX Largest value of log of total Default = 20.0
cross section to be used in
,,,,,,,,,,,,,,,,,,,,,,,,,,,, evaluatingQ
S R Currently unused
51-55,1 JTHETA Number of points in theta Default =5
____________________________ integration near cos(thet) =1
56-60,1 |KTHETA [Number of points in theta Default = 5

integration near cos(theta) = 0
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Table VI A.1 (continued)

Card
set _ Meaning (units) _ Notes

The remaining card sets in the INPut file are exact duplicates of corresponding card sets in the
PARameter file. Any given card set can be in at most one location (i.e., it may be either in the
INPut file, in the PARameter file, or in neither, but not in both).

A flag to vary a parameter (flag = 1) is ignored when the card set is in the INPut file. A flag
equal to 3 will, however, cause the parameter to be|PUP’d (see Section 1V.D.2 ror a discussion
of propagated uncertainty parameters).

If no multiple-scattering size parameters (card set 11)|are given in the INPut file, two blank lines
must precede the beginning of these card sets.

The ordering of these card sets does not matter; however, they must follow everything else in the
INPut file.

P6]  NORMAlization and background | SectinIllE3a]
[P8]  DATAreduction parameters See Section ILE.3b]
[P9] ORRES (Oak Ridge Resolution Function) Sectionn.c2|

P12] PARAMagnetic cross section parameters | SecionlllE4l
P13| BACKGround functions SectionlW.E3a|
RPIR (RPI Resolution Function ), or ISection 111.C.3

GEEL , or

GELINa, or
O L S SO
RPI T or RPI C (note the blank space after “RPI” RPI Resolution Function with

in both cases) either the relevant default values

GEEL DEFAUIts, or

GELINa DEFAUIts, or Section 111.C.3|

NTOF DEFAUIts

USER- (USER-Defined Resolution Function) [Section I11.C 5]
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VI.A.1l. Alphanumeric Commands

SAMMY relies on the use of alphanumeric commands to govern the operations it will
perform. These commands, which are in English, are located in card set 3 of the INPut file.
Commands are divided into 23 different categories, which are summarized in [Table VI A1.1)

Valid commands are listed by category in|Table VI A1.2;|some commands may be listed in
more than one category. A second listing, with the commands in alphabetical order, is given in
Table VI A1.3]

Any of the valid statements listed in [Tables VI A1.2|and VI A1.3 may be included in
card set 3 of the INPut file, in any order. Usually only the first 20 characters of the statement are
required; occasionally other information must be given either in specific columns or following an
equal sign, as indicated in the “notes” column of the table. Characters shown in lowercase letters are
optional in the INPut file but are included here for clarity.

In[Table VI Al.2, mutually exclusive options are grouped together, and groups are divided
by a solid line. Options within a group are divided by dashed lines.

In the event that contradictory statements are included in an INPut file, the last to appear is
the instruction that SAMMY will honor. Default instructions (denoted by “D” in the appropriate
column) need not be included explicitly. Options that are described “for debug purposes” (denoted
“B” in Table VI A1.3) should generally be avoided because these cause considerable output to be
generated, especially when many data points are included. Improper commands (misspellings, etc.)
will be noted as such both in the LPT file and on screen, but will otherwise be ignored.

The first 20 characters of a command are shown in the table in uppercase; nevertheless, they
may be included as either uppercase or lowercase in the INPut file. Cases may be intermixed within
a command (early releases of the code required consistent case within a command).

A command may be “commented out” by insertion of a pound sign (#) in the first column; in
that case, SAMMY will simply ignore the command. Hyphens within a command can be replaced
by a blank, except when preceded or followed by a number; similarly, a blank between two letters
may be replaced by hyphen.

An entire row (20 characters) of hyphens indicates that the next rows are to be treated as
comments; a second row of twenty hyphens is needed to end this comment section.

Numbers in the final column of Table VI Al.2)relate to the position of the command in the

common block, as stored in program file blk/BGZY X. Generally, the SAMMY user can ignore this
column.
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Table VI A1.1. Categories for alphanumeric commands

(R7)

Page 332

Abbreviation
used for this

category in
Category Description of commands in this category - Table VI A1.3
General Is this run to use resolved or unresolved General
resonance formulae; how to insert
comments among the commands
|R-matrix approximation | Define which approximation to the RM
R-matrix is to be used for this calculation
Parameters — input control for| | Define which type of input is to be used Param
quantum numbers, etc. for spin group information and other
parameters
Parameters — input control for| | Define the prior parameter covariance PCM in
prior covariance matrix matrix
Parameters — output control Define the method of output for the PCM out
for parameter covariance parameter covariance matrix
matrix
Experimental data — input Define the format for the experimental Data
control data
Experimental data — input Define the format for input of data DCM
control for covariance matrix | = covariance matrix
Experimental data — angular Define frames of references and other Angle
distribution details for angle-differential calculations
| Broadening options | s broadening wanted ' Broad
Broadening — Doppler ' Define which version of Doppler | Doppler
broadening is to be used
Broadening — resolution Provide some of the details about the Resol
resolution broadening function (most
information is given along with parameter
values rather than here)
Multiple-scattering Define how the multiple-scattering MSC
corrections corrections are to proceed
Bayes’ solution Define details of the fitting procedure Bayes
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Table VI Al.1 (continued)

Page 333

Abbreviation

used for this

category in
Category Description of commands in this category - Table VI A1.3
Options for printing into Define what information will be printed in | LPT
SAMMY.LPT output file SAMMY .LPT
ENDF as input Provide details about the ENDF files to be | ENDF in
used as input to SAMMY
ENDF output Provide details about the particular ENDF @ ENDF out
output that is to be generated
| Plot file control| Define units for energy in the plot file; ask = Plot
for specialized plot-file output
.  Define which post-processing procedure is : Average
to be used
' Define which set of values are to be used ~ Constant
for the physical constants
Cross section calculation . Give miscellaneous details about the cross ~ CS calc
details section calculation
No pre-defined energy grid Provide instructions concerning the Grid
- method to be used in generating an energy
.~ grid on which the cross section is to be
- calculated _
Special options | Miscellaneous options that do not fit other Special
categories
URR controls Give details regarding calculations inthe : URR
unresolved resonance region
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Table VI A1.2. Alphanumeric statements acceptable for use in the INPut file, card set 3.
See text for a description of the columns

Category D Statements Notes #

General D (none needed) Resolved resonance region (RRR) R-
matrix calculation

Unless otherwise specified, all
alphanumeric commands refer to
RRR.

UNRESOLVED RESONANCE Use the SAMMY version of Fritz 2

regi on, or Froehner’s code FITACS for analysis 3
FRI TZ FROEHNERS FI TAcS, of the unresolvgd resonance region p
or (URR). See|Section VIII|
FI TACS

-------------------- Two lines of hyphens may be used to! S
separate commands from comments.

# Alternatively, begin each comment line
with a pound sign (#).

Section VI A.1, page 4 (R7) Page 334



Section VI.A.1, page 5 (R8) Page 335

Table VI Al1.2 (continued)

Category D Statements | Notes | #
R-matrix | D |REI CH MOORE FORMALI Sm | See [Section 11| Note that “more|171
approx- I s want ed, or accurate” refers to the computational
imation NORE ACCURATE RElI CH- | method, not to the formalism. 172
noor e, or 173
XCT
ORI G NAL REI CH MOORE  See |Section 11{ This method of 174
formalism or calculating the RM formalism is
CRO sometimes inaccurate, particularly at 179

low energies for capture. Probably
this option will be eliminated in later
releases of the code.

'MULTI LEVEL BREI T- See [Section 11.B.3] Note that 176
W Gher is wanted, or SAMMY’s MLBW treatment is

M_.BW FORMALI SM | S identical to that specified in ENDF- 177
WAnt ed, or 102; that is, only elastic cross sections

are MLBW, while fission and capture

M.BW are calculated via SLBW equations.

SINGLE LEVEL BREI T- See [Section 11.B.3. 179
W gner is wanted,or

SLBW FORMVALI SM | S 180
WAnt ed, or 181

SLBW

REDUCED W DTH (Card set 1a of the PARameter filejsto 184

AMPLI Tudes are used be used for input of resonance

for input parameters.

=(No command) When “type of cross section” (see

[card set 8 pf Table VI A1) is “1/ v,

“const ant ”, “l i near”,
“quadratic”,or“Dirac delta
functi on”, then that designated
type is calculated; this overrides any
command given in the alphanumeric
listing for Reich-Moore, etc. This
option is used only for debugging; see
Section V.E| for more details.
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Table VI Al.2 (continued)

Category D Statements Notes #
Parameters — D USE NEW SPI N GROUP Seecard set 10.1]in Table VI A.1. 51
input control For mat

for quantum Although this is the default format for
numbers, input of quantum-number information, it

etc. is not the preferred method because the

input is awkward for many situations
(e.g., charged-particle channels).

The preferred method is to use KEY-
WORD PARTICLE-PAIr defintions
see below) in conjunction with card
Set 10.2]of the INPut file.

USE OBSCLETE SPIN This option is no longer available for 52
GRoup format running SAMMY. 53

When an INPut file contains this
command, SAMMY will create a file
called INPUT.NEW, and then cease
excution. This file contains a zeroth-
order guess at appropriate spin-group
‘definitions in the “new” format. See
card set 10 of the Table VI A.1 for more
information.

PPARTI CLE PAIR See card set 4)in Table VI AL, 54
DEFINI tions are used -

KEY- WORD PARTI CLE- PAi r ‘See[card set 4lin Table VI A.1. Thisis 56

definitions are the preferred method of input for spin-
girven group information.

QUANTUM NUMBERS ARE  |Key-word particle-pair definitions and| 57
in parameter file |spin-group definitions can now be given
in the PARameter file rather than in the
INPut file.  See |Table VI B.3| for

details.

PUT QUANTUM NUMBERS  The initial spin-group definitions for this. 58
into parameter file run will be converted into key-word
particle-pair format and written to a
PARameter file SAMQUA.PAR (which
contains the initial values for resonance
and other parameters).
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Table VI Al.2 (continued)

Category D Statements Notes #
Parameters — 'SPl N OF | NCI DENT If using the “new spin group format,” 59
input control PARticle is + and the incident particle is not a neutron,

for quantum ~ Of the spin and parity of the incident
numbers, SPIN OF I'NCI DENT particle must be specified here. The sign

etc. (cont.) PARticle is - (indicating parity) must appear in

column 30, and the integer or half-
integer value of the spin (written as a
decimal) must appear in the next
columns.

Eample:
SPIN OF INCIDENT PARTICLE IS -1.5

USE |4 FORMAT TO REAd [The defaultPARameter file formatidoes, 60

spin group number not permit specifying more than 50 spin
groups. If more than 50 are needed,
include this command and use four
columns rather than two for each spin
group number in the PAR file.

| NPUT IS ENDF/ B FI LE 2 Resonance parameters and spin-group 61
quantum number information is taken
from an ENDF/B file; see Section

D

VI.F.3.
USE ENERGY RANGE FROM |f this command is not included, 62
endf/b file 2 SAMMY will use the energy range from

INPut file or from interactive input
instead of using the range specified in
the ENDF file. If the PARameter file is
not an ENDF file, this command is

ignored.
FLAG ALL RESONANCE Use this command if all resonance 63
Par armet er s parameters are to be varied (equivalent

to setting the “flags” to “1” in the
PARameter file).
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Table VI Al.2 (continued)

Category D Statements Notes #
Parameters —| || GNORE | NPUT Bl NARY Your PARameter file specifies that 65
input control covariance file, the parameter covariance matrix is

for prior or kept in a separate file. For this
covariance | GNORE particular run, however, you wish to
matrix pretend that there were no previous

runs generating such a file; instead
you wish to use the large (ideally
infinite) uncertainties that indicate no
prior knowledge of parameter values.
The name of the COVariance file
should not be included in the input
stream when this command is used.

ENERGY UNCERTAI NTIES See Table VI B.2,[card set 1]columns 64
are at end of line in gg_80, second alta:Irna ive

par file

RETROACTI VE QLD An approximate parameter covariance. 71
PARAmeter file new matrix has been created retroactively
covarl ance, (see [Section IV.E.2|for details). For

or this run, the original PARameter file

RETROACTI VE, 72

is to be used with the new

or COVariance file. The u-parameter
CoV, NCE MA i . T 73

U ARI A TRIX 1's covariance matrix is assumed to be

correct, p is not correct in this file.

P COVARI ANCE MATRI X i's  The p-parameter covariance matrix is 74

correct, u is not assumed to be correct in the initial
(retroactive) covariance file. See
Section IV.E.2. |
MODI FY P COVARI ANCE The correlation matrix in the 75

matrix before using  covariance file is correct, but the
uncertainties will be modified. See
Section IV.E.2 for details.

I NI TI AL DI AGONAL U The initial u-parameter covariance, 76
Covari ance matrix is assumed to be diagonal; the
p-parameter covariance matrix is not.
Details are in[Section IV.E.6.|

INITIAL DI AGONAL P The initial p-parameter covananceé 77
Covari ance ‘matrix is assumed to be diagonal; the|
u-parameter covariance matrix is not.
‘See Section IV.E.6.|
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Table VI Al.2 (continued)

Category D Statements Notes #
Parameters— PERM T NON PGSI TI VE This option should be used only for 78
input control definite parameter purposes like calculating multigroup

for prior covariance matrices, cross sections and covariances, not
covariance or for fitting data.

atrix PERM T ZERO 79

UNCERTAI nti es on
par anet ers

READ COVPACT See [Section VII.E. 87
COVARI Ances for
par anmet er priors,

or

READ COVPACT 88
CORRELAt i ons for
par ameter priors,

or

COVPACT CORRELATI ONS 83
are to be read and
used,

or

COVPACT COVARI ANCES ar e 84
to be read and used

PARAVETER COVARI ANCE See(Section VI.F.3. 89
matrix i s in endf
f or mat ,

or

ENDF COVARI ANCE MATRI x 90
is to be read and
Used

USE LEAST SQUARES TO This command overrides any other 36
define prior information about the prior parameter
paramet er _ covariance matrix.  See Section
covariance matrix IV.E.3 for details regarding use of the

infinite-prior-uncertainty option that

distinguishes least squares from

Bayes’ equations.

(continued)
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Table VI Al.2 (continued)

Category D Statements Notes #
Parameters — VRI TE CORRELATI ONS Create an output file SAMMY.CCV 85
output Into conpact format, \which contains an abbreviated
control for or (compact) version of the initial
parameter VRI TE COVARI ANCES | Nt o lation matrix. See ©©
covariance conpact format, Section VII.EfI)r details.
matrix or

PUT CORRELATI ONS | NTo 81

conpact format,
or
PUT COVARI ANCES | NTO 82

conpact format

PUT COVARI ANCE MATRI X  :See Section VI.F.2 for details. 296
into endf file 32
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Table VI Al.2 (continued)

Page 341

Category

D

Statements

Notes

Experimental
data — input
control

Section VI.A.1, page 11

D

DATA ARE | N ORI G NAL
mul ti-style format

DATA FORMAT | S ONE
Poi nt per Iine,

or

USE CSI SRS FORMAT FOr
dat a,

USE TVENTY SI GNI FI CAnt
digits,

or

TVENTY

DATA ARE | N STANDARD
odf format

Three points per line, relative
uncertainties, __in __ 3(2F15.5,F7.3)
format. Seg Section VI.C.1.

The ASCII data file contains one point
per line, in (3G11.8) format, with
uncertainties being absolute rather than
relative.

The ASCII data file contains one point
per line in (3F20.10) format.
Uncertainties are absolute.

The DATa file includes information
about the data-reduction parameters
and is the “standard” ODF file with
energy in section 1, data in section 2,
absolute uncertainty in section 3, and
partial derivatives with respect to data-
reduction parameters in section 4 and
following. See(Section I11.E.3.5 of this

DATA ARE I N CDF FI LE

DATA ARE ENDF/ B FI LE,

or

USE ENDF/ B ENERA ES
and data, with
MAT=9999

manual for details.

The DATa file is in ORELA Data
Format. Section 1 contains energies, 2
the data, and 3 the (absolute)
uncertainties. See|Section VI.C.1 of
this report for details, and test case
tr005 for examples.

The DATa file is an ENDF file
containing File 3, that is, containing
point-wise cross sections of the same
type as specified in the INPut file.
Following this command, anywhere
after column 20 on the same line, write
“MAT=" and then give the ENDF

(R7)

MAT number.
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Table VI Al.2 (continued)

Page 342

Category

D

Statements

Notes

Experimental
data — input
control
(cont.)

DI FFERENTI AL DATA ARe
in ascii file

See |Section VI.C.1| for details; note
that the default for angle-differential
data is ODF file.

22

DO NOT DI VI DE DATA Into
regi ons

DI VI DE DATA | NTO
REG ons with a fixed
nunber of data
poi nts per region

Include entire energy range in a single
SAMMY run.

SAMMY will automatically choose
energy regions of NEPNTS data points
each, for sequential analysis. (See

¢ard set 2, Table VI A.1 for input for
NEPNTS.)

Warning: SAMMY merely counts; it
does not consider carefully whether a
dividing point is located in a region
where the theoretical values (c or T)
are nonlinear with respect to the
parameters. Dividing in such a location
(at or near a resonance) will invalidate
the linearity assumption used in
deriving Bayes' equation, and thus lead
to spurious results. Users are urged to
use this option only on the “zeroth
pass,” as an aid in deciding where to
divide the data, and not for final runs.

With high-capacity computer systems
available today, this option is seldom
needed.
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Table VI Al.2 (continued)
Category D Statements Notes #
Experimental | MPLI CI' T DATA COVARI ance See(Section VI.C.3.c.| 31
data — input i's wanted,
control for or
covariance 'DC _______________________________________________________________________________________ 3 2
matrix USER SUPPLI ED I MPLIGCi t See [Section VI.C.3.b. 33
data covari ance
matri X,
or
USER | DC 34
PUP COVARI ANCE IS I N an |The covariance matrix for all or 35
ascii file

Section VI.A.1, page 13

some of the Propagated
Uncertainty Parameters (PUPS) is

|lin an ASCII file. See Sections

IV.D.2|and VI1.C.3.afor details.

CREATE PUP FI LE FROM Use this run, in which only 21
varied paranmeters used parameterstobe PUP’d in later runs
in this run are varied, to generate a file
containing the PUP covariance
matrix for future runs. See Sections
[1V.D.2]and VI.C.3.a ffor additional
information.
ADD CONSTANT TERM TO These three statements refer to the 39
data covariance option of adding a constant to the
or data covariance matrix, both on- and
ADD CONSTANT TO DATA off-diagonal, over the energy region 40
| _covariance matrix in which the effect of the non-s-
D DO NOT ADD CONSTANT ‘wave resonance is felt. The 41
. termto data ‘magnitude of this constant is
________ covariance  ispecified in columns 68-80 in the
USE DEFAULT FOR CONSt ant PARameter file, for each resonance. 42
termto add to data For the third option, the default
covarl ance value of this constant is set at
1.0E—6 for every non-s-wave
resonance.
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Section VI.A.1, page 14 (R8) Page 344
Table VI Al.2 (continued)

Category D Statements Notes #
Experimental USE TEN PERCENT DATA The “experimental uncertainty” is 43
data — input uncertainty, assumed by SAMMY to be 10% of
control for or the “measured value”. This option
covariance ADD TEN PERCENT DATA should not be used for analyses of 44
matrix uncertainty real data.
(cont.) D DATA COVARI ANCE | S The explicit data covariance matrix 45

Di agonal

is diagonal.  Nevertheless, the
actual data covariance matrix may
include implicit contributions, either
from  propagated uncertainty

parameters (see |Section 1V.D.2| or
or from a user-supplied

implicit data covariance matrix (see
Section VI1.C.3.b).

DATA HAS OFF- DI AGONAI
contribution to

the form
(atbE;) (atbEj)

a and b are specified as DCOVA%
COVB in the INP file, cardg

covari ance matri x of [set? n Table VI A.1.

fDATA COVARI ANCE FI LE i s
naned YYYYYY. YYY

FREE FORVAT DATA
COVvari ance YYYYYY. YYY

Substitute your own file name for
YYYYYY.YYY. in columns 31-40.
See|TabIe VIC2.1 korthe format for
this file.  Note that only ten
characters are allowed for this file

Substitute your own file name for
YYYYYY.YYY incolumns 31-40.
Note that only ten characters are
allowed for this file name. Values
in this file are in free format.
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Table VI Al.2 (continued)

Category D Statements Notes #
Experimental ~USE LABORATORY CROSS For angle-differential elastic or 281
data — _ sections reaction data; se¢ Section I1.B.1b]
angular D \USE CENTER- OF- MASS ' 282
distribution Cross sections

DI FFERENTI AL DATA ARe  See [Section VI.C.1|for details; note 22
inascii file that the default for input of angle-

differential data is ODF file.

PREPARE L EGENDRE Generate the file SAMMY.N04, 283
COEfficients in endf \which contains the ENDF File-4
format Legendre coefficients for elastic

angular distributions.

OMT FIN TE SI ZE 284

_____ CORr ections

| NCI DENT NEUTRON See|Section I11.E.7. 285
ATTenuation is

,,,,, included 0

APPROXI MATE SCATTEREd Sed Section I11.E.7L 286
neutron attenuation
i s want ed,

or

SCATTERED NEUTRON 287
ATt enuation is
i ncl uded

ANGLE- AVERAGE FOR See|Section 111.E.7. 288
Differential cross
section
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Table VI Al.2 (continued)

Category D Statements Notes #
Broadening ‘D BROADENI NG | S WANTED Some form of broadening is to be 201
options used; see Bections I1l.BlandIIL.C.]
BROADENI NG |'S NOT If you do not wish to have SAMMY 202
WAnt ed Doppler or resolution broaden the

theoretical values, be sure to remove
[|card sets 5]and[6 [see Table VI A.1)
from the INP file, as well as include
this line.
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Table VI Al.2 (continued)
Category Statements Notes #
Broadening USE FREE GAS MODEL O The free-gas model of Doppler 211
— Doppler doppl er broadeni ng, broadening, as described in Section
or [[111.B.1], is to be used.
FGM 212
USE LEAL- HWANG DOPPLer  The Doppler-broadening method of 213
br oadeni ng Leal and Hwang, as described in 214
_______________________________________________ sectionll1.B.2 istobeused.
H GH ENERGY GAUSSI AN High-energy Gaussian approximation 1215
approxi mation for to the free-gas model is to be used
Doppl er broadeni ng, for Doppler broadening, as described 16
or in i
USE MULTI - STYLE DOPPI er 217
br oadeni ng, 218
or
HeGA i
USE CRYSTAL LATTICE Use the crystal lattice (DOPUSH) 219
nodel of doppl er model of Doppler broadening, as
br oadeni ng, described in|Section I11.B.4/ 220
or
CLM
NO LOW ENERGY Theoretical values are not to be 221
BROADENi ng is to be  proadened below the energy value
used ELOWBR given in|[card set 5]of
Table VI A.1 (the INPut file). This
option works only with the high-
energy Gaussian approximation for
Doppler broadening.
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Table VI Al.2 (continued)
Category D Statements Notes #
Broadening—:  TWO RESOLUTI ON It is possible to use more than one 231
resolution FUNCTi ons t oget her type of resolution function in the
same run. See Section I11.C.
USE TRUE TOTAL CROSS Usually total cross sections will |232
section for | be converted to transmissions
resol ution broadeni ng  after Doppler broadening, before
resolution broadening. This
command forces the use of the
total cross section rather than the
transmission for resolution
broadening and is useful in
comparing the true total cross
section with the effective total
cross section. See [Section I11.E.1]|
for details, and test case tr081 for
an example.
'EXPONENTI AL FOLDI NG [Sge Section I1.C.Lb, 233
width is energy- Eqg. (111 C1 b.6).
dependent
D SHI FT ENERGY FOR See Bection 111.C.1.cjthe energy 234
EXPonential tail on shift AE, is chosen to give a
resol ution broadeni ng maximum of the integrand at the
resonance energy.
DO NOT SHI FT ENERGY f or iSee Section I11.C.1.c]the energy 235
exponential tail on ghift AE, is assumed zero here.
resol uti on broadeni ng
'PLOT RESOLUTI ON See This command 236
FUNCt i on is used to make plots of the
original (Gaussian and/or
exponential) resolution function.
RPI DEBUG Used to obtain extra printouts 239
when debugging the RPI
resolution function.
CENTER THE CONSTANT See Section 111.C.4. | 240

Section VI.A.1, page 18
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Section VI.A.1, page 19 (R7) Page 349
Table VI Al1.2 (continued)
Category D Statements Notes #
Broadening — (No command) When using the RPI/GELINA/
resolution nTOF resolution function, the
(cont.) user must specify whether or not

SH FT RPI RESCLUTI ON
function to center,

or

the centroid of the resolution
function is to be shifted.

The RPI/GELINA/nTOF 237
resolution function will be
centered so as not to shift the

SHI FT GEEL RESOLUTI O peak energies of resonances. See 241
function to center, ISectionIII.C.3.|

or

SHI FT GELI NA RESOLUTI on 243

or

SHI FT NTOF RESOLUTI On 245

DO NOT SHIFT RPI The RPI/GELINA/NTOF 238
RESol ution function  resolution function is to be used
to center, exactly as input with no

or i

DO NOT SH FT GEEL centering. 242
REsol uti on function
to center,

or

DO NOT SHI FT GELI NA 244
resol ution function
to center,

or

DO NOT SHI FT NTOF 246
REsol uti on function
to center
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Table VI Al.2 (continued)

Category D Statements Notes #
Multiple- D DO NOT | NCLUDE SELF- Calculate the cross section but do 251
scattering shi el di ng or _ not include any self-shielding or
corrections mul tiple-scattering multiple-scattering corrections.
corrections, 252
or

NO SELF- SHI ELDI NG ANd
mul ti pl e-scattering
corrections

USE SELF SHI ELDI NG Only self-shielding is to be 253
Only, no scattering, included; no single- or double-

or scattering (see Section 111.D).] 254

SELF SHI ELD,

or 255

| NCLUDE ONLY SELF
SHi el di ng and not
Mul tiple scattering

USE SINGLE SCATTERI Ng Include self-shielding plus single- 256
plus self shielding, scattering corrections.

or 257

SI NGLE

| NCLUDE DOUBLE SCATTer i ng Include self-shielding, single- 258
corrections, scattering, and double-scattering

or _ corrections (see Section I11.D). |

USE MULTI PLE SCATTERI ng 259
pl us single scattering,

or

DOUBLE, 261

or

MULTI PLE 260

I'NFINI'TE SLAB, :Single-scattering correction does 1263

or t include edge effects.

‘NO FI NI TE- SI ZE 262

. CORREctions to single

. scattering
D FI NI TE SLAB, Edge effects corrections are 265
or included for single scattering.
FINI TE SI ZE CORRECTI ons 264

to single scattering
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Table VI Al.2 (continued)

Category D Statements Notes #
Multiple- |D|MAKE NEW FILE W TH Edge  (Seq Section I11.D| This statement (266
scattering effects is ignored if “INFINITE SLAB” is
corrections specified. Be sure to rename and

(cont.) save the SAMMY.SSM file if you

wish to reuse it.

FILE WTH EDGE EFFECt s Use this option to conserve run 267

al ready exists time. Include the name of this file
(which was generated by a
previous SAMMY run) after the
name of your DATa file.

MAKE PLOT FILE OF Store Yo, Y1, and Y- in file 268
MJ tiple scattering SAMS53.DAT, to be read by 269
p1 eces program SAMCPR.

NORMALI ZE AS CRCSS See Section I11.D| 270
Section rather than
yield, Note than normalization mustbe 271

oo specified explicitly. SAMMY
|JOROSS SECTION will abort if the INPut file does  ______

NORMALI ZE AS YI ELD not specify which normalization is 272
Rat her than cross to be used.
section, 273

or

YI ELD

NORMALI ZE AS (1- E) Sl gna 274

PRINT MULTI PLE SCATTer i ng ‘Create a table of E, Yo, Y1, Y, and 1275

corrections Y (energy plus components of the
corrected yield) in file
SAMO12.DAT.

PREPARE | NPUT FOR Mnte  This is the initial SAMMY runto 276
carl o sinulation, generate cross sections for usein 277

or Monte Carlo simulation of

MONTE CARLO multiple-scattering effects.

Y2 VALUES ARE TABULAted |When SAMMY'’s calculation of 247

double-plus scattering is
inadequate, tabulated values for
Y,, can be used. See|Section I11.D
for information on creating and
using tabulated values.
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Table VI Al.2 (continued)

Category D Statements Notes #

Multiple- USE QUADRATI C Quadratic interpolation is used to  [250

scattering | NTERPol ation for yl generate the Q-functions at

correctons| | | specific values of the arguments. |

(cont.) D USE LI NEAR | NTERPOLAt i on Linear interpolation is used to 249
for yl generate the Q-functions at

specific values of the arguments.
This is neither as accurate nor as
efficient as quadratic
interpolation, but it may be faster
under certain conditions.

VERSION 7.0.0 FOR For faster run time but less 132
Mul tiple scattering accurate results, use the “old”
or version of the single-scattering
corrections. 138
V7
This option should be used only
for preliminary runs.
DO NOT CALCULATE YO Used for debugging purposes only 248
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Table VI Al1.2 (continued)
Category D Statements Notes #
Bayes’ ‘D SOLVE BAYES EQUATI ONs EUpdate the parameter values and 151
solution covariances via Bayes' equations,
for those parameters that are
______________________________________________ flagged in the PARameter file. .
DO NOT SOLVE BAYES Parameter values are not updated 152

Equat i ons

but remain fixed. Theoretical
values of transmission or cross
section are evaluated for each
energy region specified, using these
fixed parameter values.

DLET SAMMWY CHOCSE WHI ch 153
i nversion schenme to
S b
USE (N+V) | NVERSI ON Original method;[Section IV.B.1] 154
schene,
or 155
NN
USE (I +Q | NVERSI ON See [Bection IV.B.2| 156
schene,
or
| PQ 157
USE (MW | NVERSI ON See|Section IV.B.3. 158
schene,
or
MPW 159
USE LEAST SQUARES TO This command overrides any other , 36
define prior parameter jnformation about the prior
covariance matrix parameter covariance matrix. See
Section IV.E.3.
TAKE BABY STEPS W TH See Section IV.E.3. 49
| east-squares nethod _
REMEMBER ORI G NAL See Section IV.E.3. 37
PAr anet er val ues
USE REMEMBERED ORI Gl nal  |See Section IV.E.3. 38
par anet er val ues
Section VI.A.1, page 23 (R7) Page 353



Section VI.A.1, page 24 (R7) Page 354
Table VI Al.2 (continued)
Category D Statements Notes #
Options D DO NOT PRI NT ANY | NPut 91
for P ARt O S ] 92
printing PRI NT ALL | NPUT All resonances parameters are 93
nto R S ] printed in SAMMY.LPT.
E’:‘?AMY' PRI NT VARI ED | NPUT Resonances for which no parameters. 94
Par anet er s are flagged will not be printed. Use
this option for direct comparison
with output parameters, which are
always printed in this mode.
|D|DO NOT PRINT I NPUT Data  |“Input data” refers to experimental | 95
"~ PRINT | NPUT DATA, or values of the measured cross section gg
PRI NT EXPERI MENTAL (or transmission, etc.), as read from 97
Val ues the DATa file (see
'D'DO NOT PRI NT THEORETI cal “Theoretical values Teferstothe  ~gg
val ues calculated cross sections (as
PRINT THEORETI CAL VAl ues. broadened and othe.rW|se porrected). 99
or Often these are available in the plot
PRI NT THEORETI CAL CRoss e (see/Table VII C.1), so they 100
sections need not be printed in the LPT file.
‘D DO NOT PRI NT PARTI AL 101
derivatives
PRI NT PARTI AL DERI VAt i ves Use this option only for debug 102
purposes.
SUPPRESS | NTERVEDI ATe Updated parameter values and 103
printout covariance matrix elements are
printed only upon completion of
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, entirerun.
DO NOT SUPPRESS Updated parameter values and 104
| NTEr medi ate printout  covariance matrix elements are
printed after completion of each
_____________________________________________________ energy region. . __
D DO NOT SUPPRESS ANY Updated parameter values are 105

Section VI.A.1, page 24

I nt ermedi ate printout

printed after each iteration of Bayes'
equations (i.e., typically twice for
each energy region). Updated
covariance matrix elements are
evaluated and printed only upon
completion of an energy region.
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Table VI Al.2 (continued)
Category D Statements Notes #
Options D DO NOT USE SHORT FORmat 106
for for output b
printing USE SHORT FORVAT FOR Resonance parameters are printed in 107
into out put the LPT file [(Section VILA)| in
SAMMY. F12.4 format rather than E format.
LPT Although this may produce more
(cont.) legible output, fewer significant
digits may be printed.
D|DO NOT PRI NT REDUCED 108
_____ WAt e
PRI NT REDUCED W DTHS Reduced width amplitudes will be 109
rinted in the LPT file (Section
V11.A), along with the square root of
the resonance energies. That is, what
are printed are the “u-parameters” as
described in|Section 1V.C.
DO NOT PRI NT SMALL Any line of the correlation matrix 110
Correl ation whose off-diagonal elements are
coefficients small will not be printed. “Small” is
defined as less than ICORR/100 in
absolute value, where ICORR is
given inlcard set 2 of Table VI A.1.
D|DO NOT PRINT DEBUG Info | 112
PRI NT DEBUG | NFORMATI on,  Use for debug purposes only on 113
or short runs.
DEBUG 114
PRINT CAPTURE AREA In | pt The capture area, defined as 115
file A=gl " /T, isprinted in the
SAMMY LPT file.
CHI SQJQRED 'S NOT See Section 1V.A.2[for definitions 116
Want e or 2 2
’ of both y/.and y;. Independent of
DO NOT PRINT LS CHI YO 215 8NC x5 NP 117
________ squaredWT'Ch command§ are given, both
D CH SQUARED | S WANTEd, or - y° values are printed Wr_lenever 118
~ PRINT LS CH SQUARED they can be calculated without 119
D PRINT BAYES CH SQUAred cxcesseffort 121
DO NOT PRI NT BAYES Chi 120
squar ed
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Table VI Al.2 (continued)

Category D Statements Notes #
Options D DO NOT PRI NT WEI GHTEd Seg Section TV.A.Z|for definitions of 1122
for Resi dual s, weighted residuals.
printing or
to DO NOT PRINT LS ViEI Ght ed 123
SAMMY. . fesiduwals .
LPT PRI NT VEI GHTED RESI Dual s, 124
(cont.) or
PRI NT LS WEI GHTED 125
________ REsiduals
PRI NT BAYES WEI GHTED 126
________ residuals .
D DO NOT PRI NT BAYES 127
Wi ght ed residual s
D DO NOT PRI NT PHASE Shifts 130
PRI NT PHASE SHI FTS For Hard-sphere phase shifts are defined 131
I nput parameters in [Section IL.A.
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Table VI Al.2 (continued)

Category D Statements Notes #
ENDF as I NPUT IS ENDF/ B FILE 2 Resonance parameter values and spin- 61
input group quantum number information
are taken from an ENDF/B file; see
Section VI.F.3]
USE ENERGY RANGE FROM  |f this command is not included, 62
endf/b file 2 SAMMY will use the energy range

from INPut file or from interactive
input instead of using the range
specified in the ENDF file. If the
PARameter file is not an ENDF file,
this command is ignored.

PARAMETER COVARI ANCE See|Section VI.F.3] 89
matri x is in endf
for mat,

or

ENDF COVARI ANCE MATRI x 90
is to be read and
used

DATA ARE ENDF/ B FI LE, The DATa file is an ENDF file 19

or containing File 3, that is, containing

USE ENDF/ B ENERG ES and |point-wise cross sections of the 20

data, with MAT=9999  |same type as specified in the INPut
file. Following this command,
anywhere after column 20 on the
same line write “MAT=""and then
give the ENDF MAT number.

PRESERVE GAMVA_N NOT Some older ENDF files used AJ=1 301

g_gamma_n fromendf  (the spin of the target nuclide) rather
than AJ = | + % or | - % when the
spin J was not well determined. In
such a case SAMMY, by default,
assumes the ENDF value for the
neutron width is really gI",. Include

this command if you wish to assume
that the ENDF value is T .
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Table VI Al.2 (continued)
Category D Statements Notes #
ENDF ENDF/B-VI FILE 2 IS Resonance parameters are to be 291
output want ed provided in the format required for
or ENDFE/B-VI File 2. See Section
ENDF 292

VI.F.2| for details for the resolved

resonance region, and MII1.C [for the
unresolved.

NDF FILE IS | N KEY-Wrd
For mat

The “NDF file” contains extra input 293
required for generating ENDF File 2
output; see[Section VI.F.2. This file

can be in fixed format (default) or

key word based if this command is
present.

GENERATE FI LE 3 PO Nt -
W Se cross section,

or
FILE 3

For either RRR or URR. See 294

Section IX for details.

295

PUT COVARI ANCE NMATRI x
into endf file 32

Parameter covariance matrix is to be 296
printed into File 32 format. See

or details.

FI LE 33 LB=1 COVARI Ance

i s want ed,

or
FI LE 33

Write group average cross sections 297

into file SAMMY.CRS (which is
ENDF-like) and the associated
covariance matrix into SAMMY.N33 298
(which resembles ENDF File 33).

See |§ection I1X|for details.

PREPARE LEGENDRE
COEfficients in endf
f or mat

Generate the file SAMMY.N04283
which contains the ENDF File-4
Legendre coefficients for elastic
angular distributions. See Section IX.

AUTOVATI C NDF FI LE
Creation

When input resonance parameters are 299
from an ENDF file, SAMMY will
automatically create the *.ndf file
needed for creating an output ENDF

File 32; lsee Section IX|

I NCLUDE M N & NAX

ENergies in endf file

For URR only.

See Section VIII] 379

Section VI.A.1, page 28

(R7)

Page 358



Section VI.A.1, page 29 (R8) Page 359
Table VI Al.2 (continued)
Category D Statements Notes #
Plot file D DO NOT GENERATE PLOT 349
control file automatically 350
GENERATE PLOT FILE See [Table VII C.1|for a description 352
Aut omati cal l 'y, or of the plot file.
GENERATE ODF FI LE 351
AUt omatically
EV = UNITS ON ENERGY | Units for energies in the plot file 356
in plot file, should be eV. (This is the default
or only if Emax < 1 keV.) 357
EV [NOTE: Angular distribution plot
files always use eV.]
KEV = UNITS ON ENERGy  Units for energies in the plot file 358

Section VI.A.1, page 29

in plot file,

should be keV. (This is the default if

or Emax > 1 keV.)
KEV [NOTE: Angular distribution plot
files always use eV.]
MEV = UNITS ON ENERGy Units for energies in the plot file 360
inplot file, should be MeV.
r [NOTE: Angular distribution plot 361
MV files always use eV.]
ODF FILE IS WANTED-- Most SAMMY users will not need :353
XXKXXX. XXX, ZERQt h these commands, because they are
order calculation jgnored when GENERATE PLOT 254
ODF FILE |'S WANTED. - FILE Automatically is used.
XXXXXX. XXX, FI NA| To use these options, replace
cal cul ation XXXXXX. XXX (columns 21-30)
with the name of your ODF file. Be
sure that file already contains
energies and data (sections 1, 2, 3,
and possibly 6 and 7; see
Fable VITC1).
Note that file names are arbitrary,
extensions are optional, but the name
must use ten columns. No space is
permitted after the comma.
Eanpl es
ODF FILE | S WANTED- - FI LEOO. ODF, ZERQ: h order cal cul ati on
ODF FILE |'S WANTED- - FI LEO1. ODF, FI NAI cal cul ati on
(R8) Page 359
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Table VI Al.2 (continued)

Category D Statements Notes #
Plot file D DO NOT | NCLUDE Uncertainties AT; on theoretical 362
control THECRet i cal . values T; are reported in sections 10
(cont.) uncertainties In and 11 (or 6 & 7) of the plot file.
_________ Plot file — geoBection IV.E.4|for adetailed
NCLUDE THEORETI CAL ~description and derivation of these 363
uncertainties in uncertainties.
Plot file g
PLOT UNBROADENED Generate file SAMMY.UNB, which 364
CRCss sections, contains the auxiliary energy grid in
or section 1 of the file and unbroadened 369
PUT UN_BROAD_ENED CROSs  theoretical values in sections 2, etc.
sections | lnt 0 a SAMMY also generates ASCII files
oepar ate pl ot SAMUNB.DAT and SAMUNX.DAT

with similar information in CSISRS
format. Further details are given in

|Section VII.G.|
PLOT RESOLUTI ON See Bection X.L]to make plots of the 236
FUNCt I on original resolution function.
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Table VI Al.2 (continued)

Category D Statements Notes #
Averages, |D|(none needed ) Do not average over energy ranges. |
etc. AVERAGE OVER ENERGY Produce energy-averaged experi- 311
Ranges mental data and theoretical values,
or using output parameters from an
AVERAGE OVER ENERG Es earlier SAMMY analysis. See 312

Section V.C.1| for details.

CAUTION: The integration scheme used
here is histogram based, suitable for
averaging experimental data but not suitable
for averaging theoretical cross sections. Use
“ENERGY AVERAGE USI NG const ant
flux’ optlon instead.

GROUP AVERAGE OVER Produce Bondarenko averages, 313
Energy ranges, using output parameters from an

or earlier SAMMY analysis. See

GROUP Section V.C.2|for details. 314

or

BONDARENKO AVERAGE 315

,,,,, Over energy ranges

ENERGY AVERAGE USI NG This is the appropriate schemeto 325
constant fl ux, use when averaging theoretical cross

or sections with constant flux; see

UNVEEI GHTED ENERGY Section V.C.3)

. AVer age

MAXWELLI AN- AVERAGED Generate stellar averaged capture 316

capture cross sections cross section: see Section V.D
are want ed,

or

STELLAR- AVERAGED CAPt ure 317
cCross sections are
want ed,

or

MXW 318

CALCULATE MAXVEELLI AN This option provides stellar 319
averages after averaged capture cross sections
reconstructing m using reconstructed
Cross sections energy grid ( Section VA, NJOY

method).
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(R7)

Table VI Al.2 (continued)

Page 362

Category D Statements Notes #
Averages, MAKE NO CORRECTI ONS to Do not perform Doppler or 321
etc. (cont.) theoretical values resolution-broadening corrections,
nor include normalizations or
backgrounds, before averaging.
ADD CROSS SECTI ONS From  For use in generating Maxwellian 320
endf/b file 3 averages; see|Table VI F4.1|
PRI NT AVERAGED For comparison with other codes 324
SENSI tivities for endf calculating multigroup cross
variabl es sections and covariances.
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Table VI Al.2 (continued)
Category Statements Notes #
Constants USE ENDF VALUES FOR SAMMY is now using those values 141
constants, for the physical constants that have
or been “blessed” by ENDF.
USE 1999 ENDF-102 See|Section IX.Alfor details. 142
__Constant values = | —————— 1
USE 1995 ENDF- 102 144
COnst ant val ues,
or
USE COLDER VALUES OF 143
__constants i+ i
USE SAMWY- K1 DEFAULTs  This will give the values thatthe 145
for constants command “USE PRECISE
VALUES Of constants” used to
give with version K1 of SAMMY.
This option should be used for
comparison purposes only and not
for new analyses.
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Table VI Al.2 (continued)

Category D Statements Notes #
Cross - |use POLAR COORDI NATEs '\When there are two channels for fission, | 191
section for fission w dths |the pair may be treated as a vector, in
calculation which case the two independent
details variables are the magnitude of the vector

and the polar angle, rather than the two
widths. Compare, for example, with the
Vogt formalism [EV58]

NUMERI CAL DERI VATI VEs  Debug command, to be used only for 193
for resonance testing that analytic derivatives are
paraneters correct.

D DO NOT USE S- WAVE See[Section IT.D.1.b|for a description of 194
_____ Cutoff ~ these options.
_USE S-WAVE CUTOFF 195
USE NO CUTOFF FOR 186

DEri vati ves or cross
sections
USE ALTERNATI VE Use the more-accurate (but also more 196

CQULomb functions  time-consuming) version of the
Coulomb  penetrabilities and shift

factors. See|[Section I1.C.4|for details.

ADD DI RECT CAPTURE See $ection 11.B.4 for details. 197
Conponent to

Cross section

D LAB NON COULOMB The excitation energy (for channels for | 67
EXCltation energies ‘which there is no Coulomb interaction)
is defined in the laboratory rather than
the center-of-mass system. See
parameter ECHAN in or
10.2 pf the INPut file, Table VIA.1.

CM NON CauLOovB . The non-Coulomb excitation energy is: 68
EXClI Tation energi es (given in the cm system rather than the
laboratory system.

D LAB COULOVB EXClI TATI on For Coulomb channels, the excitation: 69

ener gi es energy ECHAN (card set 4o 4a/or[10.1]

of the INPut file) is in the laboratory

system
CM COULOVB EXCI TATI On - For Coulomb channels, the excitation 70
energl es energy is in the center-of-mass system.

Section VI.A.1, page 34 (R8) Page 364



Section VI.A.1, page 35 (R8) Page 365
Table VI Al.2 (continued)

Category D Statements Notes #
Cross ADD ELI'M NATED CAPTUr e When some capture channels are treated 10
section channel to final state jndividually and others in aggregate, this
calculation command will include both in the
details, calculation of capture cross section. See
continued Section 11.B.2[for details.

Section VI.A.1, page 35
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Table VI Al.2 (continued)
Category Statements Notes #
No pre- RECONSTRUCT CROSS SAMMY will automatically choose | 306
defined SEction from an appropriate grid and evaluate
energy grid resonance parameters |ota] elastic, capture, and fission
cross sections on that grid, using
NJOY method. See|Section V.A.
ARTI FI G AL ENERGY Grid SAMMY will automatically choose 307
i s needed an appropriate grid and evaluate,
using SAMMY method. See
Section V.A
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Table VI Al.2 (continued)

Category D Statements Notes #
Special RELEVANT PARAMETERS  Solve Bayes’ equations one time. Then, 327
options are chosen via based on the ratio of u-parameter

uncertainty ratio  yncertainties, choose which of the R-
matrix parameters are relevant. Create
file SAMMY.REL, which contains the
original parameter values with only the
relevant parameters flagged to be varied.
See test case tr166 for examples.

CROSS SECTI ON . Calculate the covariance matrix for the 328
COVARI ance matriXx  theoretical cross sections.
i s want ed

I NITIAL UNCERTAINTY Al prior parameter uncertainties (square 329
nultiplier = roots of diagonal elements of parameter

covariance matrix) are to be multiplied
hy the specified number. See Section

for further discussion, and test
case tr019 for examples.

FI NAL UNCERTAI NTY All output parameter uncertainties 330
MU tiplier = (square roots of diagonal elements of
parameter covariance matrix) are to be
multiplied by the specified number. See

Section IV.E.6 |for further discussion,

and test case tr019 for examples.

E- DEPENDENT | NI TIAL | All prior parameter uncertainties are to| 6
Uncertainty be multiplied by an energy- and spin-
nul tiplier, group-dependent multiplier. Details are

%r DEPENDENT give in Section IV.E.6) and test case 7
UNCERTAI nt y tr019 contains examples.
mul tiplier

SUMMVED STRENGTH Evaluate and print the summed strength: 331
FUNCtion is wanted function and corresponding covariance

matrix. See Section V.F|for details.
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Table VI Al.2 (continued)

Category D Statements Notes #
Special GENERATE PARTI AL SAMMY will assume all resonance|332
options DERi vatives only parameters, and only resonance para-
(cont.) meters, are to be varied; that Bayes'
equations are not to be solved; and that
the partial derivatives of the theoretical
values with respect to those parameters
are to be written into file SAMMY .PDS.
GENERATE SPI'N GROUP  Generate the ODF (Plot) file containing 333
Cross sections the energy (from auxiliary grid) in
section 1, the unbroadened cross section
in section 2, the spin-group-1
contribution to the unbroadened cross
section in section 3, spin-group-2
contribution in section 4, etc.
REFORMULATE DATA See Bections 1V.D.3Jand |[VI.C.3] 334
FOR inplicit data
covari ances
COVPARE EXPERI MENT See [Section X.E; results are reported in: 335
To theory binary file SAM53.DAT.
GENERATE Y AND W See [Section 1\Ifor a description of the: 336
MATr I ces, M+W form of Bayes’ Equations. See
or test case tr089 for examples of the use of 337
YW 777777777777777777777777777777777777 this option.
READ Y AND W 338
MATRI CEs,
or
WY 339
STOP abc n Cease execution prior to the nth 340
occurrence of segment abc. Used only
(Note that there are two spaces for debug |(Section XI.B)| and for
before “n” in this command; n  preparation for Monte Carlo calculations
is replaced with an integer Section X-Mb-
value.) ‘
VRI TE CALCULATED Write energies and theoretical values; 341
CRGss sections into ascii file SAMTHE.DAT in 2F20.10
into ascii file format.
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Table VI Al.2 (continued)

Category D Statements Notes #
Special PRI NT MULTI PLE Create a table of E, Yo, Y1, Yo, and Y 275
options SCATTer i ng (energy plus components of the
(cont.) corrections corrected yield) in file SAMO012.DAT.

UNI FORM ENERGY GRID | Instead of using the energies from the|342
experimental data set to define the
energy grid, SAMMY will create a grid
of 1001 points uniformly space in
energy. This is for testing purposes only,
so this grid must be used only for “no

Bayes” runs. Seg¢ Section V. for details. |

UNI FORM VELOCI TY SAMMY will create a grid of 1001 343

GRid points uniformly spaced in velocity
(square root of energy). To be used for
testing purposes only. See|Section V.E|

UNI FORM TI ME GRI D SAMMY will create a grid of 1001:344
points uniformly spaced in time (1 over
the square root of energy). To be used
for testing purposes only. See Section

[\7.E for details.

CREATE PUBLI SHABLE The file SAMMY .PUB will be created, 345

Li st of parameters, which contains resonance parameters
and uncertainties in columns, with each 346
or value separated by tabs. This file can be
ported to spreadsheet programs to be

PUBLI SH formatted for publication purposes. See
| Section VII.F|for details.
DO NOT' TEST FOR Do not test whether the parameter 347
El GEnval ues covariance matrix is positive-definite
(i.e., whether all eigenvalues are greater
than zero).
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) Page 370

Table VI Al.2 (continued)

Category Statements Notes #
URR EXPERI MENTAL DATA ARe in See |Section VIILB |for details of 371
controls separate files input to unresolved resonance region
(URR) calculations.
NO ANNOTATED PARAMETer Input for URR is essentially the 372
file for urr input original format as in the FITACS
code; see
ANNOTATED PARAMETER Input for URR is “annotated file”, 373
file for urr, which contains key words and
or phrases to make the input more
ANNOTATED human- Section Vi11.8] 374
and for details.
QUTPUT I N ANNGTATED Output parameter file is annotated. 375
paraneter file for urr (Thisisalways true; SAMMY now
contains no option for writing non-
annotated output, although that can
still be used as input).
ENDF/B-VI FILE 2 IS Resonance parameters are to be[291
want ed, written into the format required for
or ENDF/B-VI File 2. See Section
ENDF or details. 292
USE ALL EXPERI MENTAL All data points appearing in the|376
data points, initial URR PARameter file (see
or _ Section VIII.B) are to be fitted
DO NOT USE ENERGY LI ni ts [qyring the analysis. Energy limits|377
??I given in the input |given in the INPut file will be
e ignored.
USE ENERGY LIM TS AS The energy range specified in card 378
Gven in the input bet 2]of the INPut file will be used to
file define which data points are to be
included in the analysis.
INCLUDE M N & MAX When creating ENDF File 2 for LRU 379
ENergies in endf file =2 include Emin and Emax from
the SAMMY run as part of the
energy list. Examples are in test
cases tr127, tr128, tr133, and tri34.
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Table VI Al.2 (continued)

Category D Statements Notes #
URR CALCULATE W DTH Use 1001 grid points rather than the 380
controls FLUCtuation factors default 101 points for calculating the
(cont.) more accurately, Dresner integrals. See tr073 for
or examples. 370
CALCULATE DRESNER
I Nt egral s nore
accurately

MOLDAUER PRESCRI PTI On is Moldauer’s “effective degree of 322

to be used, freedom” is to be used, to
or compensate for strong overlap of 323
MOL DAUER resonances. See page 352 of| FFQO.
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Table VI A1.3. Alphabetic list of acceptable commands for card set 3

Abbreviations in the “Category” column are defined in Table VI AL.1 land refer to the location in
in which a description of this command can be found. “P” in the column labeled
“Parameter” indicates that additional values are required on this line. “D” in the column labeled
“Default” indicates that this is a default command and so may be safely omitted. “B” in the “deBug”
column indicates that this command should be only for debugging and not for production runs. “A”
in the “Archaic” column indicates a command that will likely soon be eliminated.

. e

Command statement Category & O S <
ADD CONSTANT TERM TO data covari ance ’
ADD CROSS SECTI ONS Fromendf/b file 3 [Average |
ADD DI RECT CAPTURE Conponent ... CScalc
ADD ELI M NATED CAPTUre channel to final state CS calc
ADD TEN PERCENT DATA uncertainty pcml |
ANGLE- AVERAGE FOR DI fferential cross section Amald
ANNOTATED [URR
ANNOTATED PARAMETER file for wurr URR|
APPROXI MATE SCATTEREd neutron attenuation... Anale
ARTI FI Cl AL ENERGY GRid i s needed Grid
AUTOVATI C NDF FI LE Creation [ENDF ouf
AVERAGE OVER ENERGY ranges Average
BONDARENKO AVERAGE Over energy ranges Averacel | | | |
BROADENI NG | S NOT WAnt ed Broad| == @
BROADENI NG | S WANTED Broad
CALCULATE DRESNER I Nt egral s nore accurately urrl | | | |
CALCULATE MAXVEELLI AN averages after reconst... Average| """""""""
CALCULATE W DTH FLUCt uation factors nore... URR
CENTER THE CONSTANT energy resolution function Resol
CHI SQUARED | S NOT Want ed LPT
O SQUARED | S VIANTEG Pt .
CLM Doppler]
CM COULOVB EXCI TATI On energi es CScalc |
CM NON COULOWVB EXCI Tati on energies CS calc |
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Table VI A1.3 (continued)

Page 374

.
g2 _ 9
EZ3IE
SemS

Command statement Category &£ O 3 <

COVPACT CORRELATIONS are to be read and used PCM in

COVPACT COVARI ANCES are to be read and used cMin |

COVPARE EXPERI MENT To theory S|

CREATE PUBLI SHABLE Li st of paranmeters special|l | | | |

CREATE PUP FI LE FROM varied paranmeters used... ]ﬁ

CRO RM

CROSS SECTI ON MSC|

CROSS SECTI ON COVARI ance natrix i s want ed e R B

CSl SRS — 7 [

DATA ARE ENDF/ B FI LE Data

DATA ARE I N ODF FI LE SV R B I I

DATA ARE IN ORIG@ NAL nulti-style format Data| | |Ipl |

DATA ARE | N STANDARD odf format Data | . | | |

DATA COVARI ANCE FI LE is named YYYYYY. YYY bocmM e

DATA COVARI ANCE | S Di agonal oo ol

DATA FORMAT |'S ONE Point per |ine m' .................

DATA HAS OFF- DI AGONAI contribution to cov...

DeBle LPT B

DI FFERENTI AL DATA ARe In ascii file Daa]|
DI FFERENTI AL DATA ARe in ascii file ma """""""""
DI VI DE DATA I NTO REG ons with a fixed nunber... Data

DO NOT ADD CONSTANT termto data covari ance HaTol,

DO NOT ALLOWVALUES for data-related param..  [Special =
DO NOT Di VI DE DATA Into regions  [baa D |
DO NOT GENERATE PLOT file automatically — [plod | |p| |
DO NOT | NCLUDE SELF-shielding or nultiple-scat... MSC]|
DO NOT | NCLUDE THEOReti cal uncertainties in... Ploy,
DO NOT PRI NT ANY | NPut paraneters LPT

DO NOT PRI NT BAYES Chi squared T
DO NOT PRI NT BAYES Wi ght ed residual s T e T
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Table VI A1.3 (continued)

-
% = 2

Command statement Category g 0 S <
DO NOT PRI NT DEBUG I nfo LPT D
DO NOT PRI NT | NPUT Dat a et
DO NOT PRINT LS CHI squar ed LPT
DO NOT PRI NT LS VEI Ghted residual s LPT D
DO NOT PRI NT PARTI AL derivatives LPT D
DO NOT PRI NT PHASE Shifts LPT D
DO NOT PRI NT REDUCED wi dt hs LPT D
DO NOT PRI NT SMALL Correl ation coefficients LPT D
DO NOT PRI NT THEORETi cal val ues et ||
DO NOT PRI NT WEI GHTEd r esi dual s LPT D
DO NOT SHI FT ENERGY for exponential tail ... Resol]
DO NOT SHI FT GEEL REsol ution function... Resol| | | | |
DO NOT SHI FT GELINA resol ution function... Resol|
DO NOT SHI FT NTOF REsol ution function... Resol|
DO NOT SHI FT RPlI RESol ution function... Resol
DO NOT SOLVE BAYES Equati ons Bayes|]
DO NOT SUPPRESS ANY i nternedi ate printout LPT D
DO NOT SUPPRESS | NTEr nedi at e pri nt out e
DO NOT TEST FOR El GEnval ues Speciall
DO NOT USE ENERGY LInmits as given in the... URR] | | | |
DO NOT USE SHORT FORmat for out put LPT D
50 NOT USE S VAVE Ot o Csee] o
DOUBLE Mo
E- DEPENDENT | NI TI AL uncertainty nultiplier Special
E- DEPENDENT UNCERTAI nty mul tipli er Special
END: ENDF OUt .................
ENDF URR]
ENDF COVARI ANCE MATRi x is to be read and used PCM in |
ENDF/ B-VI FILE 2 IS want ed ENDFout]
ENDF/ B-VI FILE 2 1S want ed ORR|
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Table VI A1.3 (continued)

Page 376

.
2 o
EZgs
Semo

Command statement Category &£ O 3 <

ENERGY AVERAGE USI NG constant fl ux [Average [T

ENERGY UNCERTAI NTIES are at end of line... PCM in

=Y Plot

EV = UNITS ON ENERGY in plot file e R I R

EXPERI MENTAL DATA ARe in separate files M """""""""

EXPONENTI AL FOLDI NG wi dth i s ener gy- dependent =1 T | |

FGVI Doppler D .................

FI LE 3 ENDF OUt ..................

FILE 99 ENDF out

FILE 33 LB=1 COVARI Ance i s wanted ENDFoutll 1 1 1

FILE WTH EDGE EFFECts al ready exists mMsc)

FI NAL UNCERTAI NTY MU tiplier = SDeciaI| Pl |

FINI TE SI ZE CORRECTlIons to single scattering MSC D

FI NI TE SLAB MSC D

FITACS General |

FLAG ALL RESONANCE Parameters  lparam | =

FRI TZ FRCEHNERS FI TAcs e | T 11 [

GENERATE FILE 3 PO Nt-wi se cross section “NoEonl 1

GENERATE ODF FI LE AUt omatically P_I_O_d .................

GENERATE PARTI AL DERi vatives only Special | """""""""

GENERATE PLOT FI LE Automatically; or Plot |

GENERATE SPI N GROUP cross sections special]

GENERATE Y AND W MATri ces soeciall T T 1

o 7 AVERAGE OUER Energy Tanges Average -

HEA Doppler

H GH ENERGY GAUSSI AN approximation for Doppler..  |Doppler |

I [x: DCM .................

| GNORE PCM in

| GNORE | NPUT BI NARY covariance file emin 1T 1 T

| MPLI CI T DATA COVARI ance i s wanted DCM
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Table VI A1.3 (continued)

Page 377

=
% = £
ERSE
C% QS

Command statement Category & O S <

| NCI DENT NEUTRON ATTenuation is included Angle|

I NCLUDE DOUBLE SCATTering corrections mscl

INCLUDE M N & MAX ENergies in endf file ENDFout|

I NCLUDE M N & MAX ENergies in endf file URR| | | | |

I NCLUDE ONLY SELF SHi el ding and not rnultiple... MSC """"""""""

I NCLUDE THECRETI CAL uncertainties in plot file m

| I NI TE SLAB Msc

I NI TI AL DI AGONAL P Covari ance Win

I NI TI AL DI AGONAL U Covari ance pcmin Il | ] |

I NI TI AL UNCERTAI NTY multiplier = Special P

INPUT 1S ENDFT B FILE 2 —

I NPUT |'S ENDF/ B FILE 2 [ENDF in _

' PQ Bayes| N

KEV Plot

KEV = UNI'TS ON ENERGy in plot file Plot|

KEY- WORD PARTI CLE-PAir definitions are given param|

LAB COULOVB EXCI TATI on energi es CS calc ol |

LAB NON COULOMB EXCltation energies CS calc D

LET SAMW CHOOSE WHI ch i nversion schene... :Ba eSJ D

LI NEAR MSC D

MAKE NEW FI LE W TH Edge effects MSC D

MAKE NO CORRECTIONS to theoretical values Average

MAKE PLOT FILE OF MU tiple scattering pieces msc

MAXWVELLI AN AVERAGED capture cross sections... Averagé

MEV Plot

MEV = UNITS ON ENERGy in plot file Plot

M.BW RM|

M.BW FORVALI SM | S WAnt ed RM

MODI FY P COVARI ANCE natri x before using PCMin | = |

VOLDAUER =] 1

MOLDAUER PRESCRI PTIOn is to be used URR| |
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Table VI A1.3 (continued)

—
g o
S
83T
Command statement Category & O S <
MONTE CARLO m :
MORE ACCURATE REI CH-noore =T
e ]
MULTI LEVEL BREI T-W Gner i s wanted RM
o .
o r E
NDF FILE I'S I N KEY-Wrd For mat ENDF out | _________________
NO ANNOTATED PARAMETer file for urr input URR|
NO FI NI TE- S| ZE CORREctions to single scattering msd 1 T 1 T
NO LOW ENERGY BROADEning is to be used Doppler|,
NO SELF- SHI ELDI NG ANd nul ti pl e-scattering... MSC D
NORMALI ZE AS (1-E) Sl gma msol T T 1 1
NORMALI ZE AS CROSS Section rather than yield MSC
NORMALI ZE AS YI ELD Rat her than cross section MSC
eV Bayes
NUMERI CAL DERI VATI VEs for resonance paraneters CS calc| B
ODF FILE IS WANTED- - XXXXXX. XXX, FI NAI guess Plot
ODF FILE |'S WANTED- - XXXXXX. XXX, ZERQth order ... Potl P
OMT FINTE SIZE CORr ecti ons '_Angle .................
ORI G NAL REI CH MOORE formalism M """ A
OUTPUT | N ANNOTATED paraneter file for urr [m D
P COVARI ANCE MATRI X is correct, Uis not i
PARAVETER COVARI ANCE natrix is in endf format soMin |
PARTI CLE PAIR DEFINItions are given Paraml
PERFORM SUMMVARY ANALySi s Specia—i ..................
PERM T NON PCSI TI VE definite paraneter cov... e 1
PERM T ZERO UNCERTAI nti es on parameters oM T T 1 T
PLOT RESOLUTI ON FUNCti on T | [
PLOT RESOLUTI ON FUNCti on T
PLOT UNBROADENED CROss sections Plot
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Table VI A1.3 (continued)

.
£ o
ESgs
SemS
Command statement Category &£ O 3 <
PREPARE | NPUT FOR Monte carl o sinul ation MSC
PREPARE LEGENDRE COEfficients in endf format e |
PREPARE LEGENDRE COEfficients in endf format [ENDF out |
. (o end! Evorn] | | |
PRI NT ALL | NPUT PARAneters
PRI NT AVERAGED SENSItivities for endf variables [Averagé
PRI NT BAYES CHI SQUAr ed [PT D
PRI NT BAYES VI GHTED r esi dual s eT|
PRI NT CAPTURE AREA In Ipt file el | T T
PRI NT DEBUG | NFORNMATI on LPT
PRI NT EXPERI MENTAL Val ues LPT
PRI NT | NPUT DATA il T T T
PRI NT LS CH SQUARED LPT 5T
PRI NT LS WEI GHTED REsi dual s orl T T
PRI NT MULTI PLE SCATTering corrections S R
PRI NT MULTI PLE SCATTering corrections v I
PRI NT PARTI AL DERI VAti ves ri sl
PRI NT PHASE SHI FTS For input parameters el
PRI NT REDUCED W DTHS LPT
PRI NT THECRETI CAL CRoss sections T
PRI NT THECRETI CAL VAl ues LPT
PRI NT VARI ED | NPUT Par anet ers LPT
B -
PUBLI SH Special
PUP COVARIANCE IS IN an ascii file oeml |
PUT CORRELATI ONS | NTo conpact format PCMout 1
PUT COVARI ANCES | NTO conpact for mat comom T T T
PUT COVARI ANCE MATRI x into endf file 32 pcMout Il 11 |
PUT COVARI ANCE MATRIx into endf file 32 ENDFoudl
PUT QUANTUM NUMBERS i nto paraneter file %Param .................
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Table VI A1.3 (continued)

Page 380

—
£ o
S
Semo
Command statement Category & O S <
PUT UNBROADENED CROSs sections into plot file ' :
QADRATIC Imsc
QUANTUM NUMBERS ARE in paraneter file  [paraml
READ COWPACT CORRELAtions for parameter priors pcMmin | || |
READ COVPACT COVARI Ances for paraneter priors coMin T 1 T
READ Y AND W MATRI CEs Special| _________________
RECONSTRUCT CROSS SEction from resonance... Grid|
REFORMULATE DATA FOCR inplicit data covari ances Special
RElI CH- MOORE FORMALI Sm i s want ed RM | ol |
RELEVANT PARAMETERS are chosen via uncert ... Special
REVMEMBER ORI G NAL PAr anet er val ues m
RETROACTI VE SoMn
RETROACTI VE OLD PARAmeter file new cov... PCM in
RPI DEBUG Resol
SCATTERED NEUTRON ATt enuation is included Angle|
SELF SHI ELD NSC
SH FT ENERGY FOR EXPonential tail on resolution... |[Resol ol |
SHI FT GEEL RESCLUTI On function to center Resol |
SHI FT GELI NA RESOLUTi on rResol |l
SHI FT NTOF RESOLUTI On resoll T T 1 T
SHI FT RPI RESOLUTION function to center Resoll =~ = |
SI NGLE — T
SINGLE LEVEL BREI T-W gner i s want ed =V B R T
SLBW el T T T
SLBW FORVALI SM | S WAnt ed M|l
SOLVE BAYES EQUATI ONs Bayes S
SPIN OF | NCl DENT PARTICLE I S - e
SPI'N OF | NCI DENT PARTICLE IS + paraml 1P| | |
STELLAR AVERAGED CAPture cross sections... Averagd ||| |
STOP abc n Special
SUMMED STRENGTH FUNCtion is wanted Special
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Table VI A1.3 (continued)

|-
= o
ES o8
T2
Command statement Category &£ O S <
SUPPRESS | NTERVEDI ATe pri nt out LPT
TAKE BABY STEPS W TH | east squares nethod ayes |
TVENTY W .................
TWO RESOLUTI ON FUNCTI ons t oget her Resol
U COVARI ANCE MATRI X is correct, P is not scvonm 1
UNI FORM ENERGY GRI D Special
UNI FORM TI ME GRI D Special |
UNI FORM VELOCI TY GRId Special
UNRESOLVED RESONANCE r egi on General | .................
UNWEI GHTED ENERGY AVer age verage |
USE (1+Q | WERS) OV schere gy |
USE (MW | NVERSI ON schene Bayes
USE (N+V) | NVERSI ON schene sy | T T
USE 1995 ENDF- 102 COnstant val ues cosm— |
USE 1999 ENDF- 102 COnstant val ues Constant
USE ALL EXPERI MENTAL data points URR D
USE ALTERNATI VE COULonb functi ons CScalcl | | | |
USE ALTERNATI VE COULonb functions CScalc|
USE CENTER- OF- MASS Cr oss secti ons Angle | D
USE CRYSTAL LATTI CE nodel of doppl er broadening Doppler || | | |
USE CSI SRS FORVAT FOr dat a Data |
USE DEFAULT FOR CONStant termto add to... DCM
USE ENDF VALUES FOR constant s Constant D
USE ENDF/ B ENERG ES and data, with MAT=9999 Data] P
USE ENERGY LIMTS AS given in the input file -URR """""""""
USE ENERGY RANGE FROm endf/b file 2 Param |
USE ENERGY RANGE FROm endf/b file 2 ENDFn |
USE FREE GAS MODEL O doppl er broadeni ng [Doppler] D| lllllllllllllllll
USE |14 FORMAT TO REAd spin group nunber mr
USE LABORATORY CRCSS secti ons [Angle |

Section VI.A.1, page 51 (R8) Page 381



Section VI.A.1, page 52 (R8) Page 382

Table VI A1.3 (continued)

=
£ o o
E39E
Semo
Command statement Category S A 3 <
USE LEAL- HAMANG DOPPLer br oadeni ng m =
USE LEAST SQUARES TO define prior par cov... Baves | ||
USE LEAST SQUARES TO define prior par...cov... PCM in | """""""""
USE LI NEAR | NTERPOLAti on for yl IMsc ] ol
USE MULTI PLE SCATTERI ng plus single scattering MSC """""""""
USE MULTI - STYLE DOPPI er broadeni ng YT I e
USE NEW SPI N GROUP For mat Daram o
USE NO CUTOFF FOR DErivatives or cross sections CScalc|
USE OBSCLETE SPI N GRoup for mat param | || | | A
USE OLDER VALUES CF constants I =| -----------------
USE POLAR COORDI NATEs for fission wdths CS calc "
USE QUADRATI C | NTERPol tion for yl MSC
USE REMEMBERED ORI G nal paraneter val ues Bayes
USE SAMW- K1 DEFAULTs for constants Constant|
USE SELF SHI ELDI NG Only, no scattering MS
USE SHORT FORMAT FOR out put et T
USE SI NGLE SCATTERI Ng pl us sel f shi el di ng [M.SCJ _________________
USE S-WAVE CUTCFF sl
USE TEN PERCENT DATA uncertainty Vi
USE TRUE TOTAL CRCSS section for resolution... _Resol """""""""
USE TVENTY SIGNIFI CAnt digits mL -----------------
USER | DC ool T T
USER SUPPLIED I MPLICit data covariance matrix ocm!l
VERSION 7.0.0 FOR MU tiple scattering or V7 vsd T
WRI TE CALCULATED CRGCss sections into ascii file Special | | | |
VRl TE CORRELATI ONS I nto conpact format PeMontl 1 1 1
WR TE COVARI ANCES | Nt o conpact f or mat comomll T 1 T
d Special| | | | |
Xt RM |
Y2 VALUES ARE TABULAt ed MSC |
YI ELD LM_S_CJ
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VI.B. THE PARameter FILE

The PARameter file contains initial values for all those parameters that are to be varied, as
%that may be held fixed or treated as propagated-uncertainty parameters (see
or details concerning PUPS). In addition, this file may contain a priori uncertainties

or covariances for the varied parameters.

Various types of data can be included in the PARameter file. These are organized into “card
sets,” with each card set consisting of one or more lines of information. Most card sets begin with a
header line and end with a blank line. The header lines are listed in along with
key words for some of the card sets. Details about each card set are given in and
summarized here.

Card set 1 pontains resonance parameters, ending in a blank line.

Beginning with Revision 8 of this document and Release sammy-7.0.2, the square root of
resonance energies and reduced-width amplitudes may be used for input in place of resonance
energies and partial widths. Input for this option is described in card set 1a. To use this option,
include the command “REDUCED W DTH AMPLI Tudes are used for input”incard
set 2 of the INPut file.

For all SAMMY runs for which resolved-resonance-region parameters are fitted, two output
parameter files are created. The first, SAMMY.PAR, is in the original format with resonance
energies and partial widths; units are eV for energies and meV for partial widths. The second,
SAMMY .RED, contains the square root of resonance energies and reduced-width amplitudes; units
for both types of parameters are the square root of eV.

ard set 2 contains a single number, called FUDGE, which is the “fudge factor” by which a
parameter may multiplied to give the initial uncertainty for that parameter. This option is used only
if the parameter’s uncertainty is not specified elsewhere.

Only card set 1 is required to be in the file. If any of card sets 3 through “Last” are present,
then card set 2 must also be present.

Card set 3|gives values for parameters of the external R-function (see|Section 11.B.1.d). Two
alternate formats are available for this.

Card set 4 gives values for some broadening (and other) parameters.

Card set 5 gives values of “unused” parameters, that is, of those data-reduction parameters
that are not directly affected by the data set to be analyzed but that are coupled via the covariance
matrix to other parameters that are directly affected. An example of such a parameter would be the
thickness of a thin sample, for which the data have already been analyzed via SAMMY, while the
current data set is from a measurement with a thick sample. The auxiliary code SAMAMR must be
used between the two SAMMY runs to ensure that the correct thickness is used with the appropriate

data set (seg Section X.C)

gives values for_normalization and background parameters, as described in
Egs. (111 E3a.1) and (111 E3 a.2) of [Section I1I.E.3.a |
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Card set 7|contains values for the two channel radii (as used for potential scattering and for
{card set 7]

penetrability and shift factor). Key-word format for the channel radii is described i
See jtem 3 in Section I11.E.2| for discussion of effective vs. true radius.

Card set 8|gives names and values for data reduction parameters, as described in
Section TT.E.3.b.

Mgives values of parameters for the Oak Ridge resolution function (ORR)
parameters, as described in Section I11.C.2.

Card set 10|contains isotopic mass and abundance values, as described in(Section I11.E.2|

Card set 11| contains values for miscellaneous parameters, described in various locations
throughout this manual.

Card set 12 |provides parameter values for paramagnetic cross sections; see Section I11.E.4.

Card set 13|contains values for parameters of the background functions described in
| Section I11.E.3.a. |

Card set 14|gives parameters of the RPI resolution function JSection III.C.C-i).

Card set 15| provides values for I- and isotope-dependent detector efficiencies
| (Section 111.E.5).

Card set 16/gives input for the numerical user-defined resolution function. This is described
in more detail in Section 111.C.5.

The last card set defines the prior covariance matrix for the parameters. Three alternative
methods are given: [Card set Last Alassumes a covariance matrix has been prepared by a previous
SAMMY run; the presence of this card set eliminates the possibility of any others being used. Card
sets Last B](“explicit uncertainties”) and @(“relative uncertainties”) may be interchanged at
will, as long as each occurs at most once in any given PARameter file. A fourth alternative is
available for resonance energies only (see[card set 1, columns 68-80, option 3). A fifth is to omit
this card set entirely, in which case, default uncertainties are used for every parameter.

Note that each card set in the PAR file (except for card sets 1 and 2) begins with an
alphanumeric description of what follows. Note also that each card set (except card set 2) terminates
with a blank card. A blank line at the very end of the file may be omitted, but all others must be
present.

Quantum numbers included in PARameter file

Beginning with Release M6 of the SAMMY code, it is possible to include all information
relevant to the R-matrix within the PARameter file rather than have partial information (spin group
definitions) in the INPut file. Details are given in{Table VI B.3
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Page 385

Table VI B.1. Header lines for card sets in the PARameter file

Card
set Alphanumeric header line Notes
1 Resonance parameters. No header

line; card set ends in a blank line.

[ 2] Fudge factor for default uncertainties;

o no header line, no blank line.

EXTERnal R-function parameters Only one of card sets 3 and 3a is

follow permitted.
33| R-EXTernal parameters follow

BROADening parameters may be
varied

UNUSEd but correlated variables | Card setis created by SAMAMR run.

NORMAlization and background

[~o]le]) [

RADIUs parameters follow Card set 7a is the preferred method.

(two versions: [usual |for fewer than 99
channels and spin groups, [glternative version
for greater than 99 channels or spin groups.

N
QD

RADII are in KEY-WORD format
or
CHANNel radius parameters follow

Valid key words for channel radius:

RADIus Or RADIi
EFfective radius
TRue radius

Valid key words for uncertainty:

RElative

ABsolute Or UNcertainty
Valid key words for particle-pair names:

PARTicle-pair oOr PP
Valid key words for orbital angular momentum:

L or ORbital angular momentum
with 0bd, EVen, or AL1 after equal sign
Valid key word for flags:

FLags withyYes, 1, No, 0, 2, or-1
Valid key word for spin groups:

CHannels

GRoup followed by a group number or 211
=, followed by channel numbers

DATA reduction parameters are next

Seldom used
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Table VI B.1 (continued)

Card
set Alphanumeric header line Notes

9|| ORRES

Valid subheadings for first five columns of subsequent lines:
BURST

WATER or TANTA (not both)

LITHI or NE110 (not both)
CHANN

10|| ISOTOpic abundances and masses, Of
NUCLIde abundances and masses

11|| MISCEllaneous parameters follow

Valid subheadings for first five columns of subsequent lines:

DELTA ETA FINIT GAMMA TZERO

STIABN SELFI EFFIC DELTE DRCAP

12|| PARAMagnetic cross section In first five columns of next line, use
parameters follow oneof “TM ”,“ER ”,“HO "

BACKGround functions

Valid subheadings for first five columns of subsequent lines:
CONST EXPON POWER EXPLN T-PNT
E-PNT TFILE EFILE

14|l RPI Resolution function, or

GEEL resolution function,or
GELINa resolution,or
NTOF resolution function
Valid subheadings for first five columns of subsequent lines:

BURST TAU LAMBD Al EXPON
A3 A5 XXPON BINS CHANN

RPI Transmission resolution function, oOr
RPI Capture resolution function,or

GEEL DEFAUlts,oOr

GELINa DEFAUlts,Or

NTOF DEFAUlts

Valid subheadings for first five columns of subsequent lines:
BURST BINS CHANN

DETECtor efficiencies
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Table VI B.1 (continued)

Card
set

Alphanumeric header line Notes

16

USER-Defined resolution function

Valid subheadings for first five columns of subsequent lines:
BURST CHANN FILE=

Last

COVARiance matrix is in binary
form in another file

Last

EXPLIcit uncertainties and
correlations follow

Last

RELATive uncertainties follow

Last

PRIOR uncertainties follow in key-word format
See Table VI B.2 for details.

Valid key words are:
RELAtive, ABSOlute, Or UNCErtainty
EMIN or EMAX
GRoup With number or A11
Channel with number or A11
Energy Or Gamma
PPorPARTicle pair
L orOrbital angular momentum
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Table VI B.2. Format of the PARameter file

Comment 1:  The two numbers in the first column (labeled “C:L”) represent the card set number
(before the colon) and the line number within that card set (after the colon).
Comment 2:  Numbers in the second column (labeled “P, T”) indicate position number within the
line. Letters indicate format type: integer format (“I”’, which implies a number
without a decimal point and requires that the number be in the right-most columns),
real format (“F”, which requires a number with a decimal point), or alphanumeric
(“A”, which can be numbers or letters or symbols).
Variable
CL P, T Name Meaning (units) Notes
11 1ALF B ResnanceenergyEn(eV)
1222,F Iy Capturewiath (milli-eV) 1
23-33,F Tn Particle width for channel 1 = If any particle width T is negative,
- (milliev) SAMMY uses|T"| for the width and
34-44)F T Particle width for channel 2 = set the associated amplitude vy to be
- (milliev) negative. That is, SAMMY
45-55,F T Particle width for channel 3 usesy =—a,/|I"|, where a is the
(milli-eV) appropriate factor (see Section
A
56-57, | ISe Vary E,? 0=no, 1 =yes, 3=PUP
(See for meanings of
___________________________________________________________________ “vary’and "PUP")
98591 1S, Vaylv? (0=no,1=yes 3=PUP
60611 1Sa vaylw? 0=no,1=yes 3=PUP
62631 152 varyle? O=no 1=yes3=PUP
64651 1S Vaylw? 0=no1=yes3=PUP
66-67, | IGROUP | Quantum numbers for this " If IGROUP is negative or greater

Section VI.B, page 7

resonance are those of group
number IGROUP (card set

[10.1]or[10.9 in Table VIA.1)

(To use more than 50 spin groups, include the phrase “USE | 4
FORMAT TO REAd spin group nunber ”inthe INPut
file card set 3. Then use Columns 66-68 for IGROUP, and
columns 70-82 for X. The maximum number of spin groups is
then 500; values greater than 500 indicate omitted resonances.)

than 50, this resonance will be
omitted from the calculation.
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Table VI B.2 (continued)

. Variable |
CL: P, T : Name

Meaning (units) Notes

1:1 :68-80,F : X
cont. : :

- For many cases, this variable is not used (columns may be left
- blank). However, there are three possible uses for this variable:

(1) If X <0, then values of I for other particle channels are
included on the following line.

(2) If X is positive and the statement “ENERGY
UNCERTAI NTI ES are at end of |ine”jsincluded
in card set 3 of the INPut file (seq Table VI Al.2), then X is
the prior absolute uncertainty on E, (eV).

(3) If X is positive, and the expression “ADD CONSTANT
TERM TO dat a covari ance”isincluded inthe INPut
file (seeﬁahleALLA_’LZ)J then a constant on-and-off diagonal
contribution to the data covariance matrix (DCM) is to be
used under this resonance. In this case X should be < (Ad)?,
where Ad is the absolute uncertainty on data near this
resonance. NOTE: This option is seldom used.

 Particle width for channel 4 : This line is present only if X < 0

(miIIi eV) on the preceding line

1222F T
2333, F T
3444F Ty
4555, F Ty

Vayle? ¢ O=no,1=yes 3=PUP
Vary I'¢s? :0=no, 1=yes, 3=PUP

Vayle? . 0=mol=yes3=PUP
vayre? 0=no,1=yes, 3=PUP
Vary [es? - 0=no, 1=yes, 3=PUP —

68-80, F : X As above, negative to indicate continuation line. Positive for
- uncertainty on resonance energy, or for off-diagonal DCM.
1:3/4, etc Repeat line 2 as needed, until all non-zero channel widths have been defined.

1:Last End with a blank line.

Section VI.B, page 8

(R7) Page 390



Section VI.B, page 9

(R8) Page 391

Table VI B.2 (continued)

cL - PT

. Variable |

Name

Meaning (units) Notes

la:l When this format is used for input of resonance parameters, the command “REDUCED
: WDTH AVPLI Tudes are used for input”mustbeincluded inthe INPut file.

__________________________________________________________________________________________________________________

- Square root of the resonance : When E, <0, the quantity to be
- energy E, (VeV) - given here is —_E, .

- Reduced-width amplitude for -
: the eliminated capture channel :

- Reduced-width amplitude for -

channel 1 (\/W)

Reduced-width amplitude for

channel 2 («/W)

- Reduced-width amplitude for |

channel 3 (\/e_v)

“Vary (JE, ? - 0=no, 1=yes, 3=PUP

- (See Section 1V for meanings of
: “vary” and “PUP”.)

58-59,1 - IS, Vary 7, ? 0=no,1=yes, 3=PUP
60611 1Su  Vayz,? 0=no,1=yes,3=PUP
62631 IS2  Vayy,? 0=no,1=yes,3=PUP
64651 1Ss  vay.? 0=no,1=yes, 3=PUP
1 66-67,| IGROUP - Quantum numbers for this - If IGROUP is negative or greater

Section VI.B, page 9

- resonance are those of group - than 50, this resonance will be
- number IGROUP (card set - omitted from the calculation.
- 10.10r 10.2 in Table VIA.1). :

(To use more than 50 spin groups, include the phrase “USE | 4
FORVAT TO REAd spin group nunber” in the INPut
file card set 3. Then use Columns 66-68 for IGROUP, and
columns 70-82 for X. The maximum number of spin groups is
then 500; values greater than 500 indicate omitted resonances.)
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Table VI B.2 (continued)

. Variable |
cL: P, T : Name : Meaning (units) Notes
la:l {68-80,F : X - For many cases, this variable is not used (columns may be left
cont. : : blank). However, if X < 0, then values of y for other particle

channels are included on the following line. For other possible
: meanings for X, see card set 1.

la:2 1-11, F Ves Reduced-width amplitude for This line is present only if X <0
: : - channel 4 ( /eV) - on the preceding line.

12-22,F - g, - Reduced-width amplitude for :

channel 5 (\/W)

- 23-33,F © y,, - Reduced-width amplitude for :
: : - channel 6 (\/ev) :
34-44F - . Reduced-width amplitude for -

channel 7 (\/e_v)

- 45-55,F : 5, - Reduced-width amplitude for :

- channel 8 (Vev)
56-57,1 1S vayy,? 0=no,1=yes,3=PUP
58591 1Se  Vary 7.?  0=no,i=yes 3=PUP
1 60-61,1 IS¢ vayy.? 0=no,1=yes,3=PUP
62631 1Sy varyy,? 0=no,1=yes,3=PUP
64651 ISs  Vays,?  0=nol=yes3=PUP
66-67,1 IGROUP mustbesameaspreviousline -
'é'é'é'd"ﬁ"Si""""";"A';'éb'&v'é"}iég';t}'v'é"t'a".'rid}}iéi'e'E’dﬁi]hﬁéﬁaﬁ'i.'r}'e'""Fias'.'{.'\}é"fa}"
: uncertainty on resonance energy, or for off-diagonal DCM.
'15'3'4' etc | Repeat line 2 as needed, to include all non-zero reduced-width amplitudes.
laSetc, Repeat lines 14 as many times as needed, until all resonances are specified.
lalast End withablank line.
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Table VI B.2 (continued)

Page 393

CL PT  Name

- Variable -

Meaning (units)

Notes

2:1 1-11, F Fudge Fudge = initial relative One exception: The value of
: : - uncertainty for varied - FUDGE will not affect the
- parameters whose initial - resonance energy E,. The default
- uncertainty is not specified - initial uncertainty for E; is set at
- elsewhere. - V2 times the sum of all widths
" Default = 0.1 - (including Doppler and resolution
- widths).
3:1 1-80,A : WHAT : “EXTERnal R-function Alphanumeric indicator of what
i parameters foll ow’ : comes next; only the first five
___________________________________ e Charactersareread.
82 ;13,1 _ :IGROUP :Spingroupnumber :
45,1 ICHN - Channelnumber If zero, SAMMY assumes1.
6-16, F E, o - Logarithmic singularity - Parameters of the logarithmic
77777777777777777777777777777 - below energy range (eV) parameterization of the external R-
17-27,F  E%  Logarithmic singularity matrix for quantum numbers a (i.e.,
- above energy range (eV) for IG_ROU_P and ICHN), of the
U R : form given in|Eq. (11 B1 d.1).
(2838, F Reono :Constantterm
(3949 F Rina - Linear Term ool
50-60,F : s, - Coefficient of logarithmic ~ :
_____________________________  term(mustbenon-negative) .
621 ISESM - vayESM? 0=no,1=yes 3=PUP
641 ISES CvayBRSP? 0=no 1=yes 3=PUP
66,1 ISRena i VayRena? ¢ 0=no,1=yes,3=PUP
68,1 SRin. :VayRin.? ¢ 0=no 1=yes, 3=PUP
,,,,,,,,, 701 1Ss,  :vays,?  :0=nol=yes3=PUP
3:3 | Repeat line 2 as many times as desired. Include only those spin groups and channels for
etc. | which you wish to parameterize the external R-matrix in this manner.

3: Last (blank)
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Table VI B.2 (continued)

- Variable °
cL: PRT ¢ Name : Meaning (units) Notes

3a:l :1-80,A - WHAT  “R-EXTernal parameters follow". Thiscardset3aisan
: - alternative, not a supplement, to card set 3. It is not permitted to
- use both.

3a:2 1-2, 1 IGROUP : Spin group number :
3,1 ICHN :Channelnumber ~ : Ifzero, SAMMY assumes1.
41 ISES™ vayg oMo 0=no,1=yes,3=PUP
51 ISE® vayE®? 0=no,1=yes, 3=PUP
6,1 ISRwn. - VayRens? 0=no,1=yes,3=PUP
70 ISRin. VayRin.? 0=no,1=yes,3=PUP
8,1 ISSena  Vayson.? 0=no,1=yes, 3=PUP
9,1 ISSim. -Vaysm.? - 0=no1=yes,3=PUP
100 SRy VayRe.?  0=nol=yes3=PUP
;11-20, F gEadOW” gLogarithmic singularity gParameters of the logarithmic

. below energy range (eV)  : parameterization of the external R-

21-30,F : E/*P Logarithmic singularity matrix for quantum numbers a. (i.e.,
above energy range (eV) for |GROUP and ICHN), of the
a0 F R T - form given in[Eq. (11B1d.1).
- 31-40,F : Reon. : Constant term

1 51-60,F :Scn« : Constant coefficient of
: : - logarithmic term (must be
: non-negative)

61-70, F : Sjin 4 Linear coefficient of
logarithmic term

3a:3 Repeat line 2 as many times as desired. Include only those spin groups and channels for
etc. | which you wish to parameterize the external R-matrix in this manner.

3a: Last (blank)
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Page 395

Table VI B.2 (continued)

Variable
CL: BT Name Meaning (units) Notes
4:1 1-80, A WHAT “BROADeni ng Values for parameters in this card set
é 5 - paraneters - may be specified in the INPut file if
~may be varied” - they are not to be varied (card sets 5
5 - and7Zbf Table VIA.1).
-~ Alternatively, this entire card set
- may be inserted at the end of the
- INPut file when parameters are
il ________jfreatedasPUPs.
4:2 1-10, F CRFN Matching radius (F) In many cases this value is overruled
____________________________________________________________________ (g fardset7jorfrd).
11-20, F : TEMP - Effective temperature of
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, cthesample(K) ¢
21-30,F : THICK  : Sample thickness
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, (atomsfarn)
31-40,F @ DELTAL : Spread in flight-path See[Section I11.C.1.a| for a detailed
I length(m) L description of these parameters.
41-50, F ~ The absolute value of In lcard set 5 of the INPut file| a

DELTAG

- DELTAG is the f
- width at half max of a
- Gaussian resolution

- function whose variance
is equivalent to that of

- the square pulse (ps).
- See Section 111.C.1.a for
 details.

ull

- negative value of DELTAG is used
~as a marker to indicate that channel
- widths and _crunch boundaries are
~included in[card set 6] Here in card
-~ set 4 of the PAR file, DELTAG can
- be either negative or positive, but
- only |DELTAG| has any meaning.

It is acceptable to have a negative
- value of DELTAG in the INPut file,
~so that crunch boundaries and
- channel widths will be read, and then
- have a completely different value of
- DELTAG in the PARameter file.
- SAMMY computations will make
- use of (1) the crunch boundaries and
- channel widths from the INPut file
~and (2) the absolute value of
- DELTAG from the PARameter file.
- See test case tr048 for examples.
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Table VI B.2 (continued)

. Variable
CL: PT : Name : Meaning (units) Notes

42 51-60,F - DELTAE : e-folding width of See Section I11.C.1.b|for details.

cont. : - exponential resolution
T o function(us) S
- 61-62,1 : lcrfn - Flag to vary this parameter; values -2, 0, and 1 may be used, but
S o . -1 and 3 may not (see below for meanings of these values).
- 63-64,1 - Itemp - Flags to vary these parameter. Meanings are as follows:
© 65-66, 1 Ithick : -2 — do not vary this parameter. Use the value given in card
67-68lldeltali sets 5, 6, or 7 of the INPut file rather than this value.
“69-70.1  Ideltag 71— do not vary this parameter. Use the value given here in
ool g_ the PARameter file rather than the value given in the
71-72, 1 deltae COVariance file (if it exists). (Note that only those

parameters that were not varied in earlier runs can be
changed in this manner.)

0 — do not vary this parameter. Use the value given in the
: COVariance file if it exists; otherwise, use this value.

1 — do vary this parameter. For the starting value, use the
: value given in the COVariance file if it exists.

3 — PUP this parameter. Use the value given here. (See
5 Section IV.D.2 for a description of propagated uncertainty
parameters.)

43 : 1-10,F :dCRFN : Uncertainty on CRFN This line is optional, unless
- 11-20,F : dTEMP  : Uncertainty on TEMP . additional parameters are given on
- subsequent lines. If this line is
ol . - absent, prior uncertainties are set to
- 51-60,F - dDE - Uncertainty on DELTAE . FUDGE x value of parameter.

44 ©1-10 - DELTC1  Width of Gaussian, - See|Section 11.C.1.4 for details.
: = - constant in energy (eV) -

- 2-20 - DELTC2  Width of Gaussian,
: : - linear in energy
- (unitless)

46 110 | _[dDC1___ Uneertaintyon DBLTCL @ L.
11-20 dDC2 Uncertainty on DELTC2 °
4:4 | (blank)
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Table VI B.2 (continued)

Page 397

cL . PT

Name

- Variable -

Meaning (units)

Notes

51 - 1-80, A

- WHAT

- “UNUSEd but
-correl ated
:vari abl es conme

S next”

Parameter files using this card set are
- never generated directly by a
: SAMMY user; rather, they result

- from using the code SAMAMR (see

Name of first unused
: variable

Value of first unused
: variable

5:Last (blank)
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Table VI B.2 (continued)

- Variable -
CL: P,T : Name : Meaning (units) Notes
6:1 :180,A @ WHAT - “NORMAlization and : See[Section IIl.E.3.a] This card set
f - background are - could be put into the INPut file
- next” : rather than PARameter file if no
il ;valuesaretobevaried.
6:2 1-10, F ANORM : a = normalization - Value ~ 1

: (dimensionless)

- 11-20,F  BACKA _ B, = constant background
: : - (dimensionless if data are
¢ transmission, barns if c.s.)

- 21-30,F : BACKB : B, = background
E : . proportional to1/VE or
 linear in time

é(\/e7Vor barnsx/eV )

| 31-40,F  BACKC : Bo=background -
: :  proportional to~/E or
¢ linear in inverse time

(]/\/W orbarns/\/W)

7777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777

- 41-50, F : BACKD : By = coefficient for
: : : exponential background
. (dimensionless or barns)

- 51-60,F - BACKF _ B; = exponential decay
5 5 -~ constant (v/eV )

- 61-62,1  lanorm - Flag for these parameters: -1, 0, 1, or 3

Besommmssoesesesoooosooooas : -1 — do not vary or PUP this parameter. Use the value given here
1 65:66,1 : Ibackb in the PAR file rather than the value given in the COVariance
:67-68,1 : lbackc file if it exists. (Note that only those parameters that were
- 69-70,1  Ibackd | not varied in earlier runs can be changed in this manner).

- 71-72,1  :lbackf © 0 — do not vary or PUP this parameter. Use the value given in the
: : : COVariance file if it exists; otherwise, use the value given
here.

1 — do vary this parameter. For the starting value, use the value
: given in the COVariance file if it exists.

3 — PUP this parameter, using this value.
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Table VI B.2 (continued)

Page 399

- Variable -
CL: P,T : Name : Meaning (units)

Notes

6:3 :1-10,F : Danorm : uncertainty on ANORM

- This line is optional for angle-
"¢ integrated data but not for angular
- distributions. When the line is

- omitted, the uncertainty is

¢ assumed to be FUDGE x value of

¢ parameter.

6:4, When the data are angular distributions, line 2 contains normalization and backgrounds for
6:5, i the first angle and line 3 the corresponding uncertainties. Line 4 contains values for the

etc. | second angle, etc.
6:Last (blank)

Section VI.B, page 17 (R7)

Page 399



Section VI.B, page 18 (R7) Page 400

Table VI B.2 (continued)

C: Variable
L P,T © Name °: Meaning (units) Notes

7.1 1-80,A WHAT - “RADI Us paraneters fol | ow’
For more than 99 spin groups, see [card set “7 alternate.” |
. For a more flexible, key-word-based format, see l(_:ard set 7a.

11-20, F PARTRU ' Radius (Fermi) to be used for penetrabilities and shifts
: : - (1) If >0, use this value.

(2) If =0 and IFLTRU is not negative, SAMMY uses the value
of CRFN from the INPut file|or from [card set 4|of the
PARameter file for PARTRU.

(3) If <0, the absolute value of the number given is the ratio of
the mass of the sample nucleus to that of a neutron.
SAMMY then calculates PARTRU as 1.23 (AWRI)® + 0.8,
which is the ENDF formula, converted to units of Fermi.

777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777777

21,1 :ICHAN  Channel indicator - 0 — applies to all channels
: : : 1 — applies only to specified channels

$22,1 P IFLEFF : Flagto indicate how =0 — not varied
: : PAREFF is to be treated : i =1 — varied
: : =3 — treated as PUP |(Sect|on IV.D. 2)|

123-24,1 (IFLTRU : Flagto indicate how | =-1 — treated as identical to PAREFF
- PARTRU isto be treated =0 — not varied
= 1 — varied independently of PAREFF

____________________________________________________________________________________________________________

- 25-26, | IG1 - The number of a spin group using - As many spin groups as
A theseradii - needed are given in columns
127-28,1 162 Second spin group for these radii  25-80, 2 columns per group.
21 IG.Last Finalspingroupfortheseracii
2,1 1IX - Zero, denoting end of ~ : When ICHAN=1, specify channel
: : ¢ spin group list : numbers by inserting a zero (1X = 0)
’7IIC1 ””””” Flrst channelnumber ””” - after the string of spin group numbers,
? ffffffffff fffffffffffffff fffffffffffffffffffffffffffffffff and follow with the string of channel
A ez - Second channel number : mpers,

20 ICLast Lestchamnelnumber

7:Last (blank)
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Table VI B.2 (continued)

C: Variable
L P,T © Name °: Meaning (units) Notes

7:1 °1-80,A - WHAT  “RADI Us paraneters fol |l ow’
alternative - For fewer than 99 spin groups, see|card set 7|on previous page.
L - For a more flexible, key-word-based format, see

; 11-20, F: PARTRU : ' Radius (Fermi) to be used for penetrabilities and shifts
f ? - (1) If >0, use this value.

(2) If =0 and IFLTRU is not negative, SAMMY uses the value
of CRFN from the INPut file or from card set 4 of the
PARameter file for PARTRU.

(3) If <0, the absolute value of the number given is the ratio of
the mass of the sample nucleus to that of a neutron.
SAMMY then calculates PARTRU as 1.23 (AWRI)® + 0.8,
which is the ENDF formula, converted to units of Fermi.

- 21-25, 1 ICHAN  Channel indicator : 0 — applies to all channels
: : : 1 — applies only to specified channels

£ 26-30, | IFLEFF  Flag to indicate how  : =0 — not varied
: : : PAREFF is to be treated : = 1 — varied
: : =3 — treated as PUP (Section 1V.D.2)

- 31-35, 1 IFLTRU Flag to indicate how - = -1 — treated as identical to PAREFF
: : - PARTRU isto be treated - = 0 — not varied
: =1 — varied independently of PAREFF

- 36-40,1 : 1G1 .~ The number of a spin group - As many spin groups as needed
f,,,,,,,,,,,,,;,,,,,,,,,,,,,,E,U,SJDQID(??EI@Qi,i,,,,,,,,,,,,,,,,,,,,; are given in columns 36-80, 5
4l45,1 2162 ¢ Next spin group for these radii - columns per group.

%1 lGlet  Finalsngowpfortheseradi
2,1 IX Zero, denoting end of - When ICHAN=1, specify channel

: : : spin group list : numbers by inserting a zero (1X = 0)
o1 i " First channel number . after the string of IG’s, and follow with
R B Eaaaaat T - the string of channel numbers.

201 S 1C2 : Second channel number :

7: Last (blank)
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Table VI B.2 (continued)

CiL

© Variabl -
P, T e Name Meaning (units) Notes

7a:1l

' 1-80,A  WHAT “RADI| are in KEY-  Ifusing the first option, the
WORD f or mat ”, phrase “key-word” must occur
somewhere on the line.
or

“CHANNel radi us
paraneters foll ow”

See [Table VI B.1|for an itemized list of the valid key words used in this card set.

Many test cases contain examples of this card set: tr041,tr043,tr119, tr151. Below is one
example from test case tr059, file t059cz.par :

Channel RADI US PARAMETERS FOLLOW

Radius= 3.200 3.200 Flags=1 3
PP=n+160 L=al |l

Radius= 3.200 3.200 Flags=3 -1
PP=al f+13C L=all

Radius= 3.200 3.200 Flags=3 1
PP=n+160 1 L=all

Radi us= 3. 200 3.200 Flags=3 3
PP=n+160 2 L=all

Channel radii parameters are given in key word format, with the key word followed by an
equal sign followed by the value. Radii values must be specified first, prior to the
information regarding which channels are associated with these radii.

Valid key words for radii: RADI us, RADI i , EFf ecti ve radi us, TRue radi us.
Only those letters in caps must be included; they may be either caps or lowercase in the
file. If key word RADI us is used, it can be followed by one or two values (separated by
space or comma); the first is the effective radius, and the second is the true radius. Inany
case, if only one radius value is specified, the other is assumed to be equal to that same
value.

No other key words may be included on this line.

Uncertainties may be given for the radii. Use the key word REI at i ve to specify relative
uncertainties, and ABsol ut e or UNcer t ai nt y to provide absolute uncertainties. Give
two values after the equal sign, the first for the effective radius and the second for the true
radius. It is permitted to give only one value, in which case that value is used for both
radii. However, if only one value is given, it must be the last item on this line.
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Table VI B.2 (continued)

CiL

© Variabl -
P, T e Name Meaning (units) Notes

Ta:4,
7a:5,
etc.

Valid key words for particle-pair names: PARTi cl e- pai r, PP. Particle-pair names
must be specified before the orbital angular momenta values, and must be exactly as in the

INPut file, [card set 4]or[4a]

Valid key words for orbital angular momentum: L, ORbi t al angul ar nonment um
After the equal sign, values may be given as ODd, EVen, or ALI . In addition (or instead),
specific values of | can be specified (separated by commas or blank spaces).

The orbital angular momentum specification can be on the same line or a following line
after the particle-pair specification.

In principle more than one particle pair can be specified for a given pair of channel radii.
In practice this is not recommended, since different particle pairs correspond to different
physical situations, and hence the radii are intrinsically different (though the value may be
the same).

Valid key word for flags: FLags. One or two values are given, separated by blanks or
commas. If only one flag is given, it applies to the effective radius; the true radius is
assumed to be held fixed. If two flags are given, the first applies to the effective radius and
the second to the true radius.

Values may be “Y” or “1” (indicating that the radius is to be varied) or “N’ or “0”
(indicating that the value for the radius is fixed), or 3 (indicating that the radius is to be
treated as a PUP). For the effective radius, a value “—1” indicates that the two radii are to
be treated as identical.

If both radii are listed explicitly, the key word FLags may be given on the same line with
the radii.

Valid key word for spin groups: GRoup. Following the equal sign, a single group number
is given, or “Al | ” may be specified. After the group number, give the key word
CHannel s. Following the equal sign, appropriate channel numbers are listed, separated by
commas and/or blanks. NOTE: Channels must be specified on the same line as groups.

More than one group can be assigned to the same radii values; each group must be given on
a separate line.

(blank)
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Table VI B.2 (continued)

- Variable
¢L: PT ¢ Name : Meaning (units) Notes

81 1-80,A WHAT  “DATA reduction See[Section IIl.E.3.b[for a
~paraneters are - discussion of data-reduction
- next” - parameters.

This card set could be put into the
: INPut file rather than PARameter
f|Ie if no values are to be varied.

8:2 1-5,A - NAMDTP : Alphanumerlc name for
‘ the first data-reduction
parameter

7,1 - Iff Flag to indicate how this 1 if varied

; - parameter is to be treated : 3 if PUP (see Section IV.D.2

OotherW|se

__,_ e

| 11-20,F - PARDTP - Current value of
: : . parameter

—2130 F UNCDTP Absolute uncertainty for
: : - this parameter

31-40, = PTILDE \'};ulié'b'f'ﬁ;r'a'fﬁ'e}'e?'Js'e'a""" If zero, SAMMY assumes

: : - to generate partial - PTILDE = PARDTP
_____________________ erivatives -
8:5, 6 etc. Repeat lines 2,3,4... as required

8:Last (blank)
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Table VI B.2 (continued)

Variable
CL: P, T : Name : Meaning (units) Notes
9:1 :1-80,A :WHAT  “ORRES” . Oak Ridge Resolution function

: : : - (Section 111.C.2). Card set may be
i _________________iinINputfileinstead of here. ____
9:2 :1-5A WHAT : “BURST” Burst width is on this line.

7,1 Iff - Flag to indicate how burst - 1if varied, 3 if PUP, 0 otherwise

: width is to be treated

_____ 21-30, F__ DBURST Uncertaintyon BURST(ns)

93 15A WHAT : “WATER’ - Information about water moderator
T S e - Ison this line and the next line.

7,1 IFO Flag to indicate treatment for : 1 if varied, 3 if PUP, 0 otherwise

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, WATRO -
8 Pl i Flagfor WATR1 ¢ 11t varied, 3 if PUP, 0 otherwise
LI L Flagfor WATR2 11if varied, 3 if PUP, 0 otherwise
- 10,1 m - Degrees of freedom for chi- © Integer, > 0 (default = 4)
e S - squared distribution e
- 11-20,F { WATRO : Constant term A in - Default = 3.614

- expression for the mean
: free path A for the water
i moderator (mm)

- 21-30,F | WATR1 : Coefficient of linear term A : Default = -0.089
: : : in expression for A (mm)

- 31-40,F : WATR2 : Coefficient of quadratic term : Default = 0.037
: : : Az in expression for A :

9:4 ~11-20,F 'DWO  ° Uncertainty on WATRO  ° Use this line only if previous line

' 21-30,F :DW1 Uncertainty on WATRL  : SPecified “WATER”.

_____ 31-40,F _DW2 _ UnceraintyonWATR2 -

9:3a : 1-5, A WHAT “TANTA” Tantalum target is used instead of
7,1 IFTANT ' Flag to indicate whether - WAer moderator; see Section
TA?\ITA is to be varied : [11.C.2 for precise meaning of
b P D o - variables. Note that you cannot
11-20,F - TANTA - &' (mm ) - have both WATER and TANTA,

f e e T o e o mm = = = o e = = = = = = = = = o = = = = = i = = e e = e e e = e e e o = = o o = m,
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Page 406

Table VI B.2 (continued)

Variable

CL: P, T : Name Meaning (units) Notes

9:4a 7, | CIFX1 * Flag for X1 : Include this line only for tantalum
81 e Fegfxe taget
P R FT oo : Flags are 1 if varied, 3 if PUP, 0
;__S_)z_l __________ 'FX3 _______ FIagforX3 ______________________ - otherwise. See Section IV.D.2 for
10,1 - IFXO0 - Flag for X0 - information about PUPs.

11-20,F X1 Xy (mm)
21-30,F X2 X (mm)
31-40,F X3 Xs(mm)
4150,F X0 Xo(mm)

95 11-20, F - DX1 : Uncertainty on x'; (mm) Include this line only for tantalum
21-30,F DX2 | Uncertainty on x, (mm) ~ : target
| 31-40,F DX3 Uncertainty on X's (mm)
 41-50,F DX0 Uncertainty on Xo (mm) -

96 7,1  Ifwww  Flagforg - Use this line only for tantalum
81 falpha : Flagfora’ ftarget.
IL20F www  pemY Phobrintiehabdii
- 21-30,F : ALPHA o' (dimensionless)

9:7 :11-20,F : Dwww : Uncertainty on f' (mm™) : Use this line only for tantalum
21-30,F  Dalpha  Uncertaintyono’ - target.

___________________  (@imensionless) . .

9:8 .15 A WHAT © “LI THI ” _ Lithium-glass detector is used.
AT > Flagford
8I ””””””” IFF ”””””” Flagforf ”””””””””””” Flags are 1 if varied, 3 if PUP, 0
————————————————————————————————————————————————————————————————————— - otherwise.

9,1 : IFG : Flag for g :
umF o dmey
2130F - F f (nsec ) _
3140F G g (dimensionless)

9:9 :11-20,F : DD Uncertainty on d (nsec) Include this line only for lithium-
. 21-30,F DF Uncertainty on f (nsec™?) - 9lass detector.

3140,F DG Uncertaintyong
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Table VI B.2 (continued)

- Variable -

cL: PT : Name Meaning (units) Notes

9:8a  1-5 A  WHAT - “NE110” - NE110 detector is used.
7,1 - IFDEL - Flag for § = (Note that you cannot use both
T o o ; LITHIand NE110).

- 8-10,1 - NMDETS - Number of cross-section - If zero, default values are
5 5 -~ values and energiesto be - used; default material is
- included (i.e., number of - CHy 104.
- line # 9's to be read) :

- 31-40,F  DENSTY Z (number of molecules per - Default is 0.0047
: ' - mm.b of detector) :

9:9a 11-20,F  ENDETS(i) . Maximum energy for this - These lines occur only with
: : : value of SIGDTS (eV) : the NE110 detector, and only

1 21-30,F : SIGDTS() : Total cross section for ~ : When NMDETS > 0.

- detector material (barns)  : Repeat this line a total of
: - NMDETS times.

e e e e e e e e e e R e e e e e e e e e e e e e e e e e e e e e e e e e e e B e e e e e e e e e o e = = = =

9.10 :1-5,A : WHAT “CHANN" : Channel widths and crunch
S T e  boundaries are given here.
7,1 Ifchnn Flag if CHANN is varied - 0 if fixed, 1 if vary, 2 if

- 11-20,F - ECRNCH(i) : Maximum energy for this :
: : : channel width (eV) :

31-40, F : DCHANN(i) : Uncertainty on channel
: : width ¢ (nsec)

L s T

9:12 | (blank)
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Page 408

Table VI B.2 (continued)

- Variable
CL: P, T : Name :  Meaning (units)

Notes

10:1 : 1-80, A | WHAT - “| SOTOpi ¢
: : i abundances and
- masses”, or
: “NUCLI de
: abundances and
énasses”

.____,________,_________..._______________,_

11-20, F {PARISO (1) 5 Fractlonal abundance :
: : for this nuclide :
: (dimensionless)

77777777777777777777777777777777777777777777777777777777777777777777

- 21-30,F  DELISO (1) . Uncertainty on
: : - abundance
. (dimensionless)

- —2 — use value of isotopic

1 31-32,1 IFLISO (1)  Flag whether

(or - treatment for the
:31-35,1 : abundance
Sif>99 :

groups)

- Each nuclide in the sample should
¢ have an entry here.

abundance given in INPut
file

1— vary
: 0 — donotvary

3 — treat as PUP tSectlon 1V.D.2) |

= If more than 24 spin groups are
¢ needed, insert “-1” in Columns 79-
: 80, and continue on the next line.

£ 33-34,1 {IGRISO(1, 1) Number of the first

“or © spin group belonging

36401 - 5,?9,?*,‘??,999"9? ,,,,,,,,,,,,,

- 35-36,1  IGRISO(2,1) : Number of second

- or - spin group

ALS0 SR
etc.

: This line is needed only if the final
entry on the previous line was —1.

10:3:1-5,1 . IGRISO : Number of the next
- (24.1) or - spin group belonging
- (9,1) - to this nuclide

10:6 (blank)

- When there are more than 99 spin
- groups altogether, each integer

: entry on this line requires five

- columns.
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Table VI B.2 (continued)

CL PT - Name

- Variable -

Meaning (units)

Notes

11:1 - 1-80, A - WHAT

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

- “M SCEI | aneous
paraneters foll ow”

- Any line in this card set may be
- omitted when not needed.

- This card set may be in INPut file.

: AL=EAL, +AL, is used instead

Flag to indicate treatment
- for parameter A L

- Flag to indicate treatment
- for parameter A L,

 to hold fixed.

-

- of DELTAL fromcard set 4 pf this
: file, or instead of DELTAL from

[card set 5of the INPut file.

Flags = 1 to vary, 3 to PUP, and 0

- “ETA
- blank spaces)

7 (“eta” plus two

- Use if type of data (see[card set 8]
- of INput file) is ETA.

__________________________________________________________________________________________________________________

Flag to indicate treatment
: for parameter v

: NU = v (dimensionless) as in

: ETA = NU x (fission /absorption)

Section VI.B, page 27

: Energy for which this value
- of NU applies (eV)

If a constant value of NU is
: wanted, the energy value can be
- omitted. If more than one ETA

: line is present, all must be together
- in the file and in increasing energy
: order. SAMMY will linearly

. interpolate to obtain the value of

- NU between the specified

: energies.
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Table VI B.2 (continued)

cL PT

- Variable -

Name Meaning (units) Notes
11:4 : 1-5,A : WHAT “FINIT” - Finite-size corrections for angular

i . - distributions; see Bection I11.E.7.|
71 IFLAGI : Flag to indicate treatment  : Repeat this line once for each
R - for parameter ATTNI - angle. If the line occurs only once,
9,1 IFLAGO ' Flag to indicate treatment the same attenuations are used for
T for parameter ATTNO _ €2ch angle.

11:20, F : ATTNI Incident-particle attenuation Flags = 1 to vary, 3 to PUP, 0 to
___________________________ __(atomsfarn) - hold fixed.

21:30, F : DTTNI : Uncertainty on ATTNI '

31:40, F - ATTNO : Exit-particle attenuation
___________________________ | atom)

41:50, F : DTTNO : Uncertainty on ATTNO
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Table VI B.2 (continued)

Page 411

- Variable
CL PT : Name Meaning (units) Notes
115 ©1-5,A  WHAT - “GAMA” - Use the same I', for all
670 16 Spingroupnumber _fesonancesininisspingroup
89,1 :IFG - Flag for Gameam S .
————————————————————————————————— —--———-——-——-—-——— |f this line exists for any spin
{(ésonances In spin group - given for every spin group.
21-30,F DGAM Uncertainty on Gamcam
116 (15 A WHAT  “TZERO® SeeSection MES.|
L IFTZER - Flagforto
R IFLZER  :Flagforlo
M-20,F TZERO  ctolws)
21-30,F  DTZERO : Uncertaintyonto(ws) -
31-40,F :LZERO  :Lo(dimensionless) :
41-50, F : DLZERO Uncertainty on L ¢
_________________________________ . (dmensionless) :
51-60, F : FPL Flight-path length (m) This value for the flight-path
: length is used only if DIST is
010 ( INPut Fill card set 5]]
11:7 :1-5A WHAT “Sl ABN” - Abundances for self-indication
7 IF1 Flag for SIABN(1) trans:mlssmn sample. See
for oo UL Bection TT1LE.6]
RN Fz i Flagfor SIABN(2)
- 10, 1 - IF3 - Flag for SIABN(3) :
_11-20,F  SIABN(1)  Abundance for nuclide # 1 - Note that nuclides are defined
21-30, F . DS(1) Uncertainty on SIABN(1) _ i which must
oS- occur before card set 11 in the
31-40,F  SIABN(2) : Abundance for nuclide #2 - pARameter file.
(41-50,F  DS(2) _ Uncertainty on SIABN(2)
51-60, F  SIABN(3) : Abundance for nuclide # 3 : Repeat this - line —until all
Boseosioooee- Pooooeoes e O A : nuclides have been included.
: 61-70,F : DS(3) - Uncertainty on SIABN(3) :
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Table VI B.2 (continued)

Page 412

Variable
CL P,T Name Meaning (units) Notes
11:8 :1-5A WHAT - “SELFI ” - Temperature and thickness for
e Ty transmission sample for self-
_7’| ___________ IFTEMP _______ F Iagfortemperature_ indication experirrs]ent, See
9,1 IFTHCK  : Flag for thickness [Section TIT.E.6 |
111-20,F - SITEM - Effective temperature (K) °
- for self-indication
S __transmission sample
(21-30,F _dSITEM _ Uncertainty on SITEM -
(31-40,F SITHC _ Thickness (atoms/barm)
. iM-50,F :dSITHC _ : UnceraintyonSITHC _ : ___________________.
11:9 :1-5 A WHAT “EFFI C’ : Efficiencies for capture and for
7 IFCAPE - Flag for capture efficiency - fission for eta calculation.
o IFFISE ¢ Flag for fission efficiency
11-20,F : EFCAP - Efficiency for detecting
_______________________________ captureevents
21-30, F : EFFIS - Efficiency for detecting
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, fissionevents
31-40,F : dEFCAP _ : Uncertainty on EFCAP
____;M50.F dEFFIS . UncertaintyonEFFIS - .
11:10 : 1-5, A WHAT “DELTE” Delta-E is energy dependent,
7,0 IFLAGL  FlagforDELEL | LB T CTET, |
RN IFLAGO :FlagforDELEO
-10,1  IFLAGL : Flag for DELEL
11-20,F  DELE1  : Coefficient of E in Eq.
: : (1T A2b.7) (m/eV)
21-30,F bbbl Uncertainty on DELE1 -
31-40,F : DELEO - Constant term in Eq.
_______________________________ (AL M)
:4190,F DDO ¢ Uncertainty on DELEO
51-60, F : DELEL Coefficient of log term in
. Ea(nA2b.7) (m/inEeV)) -
61-70, F : DDL Uncertainty on DELEL
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Table VI B.2 (continued)

- Variable
cL: PT : Name : Meaning (units) Notes
11:11 ©1-5,A - WHAT “DRCAP” - Numerical direct capture
T el A Blam e o s Y component for nuclide number
70 IFLAGL _ Flagtovary COEF(NUO)  \yeic ead from DRC file:
91 - NUC - Nuclide Number - COEF (NUC) multiplies that

- 11-20,F : COEF - Coefficient of the value : value.
: : - given in the DRC file

—————————————— ----------------- T oo eme oo - Note that this line may be
o ”271-739,)3 _ ,qQQEE o ,E,WF?[@'[‘W,OPEQEE ~~: included as many times as
- 21-30, F : DSENSN : Uncertainty on A - needed, to a maximum of once

- per nuclide.

See [Section 11.B.4 for details.

11:13 1-5A - WHAT - “NONUN” or “NON  U” - Non-uniform sample;

- 21-30,F R, =0 - Radius at which thickness th:jc_kness IS[Sa fu_nctllolrl1 Efl |

- is to be given - radius (see_ gctlon E.la

ER . — P ------—------------ fortransmission). At least two
:31-40,F : Z, - Positive value for the - lines must be given, all

: : - sample thickness at this - together in one location in the
_________________ radius " card set; the first line must

- 41-50,F : dz, - Uncertainty on thickness : have zero radius (the center of
e et ~-----------------thesample), and the last must

- be at the outer edge of the
: sample. No fitting is yet
- permitted with these
: : ; - parameters. See test case
: tr176 for examples.

11:Last (blank)
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Table VI B.2 (continued)

- Variable °
cL: PRT ¢ Name : Meaning (units) Notes

12:1 :1-80,A : WHAT : “PARAMagnetic cross : SedSection I11.E.4.
~section parameters - This card set could be put into the
foll ow - INPut file rather than PARameter

5 - file if no values are to be varied.

12:2 1-5 A EWHAT “TM 7,“ER ”,“HO ” Which particular nuclide is to be
: : : (2 letters plus 3 blanks) : used

7,1 IFA Flag to vary A 1 to vary, 3 to PUP, 0 otherwise
91  IFB  FlagtovaryB 1to vary, 3 to PUP, 0 otherwise
00 WP FgoveyP  lwvay,3wPUp0cteise
1120,F A - AofEq. (VH.1) - See Bection IILE 4|for default
1 21-30,F dA . UncertaintyonA _ values.
3140F B BofEq. (VH.1)
4150F dB UncertaintyonB
51-60,F P PofEq. (VHI)
61-70, F dP Uncertainty on P :
12:3 : 7,1 - 1SO - Isoptope (nuclide) number for
: : : this paramagnetic cross section
91  IFC  FlagtovayC 1tovary, 3to PUP, 0 otherwise
1120F C CofEq.(VH1) T
""""" 21-30,F -dC UncertainyonC -

12:4 | (blank)
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Table VI B.2 (continued)

Variable

CL. PT - Name

Meaning (units)

Notes

13:1 1-80, A - WHAT

“BACKG ound
functi ons”

- SeeSection IT.E.3:a]

- This card set could be put into the
- INPut file rather than PARameter
= file if no values are to be varied.

- Line is present only if needed and
: may be repeated as needed.

- Constant background (same
: units as data) :

- Minimum energy for which :
: this background applies (eV)

Default energies are entire range of
analysis.

-~ This value of the flight-path length

- is used only if DIST was not given
- in{card set 5|of INPut file or

- elsewhere.

: This line is present only if needed,

- and may be repeated as needed.

- Type 2 in[Eq. (11 E3a.3)]

7,1 . IFA
91 . IFB
11-20,F : A
21-30,F  dA
31-40,F B
41-50, F : dB

- Coefficient of exponential
. (units same as data)

- function.

- See|Section I11.E.3.a|for an
: explanation of this background

- Minimum energy for which :
- this background applies (eV)

Default energies are entire range of
analysis.

This value of the flight-path length is
- used only if DIST was not given in

of the INPut file (or

- elsewhere).
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Table VI B.2 (continued)

Variable
CL : 5 '

P, T Name Meaning (units) Notes
13: 4 1-5, A WHAT “POVER” This line is present only if needed
e s g and may be repeated as needed.
7,1 IFA - Flag to vary or PUP A ET 3 inEaq (1E3a3
90 R Fagovayorpupp PSmERAREAI
11-20, F A Coeff. of power of time See Eection 111.E.3.a Ifor an
- “(unitsare [data]x[ns®])  : explanation of this background
21:30,F dA  Apriori uncertaintyon A _ function
3140F ;B . Power (dimensionless) -
AL0.F 0B Aprioriuncertaintyon .
51-60, F : Emin i Minimum energy for which : Default energies are entire range of
,,,,,,,,,,,,,,,,,,,,,,,,,,,, _this background applies (eV) - analysis.
_6170,F Emax  MaximumenergyeV)
71-80, F : FPL Flight-path length (m) This value of L is used only if flight-
_____________________________________________________________________  path length was not given earlier.
13:5:1-5 A WHAT : “EXPLN’ - This line is present only if needed
7 IEA Flag to vary or PUP A s ir;]d IS aIW?)I/s foIIowe(z) by line #d6
R N e pair of lines may be repeate
9! IFB  _FlagtovaryorPUPB : as needed.
10, | IFC Flag to vary or PUP C JType 4in Eq. (I E3 a.3) J
11-20,F - A . Constant term in . See [Section 111.E.3.d for an
é - exponential - explanation of this background
____________________________ _(_‘?'_im‘?f‘?:i_‘?_”_'_‘??_s_)__________________ function.
2130.F dA - Apriori uncertaintyon A
3140,F:B Coef. of tin exponential (ns_ ? ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
41-50,F dB . Apriori uncertaintyon .
51-60,F : C - Coefficient of [In(t)] in
,,,,,,,,,,,,,,, . exporential(In(nsec))  :
___i6L-70,F :dC G AprioriuncertaintyonC -
13:6 : 11-20,F : Emin  : Minimum energy for which : - Line 6 must follow each and every
,,,,,,,,,,,,,,,,,,,,,,,,,,, ,t,h!?bi“,?k,g,r?‘,‘,r??j,?PP,','??(,‘?Y), occurrence of line 5.
21-30,F : Emax  : Maximumenergy (6V)  :
31-40, F : FPL Flight-path length (m) This value of L is used only if flight-

: path length was not given earlier.
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Table VI B.2 (continued)

Variable

C:L P,T | Name : Meaning (units) Notes
13:7 . 1-5,A . WHAT . “T-PNT” . Point-wise linear function of time.
: : If this line is present, it must occur

Type 5 in Eq. (11l E3 a.5) at least tvvice_. All occurrences

: : must be contiguous in the file, and
 the times “T” must be increasing
: monotonically.

o IFA  © FlagtovaryorPUPA Lltovary,3to PUP, O otherwise
:11-20,F : A - Value of this background at :[Section I11.E.3.a]provides an
- - ;__t_|_r_n_§_I_(_gz_al__mg_y_r)!t_g_@_s_ q_gjtg_)____ explanation of this background
2130 F (dA  UncertaintyonA funeton
S 31-40,F - T - Flight time for which this :
e T _valueof Aapplies(ns) =
- 41-50,F : FPL  : Flight-path length (m) - This value of the flight-path length is
: : used only if DIST was not given in
S R D S :|card set 5jof INPut file or elsewhere.

13:8 : 1-5,A)F : WHAT : “E- PNT” : Point-wise linear function of
- energy. If this line is present, it
Type 6 in Eq. (111 E3 a.6) must occur at least twice. All
: - occurrences must be contiguous in
 the file, and the energies “E” must
: be increasing monotonically.

7,1 IFA Flag to vary or PUP A : 1tovary, 3 to PUP, 0 otherwise
11-20,F CA - Value of this background at -[Section IIT.E3.ajprovidesan
: : : energy E (same units as data) : explanation of this background
21-30,F dA  UnceraintyonA _ function.

’:é’ili’d”#"' E _ Energy for which this *v;ru;; ””””””””””””””””””””””””””””

: of A applies (eV)
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Table VI B.2 (continued)

Variable

C:L P,T | Name Meaning (units) Notes
13:9: 1-5,A : WHAT : “TFI LE” - Point-wise linear function of time
: © t;, with times and values A, to be

Type 7 in Eq. (111 E3 a.7) - stored in a separate file. Line 10

* Flag to vary or PUP B * 1 to vary, 3 to PUP, 0 otherwise

- Multiplier for this

- must follow this line; the two lines
- may be repeated as needed.

{ Section I11.E.3.alprovides an

: background : explanation of this background

- Name of file containing the : A file name on line 10 must follow
- point-wise background. - every occurrence of line 9.
- The first line in this fileisa -

function.

Flight-path length (m) This value of the flight-path length is
used only if DIST was not given in

of INPut file or elsewhere.

- title, the other lines each
- contain values for two

- parameters (t; and Aj), in
- free format.

- “EFI LE” - Point-wise linear function of

- energy E;, with times and values A;

Type 8 in Eq. (111 E3 a.8) to be stored in a separate file. Line

SO -
11-20,F - B
21-30,F dB

- Name of file containing the A file name on line 12 must follow
- point-wise background. - every occurrence of line 11.
- The first line in this fileisa -

- 12 must follow this line; the two
. lines may be repeated as needed.

FlagtovaryorPUPB 1to vary, 310 PUP, 0 otherwise
Multiplier for this See Section I11.E.3.d for details.
background

- title; the other lines each
- contain values for two

- parameters (E; and Aj), in
- free format.
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Table VI B.2 (continued)

Variable

C:L P,T | Name : Meaning (units) Notes
13: 115, A  WHAT : “AETOB” - This line is present only if needed,
13 - and may be repeated as needed.
7,1  IFA  Flagtovary or PUP A [Type 9in Eq. (11 E32.9)} AE®
91  IFB_ FlagtovaryorPUPB
_11-20,F . A Coefficientof E® (units - See[Section IILE.3dforan
: 5 - same as data) - explanation of this background
_21-30,F (dA  Anpriori uncertainty on A . function.
3140,F B Exponent of E, where E is eV
4150,F dB A priori uncertainty onB

51-60, F Emin  : Minimum energy for WhICh Default energies are entire range of
i : : this background applies (eV) analysis.

13: Last (blan k)
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Table VI B.2 (continued)

Varlable
CL: PT - Name : Meaning (units) Notes

14:1 :1-80,A  WHAT :“RPl Resolution”  : See|Section I1l.C.3.
: : “GEEL resol ution” : This card set could be put into the
“GELI Na resol ution” INPut file rather than PARameter
- S - file if no values are to be varied.
: “NTCOF resol ution :

14:2 :1-5 A WHAT : “BURST” This line may be omitted.
LI L S FlagtovaryP | 0,1, 0r 3 1o keep, vary, or PUP.
- 11-20,F @ P - Full width at half max of
S T burst(ns) i
,,,,,, 21-30,F - dP - UncertainyonP -
143 " 1-5A - WHAT - “TAU ” (two spaces - This line may be omitted, in which
: : - needed) - case line 4 is also omitted.
6,1 to :ltlto : Flagstovary 1y to 1 - 0, 1, or 3 to keep, vary, or PUP.
101 . Iv  :oneflagpercolumn e
- 11-20,F - TAUlto 11 through 7 - These lines give parameters for t
“to - TAU7 - 10 spaces for each value - from[Eq. (TIT C3a.4).
o8k ..
144 : 6,1 - 116 - Flag to vary 16 - This line is present if and only if
e o e line3isalsopresent.
IR LU Flagtovaryr, G| 0,1, or 3o keep, vary, or PUP.
- 11-20,F  dTAU1 : Uncertainty on t; through 7 -
ot e
____ T80, F -dTAU7 - 1Ospacesforeachvalue - ____ __________________
145 :1-5,A  WHAT : “LAMBD” : This line may be omitted, in which

: case line 6 is also omitted.

6,1 to - IAO - Flag to vary Ao, A1, Az, As, - 0,1, or 3 to keep, vary, or PUP.

- 10,1 “to Mg

5 A4 - One space per flag

11-20F  LAMO Ao Ay AgAs A  See[Eq. (Il C3a.3] and Tables
o o [TTC3b.1 ndfor details.

- 51-60, F - LAM4 - 10 spaces for each value

14:6 © 11-20,F : dLAMO - Uncertainties on Ao, A1, Az, This line is present if and only if
to to A3, Ay line 5 is also present.
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Table VI B.2 (continued)

cL

Variable

P, T Name Meaning (units) Notes
14:7 ~ 15 A WHAT ~“Al 7 (That’s“A One, : This line may be omitted, in which
: - blank blank blank™) : case line 8 is also omitted.
6,1 to :IAAlto : Flagtovaryas, ap as as, as : 0, 1, or 3 to keep, vary, or PUP.
101 IAAS ¢ (onespaceperflag) = o
:11-20,F : AAl - Values for ay, ap, a3, as, as, - See|Eq. (111 C3 a.5)| and Tables
“to “to s, a7 from Eq. (11 C3a.5) ‘(111 C3 b.1|and 2 for details.
___ 7180 F -“AA7 _ 1Ospacesforeachvalue -~ _______________
148 6,1 . IAA6 _Flagtovaryas . This line is present if and only if
7.1 IAA7 Flag to vary a; ¢ line 7 is also present.
11-20, F : dAAl Uncertainties on a;, ay, as,
to to ds, as, dg, a7y
71-80,F : dAA7
14:9 15A _______ WHATEXPCN _________________________ -~ This line may be omitted (in
6,1 to ITO, IA2 : Flag to vary to, A, Az, A4, As - which case line 10 is also
100 ¢ 0IA5 :Onespaceperflag ¢ omitted).
: 11‘20, F TO, A2 Values for to, Az, A3, A4, A5 g See and Tables
1o to - from Eq. (111 C3a.2) - irca b.1]and 2Jfor details.
: 51-60,F : A5 : 10 spaces for each value S
- If lines 11 and 12 are present, the
- value for Az given here will be
: ignored. Likewise, when lines 13
- and 14 are present, the value for
i i i__________________:hsgienherewillbeignored.
14: - 11-20,F - dTO, - Uncertainties on to, Ay, As, - This line is present if and only if
10 - to - dA2 A As - line 9 is also present.
___:5160,F ‘todA5 :10spacesforeachvale :
14: 1-5, A WHAT “A3SQE” or “A3 ” This line may be omitted, in which
11 - (“A 3 blank blank blank”) i case line 12 is also omitted and As
6,1 to IAA31 Flag to vary as;, asp, ass, aza, IS equal to the value given in
: : : line 9.
:10, 1 ‘to - ags. One space per flag
: IAA35 : With WHAT="A3SQE”, the value
- 11-20,F : AA31 Values for agy, asp, ass, as4, of o is sqri(E).
“to to ~ ass, agg, and ag7 fromEq. ¢ with WHAT="A3 ", 03=1.
: 71-80, F AA37 (Il C3a.5), 10 spaces for  :

- each.

- See [Eq. (111 C3 a.5) for details.
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Table VI B.2 (continued)

Variable

CiL P,T  Name : Meaning (units) Notes
14: 6,1 - 1AA36 . Flag to vary ass - This line is present if and only if
12 T o line 11 isalso present.
70 IAA37 Flagtovaryay : 0,1, or 3 to keep, vary, or PUP.
8,1 - indicator : 2 = multiply A3 by sqrt(E) :

: 0=>» donot

- 11-20,F : dAA31 : Uncertainties on as, as,
o - to - @gs, A3, Ags, Aze, and ag;

14: i 1-5A  WHAT ("ASSQE"or"A5  ~ * This line may be omitted, in which

13 - (“A5blank blank blank™) - : case line 14 is also omitted and As
: : : See notes in next column.  : is assumed to be energy independent.

6,1 to :IAA31 : Flagtovary as, asy, as3, ass, : With WHAT=*A5SQE", the value

- 10, 1 - to - ass. One space per flag : of as is sqrt(E).
: 1AA35 P
I e T T T : With WHAT=A5 " a5=1.
- 11-20,F - AA51 " Values for asy, asp, ass, as4, _
o o - ass, ass, and ay; from Eq. — See Eq. (111 C3 a5)|for details.
: 71-80,F : AA57 - (Il C3a.b), 10 spaces each :
14: "6,  "IAAS6 ‘Flagtovaryass Thislineis present if and only if
14 7 - IAA57 : Flag to vary as; - line 13 is also present.
8,1 - indicator . 2 = multiply A5 by sqrt(E)

: 0 =>» do not

- 11-20,F : dAA51 : Uncertainties on as;, asy,

‘1o ‘1o - @s3, As4, Ass, Ase, aNd as
______ 71-80,F 1dAAST :
14: 15, A WHAT : “XXPON" - This line may be omitted.
15 6,IIBlFIagt0varyBl """"""""" Line give_s values for extra
: : : - exponential termsl Eqg. (111 C3 a.Zj.
Lo B2 & FlagtovaryB,  : 0,1, or 3 to keep, vary, or PUP.
1120 Bl ValeforB, Seq Sectionl.C3d
1 21-30 B2 - Value for B, . If zero, lines 16 and 17 must be
5 5 . given. If not zero, this is the value
_________________________________________________________________ forB.
:31-40 ¢ aBl Uncertainty for By =
41-50 dB2 Uncertainty for B;
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Table VI B.2 (continued)

Variable
CL: PT - Name : Meaning (units) Notes
14: - 1-5,A  WHAT . “XXPON’ - This line and the next are present
16 : : only if B, is zero in line 15.

6,1 to :IBI1 - Flag to vary biy, biz, bis, bis, ¢ 0, 1, or 3 to keep, vary, or PUP.
: 10, | . to : bis. One space per flag :

IBI5

11-20, F Bl1 Values for bit, biz, biz, bia, See |Eq (111 C3 a. 2]) for details.

“to “to - bis. bis, and b7, 10 spaces -

___jJ1:80F :BI7 _ fforeach. i ...
14. 6,1 - 1BI6 - Flag to vary bijg - This line is present if and only if
17 571 1BI7  Flagtovaryby; . line 16 is also present.

- 11-20,F dBI1 Uncertainties 6}{’5{1’,’6{2’,’5};? ””””””””””””””””””””””””””””

to to bi4, bi5. bi6, and bi7
o TIBOF BT ...
14:18¢etc. _Fie_p_ea_t_'-_' nes 15-17f ‘Zr_a_t‘_“?'_‘lf_5_“_”_‘e_3 at '_“‘}?t _____________________
14: ‘1 1-5A WHAT :“BINS - Continuously varying channel

19 . - width (bins per decade of energy).

YT ENT : ¢ (Line may be omitted; line must

© 6- : S1< < :

(6101 Nbinpd 1< Nbinpd < 99999 - be omitted if line 20 is included.)
7777777777777777777777777777777777777777777777777777777777777777777777777 - See[SectionIMM.C3a]
14: 1-5, A WHAT “CHANN" Channel crunch boundaries.

20 . (Line may be omitted. Line cannot

T T o . be present if line 19 is present.)

7,1 ICH Flag to vary ¢ : 0,1, or 3 to keep, vary, or PUP.

- 11-20  : ECRNCH : Highest energy for this |See Section 111.C.3.a.|
: : : channel width ¢ (eV) :

14:Last (blank)
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Table VI B.2 (continued)

- Variable
c¢L: PT = Name : Meaning (units) Notes

14a:1 - 1-80,A - WHAT  “RPl Transmission SeelSection 111.C.3.
“resol ution :

“function”, or  This card set could be put into the
- “RPI Capture - INPut file rather than PARameter
“resol ution - file if no values are to be varied

- function” or

“GEEL DEFAU ts”, or
“GELI Na DEFAU ts” or -
- “NTOF DEFAUIts” :

14a:2 ‘ 15, A WHAT & “BURST” = This line may be omitted.
7,1 1P Flag to vary P - 0,1, or 3 to keep, vary, or PUP.
“11-20,F P * Full width at half max of ~ :
: 5 : burst (ns)
- 21-30,F :dP - Uncertainty on P :
14a:3 to Default values for RPI transmission or capture (as defined in h’able 1 c3 b.]B,
14a:18 or for Geel or nTOF (as defined in|Table 111 C3 b.2), will be used. No input is
needed here.
14a: 1-5,A - WHAT “BI NS ” ° Continuously varying channel
19 - width (bins per decade of energy).
1 6-10,1  Nbinpd : 1< Nbinpd < 99999 - (Line may be omitted; line must
: be omitted if line 20 is included.)
RN N S N SeelSection Ill.C3a ]
14a: 1-5,A  WHAT  “CHANN’ - Channel crunch boundaries.
20 ° - (Line may be omitted; line cannot
: 5 - be used if line 19 is used.)
T ICH — ° Flagtovaryc 0,1, or 3to keep, vary, or PUP.
- 11-20 | ECRNCH : Highest energy for this . Sed Section I11.C.3.a]
: channel width ¢ (eV) :

14a:Last (blank)
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Table VI B.2 (continued)

C:L P, T Variable Name Meaning (units) Notes

15:1 : 1-80, A : WHAT - “DETECt or - See[Section 1T.E.5]
: : -efficiencies” :

This card set could be put into the
. INPut file rather than PARameter
- file if no values are to be varied.

152 “1-10,F PARDET (1)  Detector efficiency -
: : - appropriate for these :
¢ spin groups :

- 11-20,F : DELDET (1)  : Uncertainty on this
: : - detector efficiency

:21-22,1 :IFLDET (1)  : Flag whether to vary :

S or  this detector
: 21-25,1 : efficienc .
o e y ffffffffff -~ |f more than 29 spin groups are
: 23-24,1 :IGRDET (1,1) : Number of the first : needed. insert “—1” in Columns
gg 201 :pItT‘QYQUF; belonging : 79_g0 and continue on the next
Hmbvdiuies S [0 tNIS 1SOt0pe ... line with five columns for each
25-26,1 : IGRDET (2,1) : Number of second entry.
or spin group
31-35, | belonging to this When there are more than 99 spin
__________________________________________ ' _S_(_)F?_F_’?____________________ groups altogether, use 5 columns
: etc. : for each integer entry in this line .

15:3 i 1-5, | : IGRDET (29, 1) Number of next spin ¢ This line is present only if the final
- group belonging to : entry on line 3 is “~1”
this isotope :

15:4 Repeat Ilne 2 (and 3 if needed) for second (third, etc. ) detector efficiency.

Any spin groups which are not included in this listing will be assigned the final efficiency
. given in the list.

15: Last (blank)
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Table VI B.2 (continued)

- Variable :

CiL P,T Name : Meaning (units) Notes
16:1 © 1-80, A : WHAT : “USER- Defi ned . See Fection 1T.C5]
é : -resolution g
: function” - This card set could be put into the
- INPut file rather than PARameter
- file if no values are to be varied.
16:2 :=1-5 A WHAT “BURST” Line is optional.
7,1 - IFBRST : Flag to indicate whether ~ : 0, 1, or 3 to keep, vary, or PUP.
S T  burstwidth istobevaried  ;
11-20, F : BURST : Value of square burst width
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, s
______ 21-30,F  dBURST _ Uncertaintyonburst(ns) -
16:3 :1-5 A WHAT “CHANN” - Channel crunch boundaries.
T A S : (Lineisoptional.)
7,0 ICH  Flagtovaryc 0,1, or3 tokeep, vary, or PUP.

- 11-20 - ECRNCH Highest energy for this - See|Section 111.C.5
: : : channel width c (eV) :

2130 GCH ¢ Valuesforc(ns)
______ 81-40 . dCH___:Uncertaintyforc(ns) __ - ______________________
16:45.. _Repeatline3asmanytimesasneeded _______ ___ _________________

- 6-75, A NAME Name of file containing user-
: : - defined resolution function :

16:Last (blank)
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Table VI B.2 (continued)

- Variable :

CL: P, T : Name :  Meaning (units) : Notes
Last : 1-80, A - WHAT : “COVARi ance - The output parameter file makes use of this
Al - “matrix is in - alternative. An input parameter file using
_binary formin ° thisalternative must be accompanied by an
“another file” - input covariance file, either generated by
- (See|Table VIIB.1) - an earlier SAMMY run or read from an

- ENDF File 32.

NOTE: If card set “Last A” is used, it is the
- only version of card set “Last” that is
- permitted.

Last : 1-80, A : WHAT : “EXPLIci t - NOTE: It is permissible to use card sets
B:1l : -uncertainties - “Last B”, “Last C”, and “Last D” together

- and _ - in the same SAMMY PARameter file. If
_correlations - card set “Last B” is used, values specified
foll ow - here will override any uncertainty values
: . given anywhere else.

- It is recommended that this card set not be
- used for PUPped parameters, because
information given here will be lost once
: Bayes’ equations are solved and a
- SAMMY.COV file has been made. In
- particular, a misleading value will be
- generated for the final chi-squared value
- after fitting a data set. Use this card set
- only for varied parameters, not for PUPs.

Last : 1-5,1 : NN - See notes at the[end of this section|for
- detailed meaning of these parameters.

g2 100 M T

LastB:Last | (blank)
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Table VI B.2 (continued)

- Variable -
CL: PS : Name : Meaning (units) Notes
Last - 1-80,A - WHAT  “RELATi ve - Give uncertainties for some
Cl - “uncertainties - resonance parameters.

foll ow 5
: - If card set “Last C” is used, values
- specified here will override

- uncertainty values given anywhere
- else except those in “Last B”.

Last - 1-11,F E. (1)  Resonanceenergy,exactlyas.

c2 - itappears infcard set J] above

= 12-22,F 1 RU(L]) : * Relative uncertainty on
: : : resonance energy

- 68, 1 U1,y Flag specifying whether to - =1 [use relative uncertainty
: : : use this uncertainty for g, given by RU(i,1)].

- 70, 1 1JU(21)  Flag to use this unc. for, . - 0 [use either the uncertainty
R P T : given elsewhere, or use
:72,1t0  :JU(3,1) : Flagto use thisunc. forI'ex : the default value].

76, | to (5,1)

Last : 12-22,F : RU(6,1) Relative uncertalnty on T Include as many as of the channels

C3 2333, F . RU(7,1) Relative uncertalnty on T _ & needed here; there is no need to
R e ; include trailing lines which contain

onIy Zeros.

68,1t 2'31)'('7'1')'" Flag 't'd use 't'nié'u'r}'c'.'%ii rTo 'ﬁééb'éét'ih'i's' line as needed.
£ 76, 1 - to (10, 1) :

Last C:Last | (blank)
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Table VI B.2 (continued)

- Variable -

CL: PS : Name : Meaning (units) Notes

Last - 1-80,A - WHAT  “PRIOR - Give uncertainties for some

D:1 “uncertainties © resonance parameters, in key word
: : followin key wor d format.

format” :
: Examples are given in test case
: tr151.

In all cases below, an equal sign
¢ must appear between the key word
: and the value of the parameter.

Last Valid key Word for uncertalnty RELAt i ve uncert ai nty. The absolute uncertainty
D:2 - will be the product of this value times the absolute value of the parameter.

Other valid key words for uncertainty: ABSO ut e uncertai nty or UNCErtai nty.
- These are both treated as absolute uncertainties.

To give an energy range, use key words EM Nor EMAX followed by equal sign and value.
This uncertainty will be applied only to parameters for resonances within this energy range.

(Warning: a zero-value will be interpreted as undefined. To give values of EM Nor EMAX
- as zero, use instead a small but non-zero value.)

To specify which parameters will have this uncertainty, two options are available; one or
more of these can be used with each value of uncertainty.

(1) Use key word GRoup followed (after equal sign) by a single group number, or by the
word “All” (which indicates that this uncertainty applies to resonances in all spin groups).
On the same line, use key word CHannel followed (after equal sign) by one or more
channel numbers, and/or by the key word Ener gy or Ganma (indicating, respectively, the
resonance energy and the capture width).

Caution: SAMMY will not read beyond column 80 on a line. If there are too many channels
to fit everything on the same line, it is possible to simply repeat the GRoup information
with the remainder of the CHannel numbers on an additional line.

Another option is to put all of the GRoup and CHannel information on a line separate
from the other key word information.
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Table VI B.2 (continued)

- Variable -
CL: PS : Name : Meaning (units) Notes
Last (2) If quantum numbers were defined using the particle-pair option, then it is possible to use
D:2  the key word PP or PARTI cl e pai r followed (after equal sign) by the name of the
cont. : particle pair exactly as given in the INPut (or PARameter) file.
Use key word “L” or “Or bi t al angul ar nonent uni’ followed by an equal sign and
- one or more integer values (separated by commas or spaces), to specify the spin groups and
- channels (those with this particle pair and these values of angular momentum) for which this
- uncertainty should apply.
It is possible (though not necessarily practical!) to use PP=Ener gy or PP=ganma to give
- the uncertainty on resonance energies or capture widths. In this case, values of I need not be
- given, and the uncertainty is assumed to apply to all spin groups.
Conflicting input is permitted here. In the case of conflicts, SAMMY will assume that the
- first uncertainty to be specified is the one to be used.
See Table VI B.1 for a simple itemization of valid key words.
LastD-setc h RepeatLine 2as many timesasneeded. _ ___ ____
Last D:Last  (blank)
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Table VI B.2 (continued)

NOTES for card set “Last B”, Expl i cit covari ance information.

For EXPLI ci t input of parameter uncertainties, values for variables NN, MM, KK, LL, and
VV are described here. Explicit uncertainties need not be given for every parameter, but only for
those for which the default value appears inadequate. Also note that uncertainties associated with
parameters of most card sets may be provided along with values for those parameters. When that
option is available, it is the preferred method of input.

(@) To explicitly input the initial (prior) uncertainty on resonance parameters, find the
number of the resonance (i.e., count lines incard set 1]in this file). That number is “NN” and goes in
columns 1-5, right adjusted. The value of MM for columns 6-10 is 1 if the parameter of interest is
E, 2if 'y, 31fI'cy, 41if Iz, , and so on. KK and LL are zero. VV then represents the absolute
value of the uncertainty for this parameter, in the same units as the parameter itself.

(b) To explicitly input the prior uncertainty on R-external parameters, set NN = (1000 plus
IGROUP), where IGROUP is the group number. Let MM = 1 for E,%"", 2 for E,", 3 for Reonq, 4
for Riing 5 fOr Ceonas 6 fO Ciing, and 7 for Ry, all for channel 1. If using[card set 3]to input
R-external for channel 2, use MM =6, 7, 8, 9, 10, and for channel 3, use MM =11, 12, 13, 14, 15. If
usingcard set 3a]use MM =8, 9, 10, 11, 12, 13, 14; for channel 3, use 15 through 21. The absolute
value of the uncertainty on that parameter is then given by VV.

(c) Toexplicitly input the prior uncertainty on broadening parameters, the preferred method
is to specify uncertainties along with values in[card set 4] To use the EXPLIcit option, set NN =
2000 + n, where n = 1 for radius, 2 for effective temperature, 3 for sample thickness, and so on.
(MM is irrelevant here.) The absolute uncertainty on that parameter is VV.

(d) Toexplicitly input the prior uncertainty on normalization or background parameters , the
preferred method is to useg card set 6 If, however, that is undesirable or correlations are wanted,
then the EXPLIcit option may be used. Set NN = 3000 + n, where n = 1 for ANORM, n = 2 for
BACKA, and so on. VV is the absolute uncertainty on that parameter.

(e) Toexplicitly input the prior uncertainty on the radii, the preferred method is to use card

To use the EXPLIcit option with|card set 7, set NN = 4000 + n, where n is the radius pair

number (i.e., the “line number,” minus one, in card set 7). Also set MM = 1 for potential scattering
radius, MM = 2 for the channel radius, or MM = 1 if the two radii are treated as identical. VV is the
absolute uncertainty on the radius. (No uncertainty is permitted on the mass AWRI.)

(F) To input prior uncertainties on Oak Ridge resolution function parameters, the preferred
method is to use[card set 9 If, however, that is undesirable or correlations are wanted, then the
EXPLIcit option may be used. Set NN =5000 + n, where n represents the parameters in the order in
which they were presented. MM may be set to zero.

(g) For data-reduction parameters of use NN = 6000 + n.
(h) For isotopic abundances of|card set 10, use NN = 7000 + n.
(i) For miscellaneous parameters of card set 11} use NN = 8000 + n.
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Table VI B.2 (continued)

(1) For background function parameters of|card set 13| use NN = 13000 + n.

(k) Toexplicitly input correlations between the uncertainties on two parameters, let NN and
MM indicate the first parameter, as in (a) through (j) above. The second parameter is indicated by
KK and LL (analogous to NN and MM, respectively). The correlation coefficient is then given by
VV. Note that VV is in the range from —1 to +1.
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Table VI B.3. Format of the PARameter file when
spin group information is included here

Except for header lines, all information in this file can be found either in the table

Comment 1:
describing the INPut file or in the table describing the original PARameter file.
Comment 2:  When this option is used, the command “QUANTUM NUMBERS ARE in
paranet er fil e” mustbe presentin card set 3 of the INPut file.
Header
Line? Contents of line
yes PARTI cl e pair definitions (first five characters required)

yes RESONances are |isted next (first five characters required)
Remainder of the file is identical to original PARameter file (starting wit
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VI.C. THE DATa and Data CoVariance FILES

Several possible formats are offered for inputting experimental data into the current version
of SAMMY; these are described in Subsection ASCII versions include the original
(MULTI-style) data file with three data points per line, a format consistent with CSISRS data, and a
20-significant-digit format to meet the need for high precision.

Several different options are provided for input of the data covariance matrix (DCM). One
commonly used method is to assume that the DCM contains only diagonal components, in which
case the uncertainty (square root of the diagonal covariance matrix element) provided in the DATa
file is used. As discussed in[Section 1V] this is not the optimal treatment of data uncertainties, as it
IS not the correct treatment for the important systematic experimental uncertainties. Instead, the user
is encouraged to use one or another of several forms for including off-diagonal data covariance
information.

The DCM may be calculated external to SAMMY and provided explicitly in ASCII format,
as described in Section VI.C.2.| When using this “explicit DCM” option, the user must take great
care to ensure that as many significant digits as possible are printed in the file in order to avoid
numerical difficulties in the calculations. Because this method uses only experimental information,
with no input regarding theoretical cross sections, it is the least rigorous method available here.

A better option is for the user to provide the components of the DCM, as discussed in
Bection VI.C.3/] This is preferable to the explicit DCM, for two reasons: (1) The input is both
shorter and simpler for the user to generate. (2) Internal to SAMMY, matrix manipulation can be
accomplished via the efficient “implicit data covariance” treatment as described in Section IV. The
disadvantage is that this version of the DCM relies exclusively on experimental data; this option is
therefore less rigorously correct than the method of the next paragraph. Nevertheless, this is the best
available option for parameters whose derivatives are not calculated in SAMMY .

Finally, components of the off-diagonal DCM often are derived from uncertainties on
parameters that are directly involved in the SAMMY analysis (e.g., the normalization or the
resolution-function parameters might be viewed as contributing to the DCM). In these cases, there is
now an option in SAMMY to simply flag these parameters with the number “3” to indicate that these
are PUPs (Propagated Uncertainty Parameters). SAMMY will then make use of the uncertainties on
the PUP’d parameters in deriving the implicit data covariance matrix. Details are discussed in
. The PUP method is the recommended approach when using a data covariance

matrix; only the option of directly varying a parameter is more rigorous.
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VI.C.1. Experimental Data

The original format for the DATa file is shown in[ Table VI C1]1; this version is borrowed
directly from MULTI. Three data points, including energy, experimental value for cross
section (or transmission, eta, etc.), and relative uncertainty appear on each line. Energies may be
ordered from high to low or low to high, but the ordering must be monotonic. The data file may
contain points that are not within the range [EMIN,EMAX] specified for this run; such points will be

ignored (or, possibly, used for determining the auxiliary grid. See|Section I11.A).

A second ASCII format permits one data point per line, in (3F11) or (3E11) format, with
uncertainties being absolute (rather than relative as in the “original” format). To use this option, the
phrase “USE CSI SRS FORVAT FOr dat a” or an equivalent must appear in|card set 3|of the
INPut file (See Table VI A1.2).

A third ASCII format is useful when many significant digits are needed (e.g., when
comparing cross sections calculated by SAMMY with those calculated by other codes). This format
has one data point per line, in (3F20) or (3E20) format, and uncertainties are absolute. The phrase
“USE TWENTY SIGNIFICAnt digits for experinmental data” (or simply
“TVENTY”") must appear in card set 3 of the INPut file (Table VI A1.2).

The energies and cross sections from an ENDF/B File 3 listing may be used for the
“experimental data” in a SAMMY run. The command for this option is “USE ENDF/ B
ENERG ES and cross sections MAT=abcd”, in which “abcd” is replaced by the ENDF
MAT (material) number. See test case tr086 for examples.

For ORNL-ORELA staff and others who use the plotting package FORODF [JC78] with
their version of SAMMY, there are several possible methods of supplying data in ORELA Data
Format (ODF): For the first, you must specify “DATA ARE | N ODF FI LE” in card set 3 of the
INPut file (see [Tables VI A.lland VI A1.2)| In this ODF data file, section 1 contains the energy
(which can be either high-to-low or low-to-high), section 2 contains the data, and 3 contains the
absolute uncertainty. Use of this alternative is discouraged, because SAMMY handles it awkwardly,
copying to a temporary file in the usual DATa file format of . See test case tr005 for
an example using this option.

The second ODF format is the “standard ODF format,” for which you must specify “DATA
ARE | N STANDARD odf fornmat”inyourinputfile. Inthis ODF file, unlike the version in the
previous paragraph, the energies must be ordered high to low. Again energies are stored in section 1,
data in section 2, and absolute uncertainties in section 3. The standard ODF file contains additional
sections not in the other version: sections 4, 5, and so forth are used to store the partial derivatives
of the data with respect to the data-reduction parameters. (See [Section TTT.E.3|of this report for a
discussion of data-reduction parameters.) Note that section 4 of the ODF file must correspond to
data-reduction parameter number 1, section 5 to parameter number 2, etc. As with all varied
parameters, initial values are given in the PARameter file f Table VI B.2). This method
has not been used very much and will likely be dropped in future releases.
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Two options are available for specifying differential elastic scattering data. The first is via
an ODF file. Section 1 of this file contains the energy; section 2, the measured cross sections for the
first angle; section 3, the absolute uncertainties on the cross sections in section 2; sections 4 and 5,
the cross sections and uncertainties for the second angle; and so forth. In general, section 2n
contains data for the ™ angle; and section 2n+1 contains the uncertainties. Angles are specified in
the INPut file, [card set 8](see Table VI A.1). (This option has seen little use and will likely be
dropped in future revisions.)

The second option for differential elastic data is via an ASCII file, all in (8F10.1) format,
with at least two lines per energy. The first line contains the energy in the first ten columns, cross
section at first angle in columns 11-20, cross section at second angle in columns 21-30, etc.; if there
are more than seven angles, the eighth appears in columns 1-10 of the next line. The second line (or
set of lines) is blank in columns 1-10, contains the (absolute) uncertainty in the cross section at the
firstangle in columns 11-20, uncertainty for the second angle in columns 11-20, etc.; again, if there
are more than seven angles, then values for the 8" and subsequent angles are on additional lines,
beginning in column 1. These two (sets of) lines are repeated once for each energy. To use this
option, itis necessary to include the phrase “DI FFERENTI AL DATA ARE I N ascii file”in
the INPut file. See test cases tr033, tr043, tr109, and others for examples.

Table VI C1.1. MULTI-Style Format for the DATa file

Line Column Variable Format Meaning (units)
1,2,etc. 1-15 ENERGY; F15 Energy (eV)

16-30 DATA; F15 Experimental cross section
(barns), transmission, yield, or
other type of data

31-37 FRACT; F7 Fractional uncertainty in DATA;

38-52 ENERGY, F15

53-67 DATA; F15

68-74 FRACT, F7
75-89 ENERGY; F15
90-104 DATA; F15

105-111 FRACT; F7

Note that although F formats are specified above, input can be in either E or F format.
Numbers must, however, be within the columns specified, and a decimal point is
required. If using E format, the exponent is in the right-most columns.
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VI1.C.2. Explicit Data Covariance Matrices

It is possible, but not optimal, to generate an approximate off-diagonal data covariance
matrix (DCM) using knowledge of the experimental data only. Information about such DCM may
be communicated to SAMMY either explicitly (generating the entire DCM external to SAMMY and
preparing an ASCII file containing the matrix elements) or implicitly (providing only the
components of the DCM, not the full matrix).

An explicit DCM is treated as a regular off-diagonal covariance matrix; see the description of
Bayes’ equations, Use of the explicit data covariance matrix thus requires inversion of
an N x N array, where N is the number of data points. Use of the explicit DCM is permitted but
not recommended.

Animplicit data covariance matrix (described in Section IV.A.1.a) makes use of the specific
mathematical form for the covariance matrix,

V=v+gmg' , (VIC2.1)
where v is the diagonal statistical portion, m is the covariance matrix for the data-reduction
parameters, and g represents the partial derivatives of the theoretical values with respect to the data-
reduction parameters. (See for more details.) With the user-supplied implicit DCM,
the components (v, g, and m) are generated external to SAMMY and provided to the code; V itself is
not needed. The implicit DCM is treated by a more sophisticated mathematical process that does not
require inversion of such a large matrix. See Section VI.C.3|for input details for the implicit
DCM; this is the recommended approach.

When either an explicit or an implicit DCM could be used, the implicit DCM is
recommended because the treatment within SAMMY is far more efficient and often more accurate.

frable VI C2.1]shows the original format for a Data CoVariance (DCV) file, to be included
when each covariance matrix element is given explicitly in fixed format. The name of this file must
be specified in card set 3 of the INPut file (Tables VI A.1and VI Al.2) in columns 31-40 of the line
reading “DATA COVARI ANCE FI LE i s named ... ” Becausethe matrix is symmetric, only
the lower triangular half of this matrix is given in the file; matrix elements are read across the
columns, as illustrated here.

V11

V21l => V22

V3l => V32> V33

V4l => V42 > V43 => V44

V51 => V52 > V53 > V54 > V55

CAUTION: When creating an explicit DCV file, it is important to provide as many significant
digits as possible for each matrix element, in order to ensure reasonably accurate results and avoid
numerical problems associated with singular matrices. Often it is simply not possible to provide an
adequate number of digits in a ten-column format.

A second option for input of the explicit DCM is now available, using free format. In this
case, the input file must include the command “FREE FORMAT DATA COVariance” with the
file name in columns 31-40 of the same line. Again, the recommended procedure for input of an
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externally generated covariance matrix is via the IDC method 0f|Section VI .C.3.b,|rather than
via explicit calculation of the full data covariance matrix.

Occasionally it may be convenient to introduce a constant on- and off-diagonal data
covariance in the neighborhood of a non-s-wave resonance, permitting effective decouplipg-efany
underlying | = 0 state from the non-s waves. This is effective because an additivelLconstant
covariance is mathematically equivalent to a constant, coherent correction term for either the data or
the theory. (Algebraic details are presented in Appendix A of the original SAMMY report [NL80].)
This type of off-diagonal data covariance matrix can be generated automatically by SAMMY; details
for input are given in Table VI A1.2 under the category |‘Experimental data — input control forl
covariance matrix” and in columns 68 to 80, of Table VI B.2.

Another type of explicit off-diagonal data covariance matrix that can be automatically
generated by SAMMY is of the form
Vi, =V, +(a+bE;)(a+bE;) , (VI C2.2)

1]

where \7”. is provided by the user, E; is the energy for data point i, and a and b are constants

chosen by the user. This type of covariance is useful if there are energy-dependent coherent
uncertainties in the data, for example, if a subtracted background is imperfectly known. Input for
this option is given inof Table VI A.2, and the “Input Control” statement “DATA HAS
OFF- DI AGONAL contri bution ...”of Table VI A1.2.

Table VI C2.1. Format of the explicit data covariance file
This file contains the lower triangular half of the matrix, reading across the columns

Line Column Variable Format Meaning

1 1-10 VARDAT(1,1) F10.1  Variance for data point 1

2 1-10 VARDAT(2,1) F10.1  Covariance between data points 1 and 2
11-20  VARDAT(2,2) F10.1  Variance for data point 2

3 1-10 VARDAT(3,1) F10.1  Covariance between data points 1 and 3
11-20  VARDAT(3,2) F10.1 Covariance between data points 2 and 3
21-30  VARDAT(3,3) F10.1  Variance for data point 3

4 1-10... VARDAT(4,1) F10.1
etc.

Last 1-10.. VARDAT(Last1) F10.1
etc.

Note that the ordering of data points is low to high (independent of the ordering in the DATa file), and only those data
points actually used in the calculation can be referenced in the DCV file. A maximum of eight matrix elements are to be
included on one line; thus, “line number 11,” for example, will actually be two lines, with eight numbers on the first and
three on the second.
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VI.C.3. Implicit Data Covariance (IDC) Matrices

The data-reduction process, which is generally performed by the experimentalist who
measured the data, includes background subtraction and normalization, as well as other corrections
(for deadtime, self-shielding, etc.). This process introduces systematic errors, which lead to an off-
diagonal data covariance matrix (DCM). This off-diagonal portion of the DCM should be included
along with the diagonal portion (statistical errors) in the analysis process.

As described in Section IV (The Fitting Procedure) and, in particular, Section 1V.D.3
(Implicit Data Covariance Matrix), it is possible for SAMMY to treat data covariances without
actually ever generating, storing, or inverting the complete off-diagonal DCM. There are several
possibilities for inputting the necessary information into SAMMY.

The Propagated Uncertainty Parameter (PUP) option is described in detail in|Sections IV.D.1|
and Input for PUPs is discussed in|Secti0n VI.C.3.a.|

A second option for input of data covariance information is for the user to externally generate
the pieces g (derivatives with respect to data-reduction parameters) and m (covariance matrix for the
data-reduction parameters) of the DCM. See[Section V1.C.3.b for details.

Finally, in|Section VI.C.3.c, SAMMY s original version of IDC methodology is discussed.
Though this option is still available, in practice it provides the exact same results as the PUP method
and is somewhat more awkward to use.
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VI1.C.3.a. Input for propagated uncertainty parameters

The Propagated Uncertainty Parameter (PUP) option is described in detail in Sections
and Essentially, the PUP method takes any of the SAMMY parameters (either R-
matrix parameters or parameters from the experiment-related corrections to the cross sections) and
incorporates the uncertainty on that parameter into the data covariance matrix (DCM). The value of
the parameter is held fixed.

As indicated in[Table VI B.2, SAMMY input parameters generally have both a flag and an
uncertainty associated with them. If that flag is zero, the parameter is treated as a constant and the
uncertainty is ignored. When the flag is 1, the value of that parameter is refined (“fitted” or
“searched on”) during the analysis process; the uncertainty is taken as the “prior” uncertainty on
that parameter (unless, of course, a prior COVariance file is used). If the flag is 3, the parameter
value remains fixed, but the uncertainty becomes a component of the DCM.

Nearly all the data-related card sets of the PARameter file (Table VI B.2) can now be
inserted into the INPut file (see the end of Table VI A.1). When the card set is in the INPut file,
flags = 1 will be ignored but flags = 3 will be honored.

Sometimes it is desirable to provide an off-diagonal covariance matrix for the PUP’d
parameters. For example, the set of resolution-function parameters may be determined altogether,
by fitting a functional form to measured data; those parameters are then correlated. To input such
information to SAMMY, create an ASCI| file containing the following information:

1. Atitle on the first line.

2. A line containing “Number of parameters = #”, where # is replaced by the integer
number of PUP parameters for which covariances will be provided. [In fact, only the
equal sign and the number are absolutely necessary on this line.]

3. One or more lines containing the exact values of the PUPs, in free-format. These values
must be within 0.1 % of the actual value of the parameters as given in the PARameter or
INPut file. (Caution: if there are two PUPs whose values are nearly identical, and it is
the second one that you are intending to use here, SAMMY might misinterpret the
information. To avoid this problem, include the first PUP, and all in between, in the
PUP covariance matrix.)

4. One or more lines containing the lower triangular covariance matrix elements for those
parameters (reading across the matrix from the left-hand side to the diagonal in the usual
SAMMY fashion), in free format.

It is NOT necessary to include every PUP in this file, but those that are included must be
consecutively located in the SAMMY.LPT listing; that is, the PUP numbers inside the pointed
brackets must be consecutive, as in <6>and <7>. For example, one might have a covariance matrix
for the resolution-function parameters but wish to PUP the Doppler width plus the normalization and
background parameters as well. See test case tr168 for examples.

To use the PUP covariance file ina SAMMY run, include the phrase “PUP COVARI ANCE
IS IN an ascii file”inthecommand section of the INPut file.
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Itis possible to use SAMMY to generate PUP covariance information and write it into a file
to be used as input for subsequent runs. For example, to predetermine resolution-function
parameters, a SAMMY run (or series of runs) might be made on “clean” data with well-defined
resonance parameters. Only the resolution parameters would be flagged. The command “CREATE
PUP FI LE FROM vari ed paraneters used in this run”wouldbeincludedinthe
INPut file for this run (or for the final run of the series). The output file SAMPUP.CQOV is in the
appropriate format for use as the input PUP covariance file for future runs. Again, see test case
tr168 for an example of this.

Caveat: The implementation of the PUP covariance input option is new and has not been
extensively tested. Because there are so many possibilities for parameters to be PUP’d, it has not
been possible for the author to test each and every potential combination. The user is therefore
strongly advised to carefully examine the ISAMMY.LPT| output file to be sure that the PUP
covariance matrix information has been properly interpreted by the code. In particular, look at the
array printed following the phrase “Correlation matrix for PUPped parameters” and check that the
uncertainties and correlations correspond to the appropriate PUPs.

For sequential runs in which the varied-parameter COVariance file from one run is used as
input to the next run, values and uncertainties for varied parameters cannot be modified. (The
exception is via the use of program SAMAMR; see However, values and
uncertainties for PUPs can be modified, since they are associated with the data set rather than with
the parameters whose values are being determined. (The exception is that the treatment of R-matrix
parameters may not be changed during a sequence of runs.) If the user wishes to be certain that
values for PUPs do not change, s/he can insert the command “DO NOT ALLOW VALUES f or
data-rel ated paranmeters to change” into the INPut file.

R-matrix parameters should not be PUP’d during sequential runs: One of the assumptions
underlying the use of sequential analysis is that the data sets being analyzed are completely
independent of each other, that is, they are not united viaa common DCM. Therefore, if a parameter
(e.g., a channel radius) is PUP’d for two data sets, the associated components of the DCM uniting
the two data sets will be ignored. This would violate the assumption of independent data sets. The
same is also true for simultaneous runs of two or more data sets, as described in Section IV.E.1]
because the scheme described there also assumes that the data sets are independent.

It is expected that future development work will provide a means of properly including the
effect of a PUP’d variable that connects two otherwise-independent data sets.
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VI1.C.3.b. User-supplied implicit data covariance matrix

After reducing experimental data from raw counts to a form resembling a cross section, the
experimentalist has available all information needed to produce the covariance matrix for the

reduced data. This covariance matrix would have the form given in Eq. (IVD.1)
Vij:Vié‘ij+zgik M Gy (VIC3b.1)
kk'

where g,, is the partial derivative of the expression for data point i (in terms of the measured

quantity and the data-reduction parameters) with respect to data-reduction parameter k. The
covariance matrix for the data-reduction parameters is m. (For a concrete example of this, see the
paper by|Gunsing [FG98] detailing the derivation of the covariance matrix for data measured at the
GELINATacility.)

Rather than generating the entire covariance matrix V, the SAMMY user can prepare a file
containing the partial derivatives that SAMMY will then use for the Implicit Data Covariance
Matrix. The SAMMY INPut file should contain the command “USER- SUPPLI ED | MPLI Cl t
data covari ance matri x”, and the name of the file must be given directly after the name of
the data file.

The format for the user-supplied implicit data covariance file is as shown in [Table VI C3 b.1

Examples

For examples on the use of IDC, see test cases tr070, tr118, and tr140. Case tr118 contains
equivalent examples of normalization and background included in the fitting (case a), implicit
covariance matrix (cases c and i), user-supplied implicit data covariance matrix (cases g and h), and
explicit data covariance matrix (case j).
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Table VI C3 b.1. Format for user-supplied IDC file

Card set:

Line Variable |Meaning

1:1 Alpha At least the first two characters (and the equal sign) of the phrase “NUnber of
dat a-reducti on paraneters =", followed by an integer number K

i ‘which indicates how many partial derivatives are to be read. Example: NU=7

1:2 (blank)

2:1 Alpha At least the first ten characters of the phrase “PARTI AL DEri vati ves” or
“FREE- FORMAt partial derivatives”

2:2 X(1,1) If*“PARTI AL DEri vati ves”,then the K partial derivatives for the first data
point, eight values per line, continuing on the next lines if needed, in 8F10
format, or
If “FREE- FORVAt partial derivatives?”, then this line contains the
energy, the statistical uncertainty on the first data point, and the K partial

: derivatives for the first data point, in free format

2:3 X(i,2)  The K partial derivatives for the second data point in 8F10 format,  or
Energy, statistical uncertainty, and partial derivatives in free format

etc.

2:N+1 X(i,N) The K partial derivatives for the Nth data point (where N is the total number of
data points in the SAMMY run), in 8F10 format.

Energy, statistical uncertainty, and K partial derivatives, in free format.

2: N+ 2 (blank)

3:1 Alpha |At least the first ten characters of the phrase “UNCERTAI NTi es on dat a-
reducti on paraneters”. NOTE: This card set is optional and may be
omitted if the uncertainties are multiplied into X, that is, if X(i,k) from card set 2
contains X ' times the square root of wy rather than just X' itself.

3:2 X(i,1) |Uncertainties for the K data-reduction parameters, continuing on the next lines if
needed. Format is 8F10 or free-format as specified in card set 2, line 1.

3:3 (blank)

4:1 Alpha At least the first ten characters of the phrase “CORRELATI Ons for
dat a-reducti on paranet ers”. This card set is optional and may be
omitted if values for the data-reduction parameters were independently

_ determined (i.e., if parameters are uncorrelated).
4:2 C(1,2) Correlation between parameter number 1 and parameter number 2. Format is
F10 or free format, as specified in card set 2 line 1.
4:3 C(1,3), |Correlation between parameters 1 and 3, and between 2 and 3; format is 2F10
C(2,3) |or free format.

etc.

4:K+1 C(i,K) Correlation between parameters i (for i = 1 to K-1) and K, in 8F10 format or
_ free format, continuing on additional lines if needed.

4:K+2 (blank)
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VI1.C.3.c. Implicit data covariance for normalization and background

To determine the covariance matrix due to the background and normalization corrections,
SAMMY assumes that the “corrected” data D and the “original” data R are related via

D(E)=—"2—— (VI C3c.1)

in which a and b are defined as in Section I11.E.3.a (Explicit Normalization and/or Background
Functions). Note that for the IDC, corrections are applied to the experimental data and therefore are
opposite to those applied to the theory as in Section 111.E.3.al

Values and uncertainties (as well as possible correlations) for the normalization and
background parameters should be determined by the experimentalist. However, the analyst may find
it necessary to apply further corrections to the data. In this case, the analyst can run SAMMY,
including normalization and/or background functions in the parameter file with the parameters
flagged (varied) in order to determine the correct values for the parameters. The next step would be
to produce a modified data file; this step can be accomplished with SAMMY by including a
command line “REFORMULATE DATA FOR inplicit data covari ance” inthe INPut
file. SAMMY will then produce a file SAMMY .DA2 in the same format as the analyst’s DATafile,
with the data values corrected according to Eqg. (V1 C3 ¢.1). Note that uncertainties in this data file
will not be changed (except to divide by the normalization a, if the uncertainties in the file are
absolute rather than relative): This file, like the original, contains only statistical, but not systematic,
errors.  SAMMY will also produce a file SAMMY.IDC that contains the normalization and
broadening information, and a new parameter file SAMMY .PA2 identical to the analyst’s PAR file
except for the absence of the normalization and broadening information. The uncertainties in
SAMMY.IDC can then be modified (or added) to be the proper experimental uncertainties on the
normalization and broadening parameters, to be used in further SAMMY runs.

In subsequent SAMMY runs for that data set, the INPut file contains the command line
“I MPLI CI T DATA COVARI ance matrix is to be used.” SAMMY then looks for the
IDC file, which uses the same formats as portions of the PARameter file. In particular,
(NORMAI i zat i on and backgr ound) an(BACKGr ound functi ons)canbe
included in this file; see Section Il1.E.3.a for a description of these functions. Any correlations
between values should also be given here, using again the formats of the PARameter file for
EXPLIcit uncertainties (card set Last, alternative B).

NOTE: This use of the implicit data covariance (IDC) with normalization and background
parameters was the earliest implementation of the more general IDC construction, as outlined in
[Section 1V.D.3] The PUP concept (Section IV.D.2)|is applicable to more parameter types, and is
easier for the analyst to use but (when used with the same parameters) gives identical results to the
original normalization-and-background IDC described in this section. Itis likely, therefore, that this

original version will eventually be phased out. Analysts are encouraged to use the PUP option
instead.
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VI.D. INTEGRAL DATA FILE

When the data type is specified as “INTEGral quantities” (Seof the INPut file),
two kinds of data files are needed. The first is an experimental differential data file, which is used
only to generate the energy grid on which the integrals are to be calculated; the type of data and
values of the cross sections in this file are ignored. The second kind of data file contains the
experimental integral data and is designated as the “NTG” file.

In the NTG file, each type of integral data is specified by a unique five-character name,
which is given in Columns 1 to 5 of the appropriate line. Names can be either uppercase or
lowercase, and the ordering is arbitrary. Only those data types for which experimental
measurements exist need to be specified; others can simply be omitted from this file.

Table VI D.1 shows the various types of integral data available in SAMMY. Note that
underscore _ in a name denotes a blank space.

When the INPut and PARameter files specify more than one nuclide (isotope), SAMMY will
calculate the integral quantities for each nuclide separately, ignoring the abundances specified in
INPut and/or PARameter files. Integral data are assumed to be for a specific nuclide; it is important
to note that the ordering of the nuclides must be the same in the NTG file as in the PAR file.

Correlations between experimental data are also given in the NTG file.
The name of the integral data file is given directly after the name of the differential data file,

in the “interactive input to SAMMY.”  Details for the format of the NTG file are given in
[Table VI D.2.]

Table VI D.1. Types of integral data

Name as used in NTG file Description

THABS, THFIS, THCAP Absorption, fission, or capture cross section, respectively, at
thermal energy (E = 0.0253 eV)

MXABS, MXFIS, MXCAP Maxwellian average absorption, fission, or capture cross section
WGABS, WGFIS, WGCAP  Westcott’s g factor for absorption, fission, or capture cross section

RIABS, RIFIS, RICAP Resonance integral for absorption, fission, or capture cross section
AVABS, AVFIS, AVCAP Average integral for absorption, fission, or capture cross section
WATTS Watt spectrum average

KL __ [V (MXFIS) - (MXABS) ]2/ V7

ALPHA o = (RICAP) / (RIFIS)

NJALF NJOY’s a

NJETA NJOY’s n
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Table VI D.2. Format of the NTG file

Variable
Line No. Column Name Meaning
1 1-70 TITLE Title for the file; is printed in LPT file but never used
2 1-5 NUCLID Nuclide number (default = 1); nuclides must be in the

same order as in PAR file

3, 4, etc. 1- 5 WHAT Type of integral data, from list in|Table VI D.1

11-20 DATA Experimental value for this data type
21-30 UNC Experimental uncertainty for this data type
31-40 CONST For resonance integral data, CONST is the maximum

energy for integrand, and CONST2 is the remainder
to be added to the integrated value

For average integral data, CONST is the lower limit on
the integral and CONST?2 the upper

41-50 CONST2

For K1, CONST is the value of v
For Watt spectrum average, CONST = a and
CONST2=b
S (blank)
6, etc. Repeat lines 2 through 5 as many times as needed
7 (blank)
8 1-5 WHAT CORRElations follow
9 1-5 WHAT1 Type of integral data
610 | NUCL  Nuclidenumber
1115 WHAT2  Typeofintegral data
1620 | NUC2  Nuclidenumber
2130 o CORR  Correlation between data of type WHATI for nuclide
number NUC1, and WHAT2 for Nuc2
10, 11, etc. Repeat line 9 as many times as needed
12 (blank)

Section VI.D, page 2 (R7) Page 450



Section VI.E, page 1 (R8) Page 451

VI.E. INTERACTIVE INPUT TO SAMMY

SAMMY was designed to run interactively, with the user supplying appropriate responses to
questions asked by the code. A command file may be prepared, containing the interactive input.

Table VI E.1 lists the questions asked by SAMMY for a simple run and describes appropriate
responses. A similar list for all possible input files (some of which are mutually incompatible) is
given in[Table VI E.2l For detailed examples of more complicated runs, see the SAMMY test cases
as discussed in For each test case, the command file for Unix or Linux runs is
“testxyz” (where “xyz” is the 3-digit test case number). Equivalent command files for Windows
runs are called “test.bat”.

The maximum length for a file name to be used as input to SAMMY is 70 characters.

Table VI E.1. Input for a typical SAMMY run starting with a new parameter file

SAMMY Prompt User Response
1.  What is the name of the INPut file name including extension and path name if needed,
INPut file? for example, AAAAAA.INP". Maximum number of
characters is 70.
2. What is the name of the PARameter file name, for example, AAAAAA.PAR".
PARameter file? Maximum number of characters is 70.
3. What is the first data file DATa file name, for example AAAAAA.DAT ", followed by
name? EMIN? EMAX? the minimum and maximum energies (in EV) for this step in

F format, separated by commas or spaces. The decimal point
must be included, or the program may misinterpret your
input. EMIN and EMAX need not be repeated here if they

are given in the INPut fiIeTabIe VI AL If they

are in both places, values given here are used.

4.  What is new EMIN? Energy range (in eV) for the next step, in F format, separated
EMAX? Data file name? by commas or spaces. If EMIN =0.0 and EMAX =0.0 (i.e.,
if you simply hit “return” or include a blank line in the
command file), then the program will terminate. If the data
file name is blank, the previous DATa file is assumed.

5. Repeat Step 4 as needed, ending with a blank line.

“File names are chosen for convenience, with extensions INP, PAR, and DAT used to indicate
the type of file. SAMMY users may make different choices for extensions, or use none at all.
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Table VI E.2. Complete list of input files for SAMMY runs, in the order in which they will
occur. Only a subset of the SAMMY prompts will occur for any given SAMMY run.,

SAMMY prompt

What is needed

Invoking command

1. What is the name of
the INPut file?

INPut file name plus

extension. Maximum number

of characters is 70.

2. What is the name of
the PARameter
file?

PARameter file name.
Maximum number of
characters is 70.

3. What is the first
data file name?
EMIN? EMAX?

DATa file name followed by
the minimum and maximum
energies (in EV) for this step
in F format, separated by
commas or spaces.

4. What is name of
input file for ENDF
output?

The name of the “ndf” file,
described in [Section VI.F.2.

ENDF/ B- VI
want ed, or

FILE 2 IS

5. What are names of
WY files?

6. What is name of
file with values of
direct capture?

7. What is name of
parameter
COVariance file?

See(Section 11.B.4(for details.

Names of the files produced
by “YW?” runs (described in
Section IV.E.1) in
preparation for simultaneous
fitting to be accomplished in
this run. Each file is
specified on a separate input

line, ending with a blank line.

See |Section VI1I.B|and Table

VIl B.1|for details.

READ Y AND W MATRI CEs

or
WY

ADD DI RECT CAPTURE
Conponent

8. What is name of
file for edge
effects?

This SAMMY -produced file
contains geometric
information for single-
scattering corrections. See
Section I11.D|for more
information.

FILE WTH EDGE
EFFECt s al r eady
exi sts

9. What is name of
implicit data

covariance file?

Section VI.E, page 2
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Table VI E.2 (continued)

SAMMY prompt What is needed Invoking command
10. What is name of See(Section VI.F.1 for AVERAGE OVER ENERGY r anges,
AVG file? details. GROUP AVERAGE OVER Ener gy,

BONDARENKO AVERAGE Over,
UNWEI GHTED ENERGY Aver age,

or

ENERGY- AVERAGE USI Ng
constant fl ux

What is name of
Maxwellian
average file?

What is name of
endf/b file 3?

| Section VI.F.4| has details. MAXWELLI AN AVERAGED

capture cross

sections are wanted
or

STELLAR AVERAGED

CAPt ure cross

sections are wanted

See|Table VI F4.1.. ADD CROSS SECTI ONS
Fromendf/b file 3
””””””””””””””””””””” SeelSection VIE5S! ~ USE CRYSTAL LATTICE

What is name of
Crystal-Lattice
Model file?

nodel of doppl er
br oadeni ng, or

What is name of
integral data file?

See[Sections V.B|and|VI.D |
for details.

What is name of
file with
information for
File 3?

Contains information needed  PUT COVARI ANCE NMATRI X
for creating ENDF File3for 1 nto endf file 32

the unresolved resonance

region. (Similar to *.ndf file,

# 4 above.) See

|Section VI.F.2|

16. What is name of See end of|Section IV.D.2 for PUP COVARI ANCE IS IN
file with PUP further information. an ascii file
covariances?

17. What is name of See|Section 1V.E.6|for E- DEPENDENT | NI TI AL
file with details. uncertalnty
E-dependent initial mul tiplier
uncertainty

Section VI.E, page 3
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Table VI E.2 (continued)

SAMMY prompt What is needed Invoking command
18. What is name of See|Section 1V.E.2| for P COVARI ANCE MATRI X
file containing new  details. I's correct, u Is not
parameter and
uncertainties? MODI FY P COVARI ANCE

matri x before using

19. What is name of See Section I11.Djand [NL08] Y2 VALUES ARE

file containing Y2 for defails. TABULat ed
values?
99. What is new Energy range (in eV) for the

EMIN? EMAX? next step, in F format,

DATa file name? separated by commas or
spaces. New data file name,
when needed. End in blank
line.

With the large capacity of
modern computers, this
option is seldom used
anymore.
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VIF.

OTHER INPUT FILES FOR SAMMY

In addition to the INPut, PARameter, and DATa files, several special-purpose input files

exist for various options available in SAMMY. These are discussed in the following sections:

1.

The AVG file, described in|Secti0n VI.F.1| contains the energy ranges for calculation of
multigroup cross sections.

In order for SAMMY to generate output in appropriate formats for the Evaluated Nuclear
Data Files (ENDF), ENDF-specific information is required. This is provided in the NDF
file, described in|Section VI.F.2)]

ENDF Files 2 and/or 32 are sometimes used as input to SAMMY. See| Section VI.F.3 for
details.

The calculation of Maxwellian or stellar-averaged capture cross sections requires
information about which temperatures are to be used for the calculation. [Section VI.F.4

provides information about this input file.

The Crystal Lattice Model of Doppler broadening requires additional input, as shown in
ISection VI.F.5]
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VI.F.1. The AVeraGe File

In descriptions are given of the way SAMMY can be used to produce energy-
averaged, time-averaged, Bondarenko-averaged, or unweighted energy-averaged cross sections and
the associated covariance matrix. To invoke these options, alphanumeric command lines must be
included in the INPut file. For energy- or time-averaging (Section V.C.1), the command is

AVERAGE OVER ENERGY ranges.

For|[Bondarenkg averaging, the command is

GROUP AVERAGE OVER Energy ranges, or
BONDARENKO AVERAGE Over energy ranges.

For|unweighted energy-averagind, the command is

UNVEI GHTED ENERGY Aver age, or
ENERGY- AVERACGE USI Ng constant fl ux

One or more additional files are required, which are denoted the AVG (AVeraGe) files or
BON (BONdarenko) files; their names are given to SAMMY as interactive input (se
directly following the name of the first data file, or, if a COVariance file is used, directly after the
name of the COVariance file . Formats for AVG files are given inTable VI F1.1, and for the BON
files in The two types of files follow very much the same format, except the BON

files require additional input parameter values. For unweighted energy-averaging, either file may be
used (the “TYPE” line is ignored).

For all types of multigroup averaging, it is possible to print the partial derivatives
(sensitivities) of the multigroup cross sections with respect to the resonance parameters and to print
the associated multigroup covariance matrix. The command

PRI NT AVERAGED SENSItivities for endf paraneters
will cause the creation of several files, all in ASCII format:
SAMAVG.COV contains the multigroup covariance matrix.

SAMSEN.DAT contains partial derivatives of all multigroup cross sections with respect to
resonance parameters of the five lowest-lying resonances. These derivatives are with respect to the
p-parameters (see Section IV.C) rather than u-parameters, that is, with respect to the “endf
parameters” as suggested in the command line.

SAMMY.LLL contains the same information as the multigroup-average portion of the
SAMMY.LPT file, but in reverse energy order to facilitate comparison with results from some
processor codes.

SAMMY.MGS contains the multigroup cross section (and nothing else), again in reverse
energy order, to facilitate porting to spreadsheets for comparisons with output from other codes.
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Table VI F1.1. Format of the AVG file

Page 458

Line Col- | Variable Meaning Possible
Number | umn | Name Format | (units) Values Notes
1 1-80 TITLE  A80
2 110 TYPE  Al0 | Type of averaging - “ENERGY- | energy- or
to be used AVEr age” or  time- average
“TI ME-
AVERAge”
3 110 EMIN  F10  Minimumenergy
for this range (eV)
1 11-20 | EMAX | F10 | Maximum energy | | If EMAX =0,
for this range (eV) use EMAX
equal to the
value given
for EMIN on
the next line
4,5, ... | (repeat line 3 as many times as needed)
last (blank)
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Table VI F1.2. Format of the BONdarenko file
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Page 459

Line Col- | Variable For- | Meaning Possible

Number | umn | Name mat | (units) Values Notes

1 1-80 TITLE AS0

2 | 1-10 | TYPE | A10 | Type of | “BONDA | Currently this is
averaging to RENKO’ the only option;
be used others may be

added later

3 1-10  EMIN F10  Minimum
energy for this
range (eV) :

11-20 EMAX F1I0  Maximum IfEMAX =0,
energy for this use EMAX
range (eV) equal to the

value given for
EMIN on the
next line
4,5, (repeat Line 3 as many times as needed)
6 (blank)
7 1-10 | TYPE Al10 | Type of “BONDA Again this is the
parameters to RENKCO’ only option;
be used others may be
added later
8 1-10 EBONDA(1) . F10  Energy (eV)
| 11-20 | BONDAR(1) | F10 | Value of C(E) at q. (VC2.2)
E = EBONDA(1)
21-30 : SIG000 F10 oo q. (VC2.2
9 1-10 EBONDA(2) F10 Energy (eV)
11-20 - BONDAR(2) ' F10  Value of C(E) at
E = EBONDA(2)
10, (Repeat line 9 as many times as needed. Value of C(E) is interpolated linearly
11,... between the points specified.)
last (blank)
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VI.F.2. Input to Produce Files in ENDF File 2 or File 32 Format

SAMMY is capable of converting information obtained from the usual SAMMY INPut and
PARameter files (plus a modest amount of additional input) into[ENDF File 2 fformat, in several of
the many versions of that format. To invoke this option, the following line must be included in the
INPut file:

ENDF/ B-VI FILE 2 IS want ed

(This may be shortened to “ENDF” if desired.)

One additional file is required, denoted the “ndf” file, whose name is supplied to SAMMY in
the site in which SAMMY would normally expect the DATa file name (see Section VI.E). Contents

of this file are shown in|Table VI F2.1

There is a more convenient version of the ndf file, which is used when the INPut file contains
the command line

NDF FILE IS I N KEY-Word format

This is the preferred version for the ndf file. Formats for the file are key word based; see

Table VI F2.2 for details. Below are two examples of key word files:

235U 23Na
Z=92 Z=11
A=235 A=23
Mat =1125
| sotope # 1
Spi =7.5 | sot ope=1
Spin=1.5
L=0, G oup=1, 2
L=0, GROUP=1, 2
L=1, GROUP=3, 4,5,6,7,8
L=2, GROUP=9, 10, 11, 12, 13, 14, 15, 16

In either case, SAMMY will produce a file called SAMMY .NDF, which contains the
appropriate lines for ENDF/B File 2. See test cases tr023, tr086, tr126, tr137, tr154 for examples.

In SAMMY .NDF, resonance energies are given in F format, to as many significant digits as

possible within the limitation of eleven columns. Widths are given in E format, with, however, the
“E” suppressed and the exponent given as one digit if possible.
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To produce ENDF File 32 (covariance matrix for resonance parameters), include the

command
PUT COVARI ANCE MATRI x into endf file 32

Only the key word version of the ndf file is acceptable for this option. Parameters such as

“LCOmp”, “DI Agonal ”and “DEf aul t uncert ai nt y” are relevant here; see [Table VI F2.2
The output file, to be used as ENDF File 32, is called SAMMY .N32.

When the command DEBUG is given in the INPut file, then additional “annotated” files will
be produced by SAMMY, to aid the reader in understanding what is where in the ENDF file. The
file SAMMY.NDX is identical to file SAMMY .NDF, except that it also contains annotations (lines
beginning with #) describing the information in the file. Similarly, the file SAMMY.N3X is
identical to the first portion of SAMMY .N32 except for the annotations.

NOTE: The ENDF File 2 LRF=3 convention for the angular momentum parameter AJ is as
follows: AJis defined as + J, where the sign denotes the channel spin's; AJ=—Jdenotess =1 —1,
with i = 1/2 for neutron; AJ = +J denotes s = | +i. This is in compliance with the format change
approved by the Cross Section Evaluation Working Group at the 1999 meeting|[ENDF 99].

CAUTION: SAMMY'’s original implementation of the LRF=7 format was not entirely
correct for 0 nuclides; the negative parity was not specified properly. To the best of the author’s
knowledge, no official ENDF files were created with this version of SAMMY. Nevertheless,
anyone using very early examples of LRF=7 ENDF files for 0 nuclides should check to be certain
that the file behaves as expected.
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Table VI F2.1. File needed for generating ENDF File 2 output

Card Line
Set . number . Variable Format Notes
1 1 ZA F | These are ENDF variables, and thus follow the
AWR F | ENDF-6 rules for determining their values. Often, but
not always, ZA has the value (1000 * Z + A). AWR is
the ratio of the mass of the sample to the neutron
mass; the default value is AW/aneutron, where AW is
the mass as given in the SAMMY |INPut filg and
aneutron is the mass of the neutron. In general, it is
... recommended thatthe default value be used for AWR.
LRF I LRF specifies which ENDF format and which R-
matrix approximation are to be used; LRF = 3 (Reich-
Moore) is default. Caution: The ENDF LRF=3 format
permits only a limited subset of the Reich-Moore
. copabilityasimplemented in SAMMY.
MAT I ENDF MAT number (default = 9999).
2 1 SPI(1) F  These are also ENDF-6 variables and are defined,
ZAl(1) respectively, as the ground-state spin, the (Z,A) value,
ABN(1) the abundance, and the ratio of the isotopic mass to
AWRI(1) that of a neutron. Use of the default for AWRI(i) is
again recommended: AW/aneutron, where AW is the
value given in the SAMMY files and aneutron is the
_______________________ massofanmeutron.
2 LENDFG(L1) | | ___.Angular momentum for the first ENDF spin group
KENDFG(1,1,1) | SAMMY spin groups belonging to this ENDF spin
KENDFG(2,1,1) | : group. There may be more than one SAMMY group
- per ENDF group, since ENDF LRF = 3 groups consist
of energy-ordered sets of all resonances with the same
I, while SAMMY groups are defined by both J and I.
SAMMY will check that the specified groups have the
e eeeeeeeeereoreonbor.o..2. COMTeECE |, and print an error message if they do not,
3 LENDFG(,1) | | | __; Angular momentum | for ith group (2nd, 3rd, etc.)
KENDFG(1,i,1) I SAMMY groups belonging to this ENDF group
KENDFG(2,i,1) |
(4. RepeatLine3asmanytimesasnecessary
 Last | (blank) : :
3 Repeat card set 2 as many times as necessary, once for each nuclide/isotope
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Table VI F2.2. Key-word-based file needed for generating ENDF File 2 output.
For each key word used, only those few characters written as capitals in the table are required; those
in lowercase are optional. Key words may be given as capital, lower-case, or mixed case letters.

Card : Key word

set variable Notes
1 Z Z for target nucleus
A Atomic massnumber
/N If different from (1000 * Z + A), then this value must be inserted
directly.
AW Ratio of the mass of the sample nucleus to the neutron mass. AVRIs

the ratio of the mass of the sample to the neutron mass; the default
value is AW/m, where s the mass as given in the SAMMY INPut
file and m;, is the mass of the neutron. In general, it is recommended
that the default value be used for AR

Mat ENDF MAT number (default = 9999)
M ENDF reaction number, for file 3 output
LRF Which ENDF file 2 format and which R-matrix approximation are to

be used (1 = SLBW, 2 = MLBW, 3=RM, 7 =RML). If LRF is not
specified, SAMMY will choose the appropriate value.

LCOp Which ENDF file 32 format is to be used:

LCOMP =0 can be used only for LRF = 1 or 2; results are not
guaranteed to be correct. Use of this format is discouraged.

LCOMP =1 can be used for LRF =1, 2, 3, or 7, or for URR.

LCOMP =2 (“compact”) can be used for LRF =1, 2, 3, or 7, or for
URR. However, this format should be used with extreme caution as
it is a crude approximation.

(The format for LCOMP =1, LRF =7, was accepted as an official
ENDF format in November, 2006.)

NDi gi t Number of digits to be used for LCOMP = 2. NDigit = 2,3,4,5,6 are
approved ENDF formats.

DI Agonall ~If LCOmp = 1 and DIAgonal = Yes, then only the diagonal pieces
~ of the covariance matrix will be specified in File 32.
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Table VIF.2 (continued)

card | Key word

set variable Notes

1 DEf aul t _ Relative uncertainty for unflagged parameters. The value of the

cont. uncertainty yncertainty to be printed in File 32 is this value times the value of
or DU the parameter.

FLagged Only resonances with flagged parameters (flag = 1) will be included
in file 32. (No value needs to be given here.)
AL| All resonances are to be included in file 32. (No value needs to be
given here.)
(bl ank) Terminate this card set with a blank line.
2 | SOt ope or | (No value needs to be given here.)
NUC i de
3 Z Z for target nucleus (this isotope)
A Atomic mass number (this isotope)
ZA If different from (1000 * Z + A), then this value must be inserted
7 directly.
AW Ratio of the mass of the sample nucleus (this isotope) to the neutron
mass. Again, it is recommended that the default value be used rather
_ than giving the value here explicitly.
ABn Abundance for this isotope
SPi n Ground state spin for this isotope
(blank) Terminate this card set with a blank line.

4 L Orbital angular momentum for this ENDF spin group. On the same
(card setisnot  line, give key word “GROUP” and specify the SAMMY group numbers
needed for that contribute to this | for this isotope. Example:

LRF = 7) L=0, Goup=1, 2,3

5 Repeat card set 4 as many times as needed, ending with a blank line.

6 Repeat from card set 2 through card set 5, as many times as needed. (CAUTION: The
author does not guarantee that the program will work properly for more than one isotope.)

7 SHor t For LCOMP = 1, LRF = 3, the “short-range section information”
follows this line; see the ENDF-102 description of File 32 input for
details. Be sure that at least two blank lines precede this line.
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Table VIF.2 (continued)

card | Key word
set variable Notes

8 N Ordinal number for this short-range section. (This number is for your
use only, so the value is arbitrary.) On the same line, give key word
“Spi n group” and specify the ordinal numbers for the spin groups
to be included in this section. Example:
N=1 S=1,3,4

9 energy range On the line immediately following card set 8, give the energy range
(minimum to maximum) for resonances to be included in the short-
range section. No key word is required, but an equal sign must be
present. Example:

Energy range = -10. 20.

10 Repeat card sets 8-9 as many times as needed. End with a blank line.
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VI.F.3. Using ENDF File 2 as input to SAMMY

Instead of manually creating a SAMMY -type PARameter file and an entire SAMMY -type
INPut file, a user may retrieve resonance parameters (File 2) from the Evaluated Nuclear Data Files
(ENDF) Library at the National Nuclear Data Center|[NNDC]|and use that file directly as input to
SAMMY. The first portion of a SAMMY -type INPutfite isstill required; this file contains card
'sets 1-8 put no others (see Table VI A.1). Included in card set 3 of the INPut file must be the line

I NPUT | S ENDF/ B FI LE MAT=abcd

in which “abcd” is to be replaced by the ENDF MAT (material) number. The name of the ENDF/B
file is included in the input stream where the name of the PARameter file is called for.

Prior to Release M6 of the SAMMY code, it was necessary for the user to edit the ENDF file
and extract File 2 for the material of interest. This is no longer needed; SAMMY will now search
through a long ENDF file and use the relevant portion. However, if the command line reads only

| NPUT | S ENDF/ B FI LE

without the MAT number, then SAMMY will assume (as in the past) that the ENDF file contains
only File 2 for the material of interest.

With either of the commands given above, only resonance parameters and spin-group
quantum numbers are retrieved from the ENDF File 2. If the energy range from the ENDF file is to
be used for the SAMMY run, then the command

USE ENERGY RANGE FROm endf/b file 2
is given in the INPut file.
(Note that additional commands may be required for the experimental data and associated

energy grid. In general, the user must provide a separate file for the experimental data in the
customary fashion as described in |Section VI C.]J.)

Output from a run using an ENDF file for input includes several additional files not usually
found in SAMMY output. The first is SAMNDF.INP which is a SAMMY-type INPut file
containing the spin group information in[card set 10.1 format. The second, SAMNDF.PAR, is a
SAMMY -type PARameter file containing the resonance parameter information from the ENDF file,
translated into SAMMY formats. These two files can then be modified as needed and used for
subsequent SAMMY runs.

A third member of this list of additional output files is SAMQUA.PAR, a PARameter file

that contains quantum number information as well as resonance parameters. See [Table VI B.3 fora
detailed explanation of this file.
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Caveat # 1: Only isotopic ENDF files can be used as input for SAMMY runs. For example,
one could use the file for %*Si but not the file for natural silicon.

Caveat # 2: The file SAMNDF.INP contains a command (card set 3) specifying which type
of R-matrix approximation was used for the ENDF file. For example, if the ENDF File 2 indicates
LRF=1, then the resonance parameters were determined by a procedure that used the single-level
Breit-Wigner approximation; SAMNDF.INP therefore will contain the command line “SLBW
FORMALI SM | S WANTED”. Similarly LRF = 2 indicates multilevel Breit Wigner, and LRF =3
indicates the ENDF Reich-Moore approximation.

If the intent of the user is simply to use SAMMY to create a plot of the evaluated cross
sections, then the SAMMY runs should indeed use the same approximation as was used to define the
ENDF file.

However, if the intent is to use the ENDF File 2 parameters as starting values for analysis of
new data, or for a new evaluation, then the user is encouraged to modify (or remove) the command
in the INPut file for subsequent runs. New analyses should use the Reich-Moore approximation,
which is the default option for SAMMY.
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VI1.F.4. Format of the MXW File

In_order to generate stellar (Maxwellian) averages of capture cross sections (see
Section V.D)), two pieces of input are needed. In the alphanumeric portion (card set 3) of the INPut
file, the line

MAXVEELLI AN AVERAGED capture cross sections are wanted

or
STELLAR AVERAGED CAPture cross sections are want ed

must be included (the two phrases are treated identically within the code). It is also necessary to
specify the temperatures at which the stellar averages are to be calculated; these are given in a
“MXW?” file whose name is specified immediately following the name of the DATa file in the input
stream. The format of the MXW file is one temperature per line, in F10.1 format, in units of eV.

When calculating stellar averages, it is often desirable to include cross sections at energies
above the resolved resonance region. In SAMMY, this may be done by providing the “smooth cross
section” in the ENDF File 3 format. Users must also include the following line

ADD CROSS SECTIONS Fromendf/b file 3
in the alphanumeric portion of the INPut file.

For users unfamiliar with ENDF formats, a description of the relevant portions of File 3 is
presented in Table VI F4.1. Note that the parameter INT specifies an interpolation scheme for NBT
energy points. For INT = 1, the cross section from E; to Ej+; is constant and equal to C;. For

INT = 2, the cross section for E;j < E < Ej4; is linearly interpolated between the two values. (Note
that other options are available in ENDF but only these two have been implemented in SAMMY )

Examples for stellar averaging are given in test cases tr042, tr049, and tr051.
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Table VI F4.1. Format for File 3 cross sections to be added for stellar averages

A decimal point must occur somewhere with an F format

Line Col-
number © Variable © umns Format Notes
1 (Nothing on this line is important to SAMMY runs)
2 NR 45-55 111 Number of energy regions
NP 56-66 11 Total number of energy points to be specified
3 NBT(1) 1-11 111 Number of energy points in region 1
INT(1) 12-22 111 Interpolation type for region 1 (INT=1 implies
constant, INT=2 implies linear; contact the
SAMMY author if other options are needed.)
NBT(2) 23-33 111 Number of energy points in region 2
INT(2) 34-44 111 Interpolation type for region 2
NBT(3) 45-55 111 Number of energy points in region 3
INT(3) 56-66 111 Interpolation type for region 3
4,5, ... - Repeat Line 3 until all NR regions have been specified. Note that the sum of the
NBT values must equal NP.
6 E(1) 1-11 F11 First energy value
C(1) 12-22 F11 Value of cross section at energy E(1)
E(2) 23-33 F11 Next energy value
C(2) 23-44 F11 Value of cross section at energy E(2)
E3) 45-55 F11 Next energy value
C(4) 56-66 F11 Value of cross section at energy E(3)
7,8,...  Repeat Line 6 until all NP energy points have been specified
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The crystal-lattice model of Doppler broadening, discussed in|Section III.B.4,|requires

additional input beyond that needed by other Doppler models:

1)

(2)

of doppl er broadeni ng

In the INPut file, include one of these alphanumeric commands:
USE CRYSTAL LATTI CE nodel

or CLM

Provide the location/name of the CLM file in the input stream, directly after the name of the
DATa file.

The format for the CLM file is given in Table VI F5.1, where we have again used the convention
that “C:L” implies “card set number: line number” and the notation “f-f ” refers to “free format.”

Table VI F5.1. Format of the SAMMY CLM file (crystal-lattice model)
Note: “f-f” indicates “free-format”

Variable Possible = Default
C:.L  Name Format Values | Value Meaning
1:1 [ Title A80 Alphanumeric title
2:1  Mode_ f-finteger : Oorl 0 Mode of normalization
S_Norm 0 =» do not correct the S function
1 =>» correct the S function
Nphon f-finteger >0 Phonon-expansion order
Sub f-f real >0.0 1.0 Number of subdivisions between
the spectrum points for beta mesh
= Xdop f-f real - >0.0 1.0 Initial Doppler cut of beta mesh
Eps f-f real > 0.0, 0.08 Precision over normalization and
small sum rule check of scattering law
Epsc f-f real > 0.0, 0.001 Precision of convolution integral
small calculation
2:2  (blank)
31 What A5 CONTI . Continuous distribution
parameters follow
3:2 | Del_Phonon | f-f real >0.0 Interval (in eV) between points of
the phonon distribution
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Variable Possible - Default
C:.L  Name Format Values | Value Meaning
3:2, | N_Cont f-finteger [ 0Oor>0 If greater than zero, line 3 in card
cont. set 3 is in free-form real; N_Cont
is the number of points to be
read.
If equal to zero, line 3 is in fixed
format (8F10.1); SAMMY will
count the number of points.
3:3 Phonon(i) | f-freal, or Phonon distribution, uniformly
8F10.1 spaced in energy
3:4  (blank)
4:1 | What A5 DI SCR Discrete mode parameters follow.
(This card set may be omitted.)
4:2 N_Osc f-finteger  0or>0 If >0, lines 3 and 4 are free-form
real and there are N_Osc values
to be read.
If =0, or if this card is absent,
Lines 3 and 4 are fixed format
(8F10.1) and SAMMY will count
how many values there are.
4:3  Osc_Eng(i) f-frealor Energies (eV) for discrete mode
8F10.1 oscillators
4:4 | Osc_Wits(i) | f-freal or Weights for discrete mode
8F10.1 oscillators
4:5  (blank) ;
5:1 | What A5 TRANS Translational parameters follow
(This card set may be omitted.)
52  Twt f-f real Translational weight
C Trans f-f real  Diffusion constant
Theta f-f real 1.0 Normalization for continuous

part
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VIl. OUTPUT FROM SAMMY

The output from SAMMY s presented in two or more files, depending on the control
parameters set in the INPut file (card set 3 of Table VI A.1). |Table VII.1 summarizes those output
files; no guarantees are made that the list is complete. The ordering in the table is somewhat
arbitrary, beginning with the most commonly used files.

In the table, unit numbers correspond to those used within the FORTRAN of SAMMY.
Most SAMMY users will have no need for this information, which is included for completeness’
sake. The final column of the table tells which sections and/or tables contain details about the file
listed in the first column.

Table VII.1. SAMMY output files

File name and Location of

unit number Contents details
(log file) What appears on the screen in the interactive mode; system
6 - information f
SAMMY.LPT Descriptive output, to be carefully examined by the analyst. Section VILA
21 - (“LPT” stands for “line printer”, a concept which clearly :
- dates the origin of this code!) :
SAMMY.IO Initial and final values of varied parameters
70
SAMMY .PAR PARameter output file, in same format as the initial : Table VI B.2

Section VI.B

32 - PARameter file, in which values have been updated for the
- varied parameters

SAMMY.COV Updated COVariance matrix for the updated parameters, in ;| Table VII B.1
64 - binary form.  Updated parameter values and other Section VII.B

- information are also included here. :
SAMMY.ODF This is the plot file in ORELA Data Format (ODF), from Section VII.C
72 : which plots can be produced using utility program

... :FORODF i

SAMMY .PLT A “generic” binary file containing the same information as Section VII.C
61 in SAMMY.ODF
SAMMY.DAT | ODF file containing experimental data and uncertainties for ;
72 : angular distribution data 5
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File name and

Location of

unit number Contents details
SAMMY .NDF ASCII file containing resonance parameters in the format Section
75 - required for File 2 of the Evaluated Nuclear Data Files :|VI.F.2
- (ENDF/B-6) :
SAMMY.NDX : ASCII file identical to SAMMY.NDF, with additional :| Section
56 : descriptive information IVILE.2
SAMMY.N32  : ASCII file containing the resonance parameters in the : [Section
55 - format required for File 32 of the Evaluated Nuclear Data : [VI.F.2
- Files (ENDF/B-6)
SAMMY .N3X EASCII file identical to SAMMY.N32, with additional : [Section
56 - descriptive information :\VLLF.2
SAMMY .FL3 ENDF File 3 (point-wise cross sections) - [Section
55 : [VIIL.B
SAMMY.FLX : ENDF File 3 with additional descriptive information - Section
56 - VIILB
SAMNDF.INP - SAMMY-type INPut file produced when an ENDF/B File 2 [Section
13 - is used for resonance parameter input (VLF.3
SAMNDF.PAR - SAMMY-type PARameter file produced when an ENDF/B : [Section
12 : File 2 is used for resonance parameter input :\VLF.3

SAMQUA. PAR PARameter file containing spin group information, created
12 - when “PUT QUANTUM NUMBERS into parameter file” :

: command is used. The spin group information here is in :

- key-word particle-pair format.
SAMMY.CCV Compact parameter CoVariance matrix (uncertainties, plus
77 - correlation matrix in integer format)
SAMMY.SSM A binary file containing edge-effects corrections (the Section 111.D
25 - function Q ) to single-scattering correction for capture cross °

. sections :
SAMO012.DAT : Table with energy, self-shielded cross section, single- :
60 : scattering correction, double-plus correction, and full :

- multiple-scattering-corrected cross section (sum of the other :

- three); generated via the command “PRI NT MULTI PLE

- SCATTering corrections” :
SAMMY.MCR | Input information for Monte Carlo simulation of multiple- ;[Section X.M
12  scattering corrections
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Table VII.1 (continued)

File name and
unit number

Location of

Contents details

No longer available (replaced with SAMMY.UNB, to

SAMXAC.ODF

- eliminate redundancy in the code)
SAMMY.UNB : Binary file in ODF format, containing energy in Section 1 |Sect|0n VII. G|
9 - and unbroadened cross section in other sections, created :

:when command “PUT UNBROADENED CR(BS

:sections into plot file”isinvoked :
SAMUNB.DAT : ASCII file containing auxiliary energy grid and |Sect|0n VII. G|
9 - unbroadened cross section in TWENTY format, created when :

- command “PUT UNBROADENED CROSs sections :

~into plot file”isinvoked :
SAMUNX.DAT : ASCIl file containing auxiliary energy grid and Section VII.G
9 unbroadened cross sections in CSISRS format, created when : :

: command “PUT UNBROADENED CROSs sections :

-into plot file”isinvoked, for those cases where :

- more than one type of cross section is available
SAMMY .LEG ASCII file containing energy and Legendre coefficients for
99 : all possible L for each energy in the auxiliary grid.

. In older versions, this file was called “legendre.dat”
SAMMY .N04 Legendre coefficients in format for ENDF File 4. Section IX
97 * In older versions, this file was called “endf_legendre.dat” :
SAMINK.DAT : The same information as SAMMY .LEG or - Section 1X
96 : SAMMY .NO04, in expanded format :
SAMMY .LLL Average cross sections and uncertainties Section
69 : ((VLE.1
SAMAVG.COV §ASCII file containing covariance matrix for multlgroup Section
29 : average cross sections VLE.1
SAMSEN.DAT : Partial derivatives of averaged cross section with respect to Sectlon
29 : some of the R-matrix parameters VLE1
SAMMY.CRS Multigroup average cross sections, in ENDF-like file Section 1X
55 :
SAMMY.N33 : Covariance matrix for multigroup average cross sections, |n Sectlon IX
55 - ENDF File 33 format
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File name and

Location of

unit number Contents _ details

SAMMY.PUB : Tabulated file containing all resonance parameters and : |Section VII.F
37 - uncertainties, in a form suitable for porting to spreadsheets :

- for formatting for publication
SAMCOV.PUB Tabulated file containing the calculated cross sections and Section
37 - the associated covariance matrix. The cross sections are : |V.E.4

- “point-wise” (i.e., given at specific energies).
SAMMY.PA2 . Modified PARameter file when “REFORMULATE DATA : [Section
33 :FOR inplicit data covariance” :\VI.C.3.c
SAMMY.IDC File containing normalization and background information Section
34 : when “REFORMULATE DATA FOR inplicit data :|VI.C3.c

:covari ance” :
SAMMY.DA2 Modified DATa file in which normalization and background Section
15 - corrections have been made, when “REFORMULATE DATA : |VI.C.3.c

“FOR inplicit data covariance”
SAMCOV.PUP éFiIe containing values and covariances for varied u- Section
40 - parameters (to be used as PUPs in later runs), created when :|VI.C.3.a

- the command “CREATE PUP FILE FROM vari ed :

paraneters used in this run”isgiven in the :

- INPut file :
SAMMY .REL PARameter file in which only the “relevant” parameters Table
12 - have been flagged IVIAL2
INPUT.NEW Spin group information in the format of card set 10.1,
22 - provided as a possible alternative to the obsolete format :

- used in the INPut file
REMORI.PAR Binary file containing original parameter file and inverse of Section
25 - original parameter covariance matrix, when needed for :|IV.E.3

_iterations with M+W method of solution of Bayes’ :

: equations :
SAMMY.YWY : Binary file containing contribution of one data set to the Y Section
32 - and W matrices needed in M+W method of solution of . |IV.E.1

: Bayes’ equations
SAMMY.PDS | Partial derivatives of the theoretical values with respect to | [Section VII.D |
71 | every resonance parameter
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VIILLA. LINE-PRINTER OUTPUT

The first two output files (the “LPT” and the “1O” files) are intended for visual inspection.
The LPT file contains full output, detailed to the extent specified by the user in the INPut file (see
Tables VI A.ll and VI AL.2}.

The 10 file merely lists initial and final parameter values.

The LPT file contains a wealth of information with which users should become familiar.
Here you find, among other things,

Input file names;

Title for the run (taken from your INPut file);

Values for varied and fixed parameters;

Verbatim alphanumeric commands (with notification if the command is not recognized);
Chronological listing of the SAMMY segments used in the run;

Updated parameter values, uncertainties, and correlation values;

Chi-squared values;

Error messages, if applicable.

Sample LPT files may be found among the output for the test cases or tutorial exercises; see
Section XII.

Itis strongly recommended that novice SAMMY users examine the LPT file for each run, to
be sure SAMMY is interpreting input as the user intended. Even experienced SAMMY users should
regularly look at the LPT file, especially when output parameter values or chi-squared values are
puzzling or when the run ends abnormally. Such problems are often the result of user input errors,
which can frequently be discovered by comparing intended input values with the values as listed in
the LPT file. Inaddition, the LPT file often provides error messages to guide the user into fixing an
input error. Error messages are also provided for abnormal aborts for common input errors. (Please
notify the author if you have suggestions for a more informative error message for your favorite
mistake.)
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VII.B. OUTPUT TO BE USED AS INPUT

Two output files (the “PAR” and the “COV” files) are intended to be used as input to another

SAMMY run. The PAR file is as described irf Section VI.B| with the alternative chosen

for the “last” card set of Table VI B.2.

In very early versions of SAMMY, the output “binary COVariance file” contained only the
new (updated) covariance matrix for physical parameters (i.e., not for the u-parameters; see
[Section IV.C). Output parameter values were stored in the output PARameter file. When these two
files were used as input to another run, the covariance matrix for the u-parameters was generated

from[Eg. (V C.1).

Two drawbacks to this scheme led to expansion of the COV file. First, unnecessary
computer time was spent in making the conversion back to u-parameters. Second, and more
important, was the loss of precision between runs. In converting from u-parameters to physical
parameters, storing these in ASCII format, reading them back in for the next run, and converting
back to u-parameters, often the last several significant digits were lost. One would expect that
analysis of two energy regions, first in two separate executions of SAMMY, then in one execution
but still analyzing the two regions sequentially, should give identical results. With the early storage
scheme, small differences occurred; with the current scheme, no discrepancies are found.

SAMMY users should keep in mind the following:

If a COVariance file is specified, SAMMY will use parameter values given in the
(binary) COVariance file rather than those given in the PARameter file.

That is, all parameter values are taken from the values stored in the binary COVariance file; these
values are more precise than those in the PARameter file. (See, however, the end of this section for
exceptions to this rule.)

Table VII B.1| shows which variables are written in what order in the COVariance file.

Dotted lines separate values kept in separate records.

Occasionally a user may wish to modify the contents of the COVariance file (and associated
PARameter file), in order to de-activate a measurement-related parameter (e.g., sample thickness or
Doppler temperature) and activate the comparable parameter for the measurement to be analyzed
next. This may be accomplished using the program SAMAMR; see Section X.C|for details.
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Table VII B.1. Binary COVariance file

Variable names (with
dimension in parenthesis)

Meaning

TITLE

POLAR(2,NRES)
IFLPOL(2,NRES)

test which version of the SAMMY code wrote this
COV file

covariance matrix for physical parameters (p-
parameters), stored in NVPALL separate records

covariance matrix for u-parameters, stored in
NVPALL separate records

¢ flags for resonance parameters. Flags are 0 if fixed,
1 <flag < NVPALL if parameter is varied, and
i NVPALL < flag < NFPALL if PUP’d

- number of the spin group to which the resonance
- belongs

- optional; fission width in polar coordinate system

optional; flags for polar fission widths

..............................................................................

IFLEXT(NREXT,NTOTC,NGROUP)

flags for R-external parameters

PAREXT(NREXT,NTOTC,NGROUP) R-external parameters

IGRRAD(NTOTC,NGROUP),

PAREFF(NUMRAD),
IFLEFF(NUMRAD),
PARTRU(NUMRAD),
IFLTRU(NUMRAD)
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Table VII B.1 (continued)

Variable names (with
dimension in parenthesis)

Meaning

AMUISO(NUMISO),
PARISO(NUMISO),
IFLISO(NUMISO),
IGRISO(NGROUP)

PARDET(NUMDET),
IFLDET(NUMDET),
IGRDET(NGROUP)

PARBRD(NUMBRD)

atomic weight, fractional abundance, flags for
- abundances, spin groups which correspond to this
 isotope

- detector efficiency parameters for eta
- measurements, flags for detector efficiencies, which
: detector efficiency applies to this spin group

“broadening” parameters

IFLBRD(NUMBRD) flags for broadening parameters
DUM(19) related to broadening parameters
PARMSC(NUMMSC) - values of miscellaneous parameters

NAMMSC(NUMMSC)

IFLMSC(NUMMSC)

names of miscellaneous parameters

flags for miscellaneous parameters

IRADMS(NGROUP)

PARPMC(NUMPMC),
IFLPMC(NUMPMC),
ISOPMC(NUMPMC)

PARORR(NUMORR)

IFLORR(NUMORR)

ECRNCH(NUMORR-11)

ENDETS(NMDETS)

SIGDTS(NMDETS)

PARRPI(NUMRPI),
IFLRPI(NUMRPI),
ECRNCH(NUMRPI-NNNRPI)

PARUDR(NUMUDR),
IFLUDR(NUMUDR),
ECRNCH(NUMUDR-NNNUDR)

Section VII.B, page 3

radiation width number for this spin group

IJIKMSC(NUMMSC-KDRCAP+1) index for direct capture component

- paramagnetic parameters, flags for paramagnetic
- parameters, which isotopes these apply to

- parameters related to the Oak Ridge resolution
- function option

parameters related to the RPI resolution function
- option

parameters related to the user-defined numerical
- resolution function option
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Table VII B.1 (continued)

Variable names (with

dimension in parenthesis) Meaning

PARBGF(NUMBGF), parameters related to the background function

IFLBGF(NUMBGF), - option

KNDBGF(NUMBGF), :

BGFMIN(NUMBGF),

BGFMAX(NUMBGF), DIST

PARDTP(NUMDTP) ° values of data reduction parameters

NAMDTP(NUMDTP) names of data reduction parameters

IFLDTP(NUMDTP) ordinal numbers for varied data reduction
. parameters

PARUSD(NUMUSD) values of “unused” parameters

NAMUSD(NUMUSD) names of unused parameters

IFLUSD(NUMUSD) - ordinal numbers for unused parameters

PARBAG(NUMBAG) values of “baggage” parameters

NAMBAG(NUMBAG) names of baggage parameters

IFLBAG(NUMBAG) ordinal numbers for baggage parameters

Exceptions:

The rule that parameter values are taken from the COVariance file (if it exists) rather than
from the PARameter file is violated under certain conditions:

e Certain unvaried parameters can be flagged to use values from the PAR file; see[Table VI B.2
for specifics.

e Exceptions can also occur for most of the PUP’d parameters, as discussed in [Section IV.D.2 .|

e The user may overwrite the rule, as discussed in and|IV.E.6| The rule is often,
but not always, violated when modifications are to be made to the parameter covariance matrix.
To ascertain exactly which parameter values have been used, look through the LPT file for the
phrase “SAMMY- NEW . If this phrase occurs, then the PARameter file values were used. If this
phrase does not occur, then the COVariance file parameter values were used.
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VII.C. PLOT OUTPUT

The output file SAMMY.ODF is in the ORELA DATA FORMAT|[JC78] ind iis intended for
use with the plotting program FORODF to produce plots of the results of SAMMY calculations.
Table VII C.1 shows what is stored in each section of the SAMMY .ODF file, for the case when the
experimental data are either total cross section or transmission. describes the ODF
file for other types of energy-differential data, and Table V11 C.3|shows the SAMMY .ODF file for
angular-distribution (angle- and energy-differential) data. In the case of angular-distribution data,
when the input data are provided in an ASCII file, SAMMY will produce a second output ODF file
(SAMMY .DAT) that contains the experimental values; if the input data are given in an ODF file, the
SAMMY.DAT file is not generated. A description of the SAMMY.DAT file is shown in
[Table VIl C.4. ]

For computer systems using other plotting routines, SAMMY provides two additional files
containing the same information as that in the ODF file. One is an ASCII file and the other is a
“generic” binary file; names for the two files are derived from the name of the ODF file with
extensions “LST” or “PLT”, respectively. For example, the files corresponding to SAMMY.ODF
are SAMMY.LST and SAMMY.PLT. The files corresponding to SAMMY.DAT are
SAMMYX.LST and SAMMYX.PLT. Details for reading PLT files are presented in[Section X.1]

Table VII C.1. Sections of the ODF file generated by SAMMY, for transmission or total
cross-section data

Sect. No. Contents and units

1 Energy (Units are as specified by [input command.| If not specified, then units
are eV if appropriate, otherwise keV.)
Experimental cross section (barns)
Absolute uncertainty in experimental cross section (barns)
Zeroth-order theoretical cross section as evaluated by SAMMY (barns)
Final theoretical cross section as evaluated by SAMMY (barns)
Experimental transmission (dimensionless)
Absolute uncertainty in experimental transmission
Zeroth-order theoretical transmission as evaluated by SAMMY
Final theoretical transmission as evaluated by SAMMY

Theoretical uncertainty on section 4 if data were total cross section, or on
section 8 if data were transmission

11*  Theoretical uncertainty on section 5 or section 9

12°  Adjusted energy initially, when t, and Lo are to be varied. See [Section I11.E.§ of
this manual.

13 Adjusted energy finally, when to and Lo are to be varied. See [Section I11.E.§ of
this manual.

& These sections are filled only if the phrase “I NCLUDE THEORETI CAL er r or s” occurs in the INPut file (Table VI A1.2).
b . . . . .
These sections are filled only if ty and/or L, is to be varied.

O ©W 00 NO O Wb

-

Section VII.C, page 1 (R8) Page 483



Section VII.C, page 2 (R8) Page 484

Table VII C.2. Sections of the ODF file generated by SAMMY, for energy-differential data
that are neither transmission nor total cross section

Sect. No. Contents and units

1 Energy (Units are as specified by input command. If not specified,
then units are eV if appropriate, otherwise keV)

Experimental cross section (barns)
Absolute uncertainty in experimental cross section (barns)
Zeroth-order theoretical cross section as evaluated by SAMMY

(barns)
5 Final theoretical cross section as evaluated by SAMMY (barns)
6° Theoretical uncertainty on section 4 (barns)
7° Theoretical uncertainty on section 5 (barns)
8" Adjusted energy initially, when ty and L are to be varied. See
of this report
9P Adjusted energy finally, when ty and L are to be varied. See

Section I11.E.8 [of this report

? These sections are filled only if the phrase “I| NCLUDE THEORETI CAL er r or s” occurs in thg INPut file
(Table VI A1.2).
b These sections are filled only if t, and/or L, is to be varied.
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Table VIIC.3. Sections of SAMMY.ODF when data are angular distributions (energy- and
angle-differential elastic scattering or reaction data)

Sect. No. Contents and units

1 Energy (eV)
Zeroth-order theoretical cross section for the first angle (barns)

Final theoretical cross section for the first angle (barns)
Zeroth-order theoretical cross section for the second angle (barns)

a B~ W DN

Final theoretical cross section for the second angle (barns)

2n Zeroth-order theoretical cross section for the nth angle (barns)
2n+1  Final theoretical cross section for the nth angle (barns)

Table VIIC.4. Sections of the ODF file SAMMY .DAT generated by SAMMY when
data are angular distributions

Sect. No. Contents and units
1 Energy (eV)
Experimental cross section for the first angle (barns)

Uncertainty on experimental cross section for the first angle (barns)
Experimental cross section for the second angle (barns)

o B~ W DN

Uncertainty on experimental cross section for the second angle (barns)

2n Experimental cross section for the nth angle (barns)
2n+1 Uncertainty on experimental cross section for the nth angle (barns)
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VI1.D. COMPLETE SET OF PARTIAL DERIVATIVES FOR RESONANCE
PARAMETERS

It is possible for SAMMY to generate an ASCII file containing partial derivatives of the
cross sections with respect to all resonance parameters. This option was added to SAMMY for one
specialized application, when the results of a SAMMY analysis were to be used as the starting point
for a study of integral quantities; it is not expected to be a generally useful option for other
applications.

To invoke this SAMMY option, include the statement

GENERATE PARTI AL DERI VATI VES ONLY

in the INPut file. The output file SAMMY.PDS will then be produced; contents of this file are

shown in Table VII D.1

For this file, resonance parameters are numbered as follows: First, resonances are ordered
according to spin groups. Next, resonances are energy ordered within spin groups. Finally, for each
resonance, the u-parameters associated with the energy, the reduced-gamma-width amplitude, the
reduced-neutron-width amplitude, and other reduced width amplitudes (if they exist), are,
respectively, the first, second, third, and possibly fourth and fifth parameters. (See Section 11.D.1.e|
for a description of u-parameters for the Reich-Moore approximation.)
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Table VII D.1. Contents of output file SAMMY .PDS

Line
Number  Variable Columns Format Meaning
1 NPAR 1-10 110 total number of resonance parameters
2, etc. U(1) to 6G13.6 value of the parameters
U(NPAR)
3 DATA(1) 1-13 F first experimental data value
DELD(1) 14-26 F uncertainty on data
THEORY(1) 27-39 F theoretical value for first data point
G(1,1) 40-52 F partial derivative of THEORY with
respect to parameter number 1
G(1,2) 53-65 F partial derivative of THEORY with
respect to parameter number 2
G(1,3) 66-79 F partial derivative of THEORY with
respect to parameter number 3
4 etc. G(1,4) to 6G13.6 partial derivative of THEORY with
G(1,NPAR) respect to parameter number 4
5 DATAC(I) 1-13 F ith experimental data value
DELD(i) 14-26 F uncertainty on data
THEORY(i)  27-39 F theoretical value for ith data point
G(i,1) 40-52 F partial derivative of THEORY with
respect to parameter number 1
G(i,2) 53-65 F partial derivative of THEORY with
respect to parameter number 2
G(i,3) 66-79 F partial derivative of THEORY with
respect to parameter number 3
6 etc G(i,4) to 6G13.6 partial derivative of THEORY with
G(i,NPAR) respect to parameter number 4

Repeat lines 5 and 6 for each data point.
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VIIL.LE. COMPACT FORMAT FOR PARAMETER COVARIANCE INFORMATION

Existing formats for communication of covariance information are often inadequate. The
sheer quantity of numbers in a typical covariance matrix prohibits storage of this information in
ASCII format, and binary files are generally not transportable from one computer to another. This
issue is discussed at greater length elsewhere. SAMMY has an option for abbreviated
formats for parameter covariance matrices, designated the “compact” format. This option is also
available for use in the transmission of covariance information from one code to another via ENDF
files; see Section IX for details.

When a binary covariance file from an earlier SAMMY run is specified as input for another
run, then the inclusion of an appropriate command line will cause the creation of an ASCII output
file SAMMY.CCV. (The characters CCV stand for Compact CoVariance.)

Important: It is the initial (prior) parameter covariance matrix that is written into this file.
The final (posterior) parameter covariance matrix, if created by this run, is written in the usual
binary format into file SAMMY.COV.

To create SAMMY.CCV in compact format, include any one of the following equivalent
alphanumeric commands:

PUT COVARI ANCES | NTO conpact for mat
PUT CORRELATI ONS | NTo conpact for mat
VRI TE CORRELATI ONS I nto conpact format
WRI TE COVARI ANCES | Nt o conpact format

Within the CCV file, the covariance matrix is expressed as uncertainties plus correlation
matrix. At the beginning of the CCV file, absolute uncertainties are listed for each varied parameter,
in (6(1PG11.5)) format. The rest of the file specifies the non-negligible correlation matrix elements,
converted to integer format.

The SAMMY compact format is directly analogous to the ENDF Compact Format (file 32,
LRU=0, LCOMP=2; see Bection IX). In this format, off-diagonal correlation coefficients C are
mapped to integers M (which range from -99 to + 99) as follows: Define small as IDROPP/100,
where IDROPP is an input parameter (fard set 2| of the INPut file, Table VI A.1) with default
value 2. Correlation coefficients in the range —small < C < small are mapped to zero. Positive
correlation coefficients in the range M /100 < C < (M + 1) / 100 are mapped to M. Negative
coefficients in the range (M + 1) / 100 < C < M / 100 are mapped to—M . Diagonal correlation
coefficients always have the value +1, so they are not explicitly written in the file.

To reconstruct the (approximate) covariance matrix from the mapped values, all coefficients
C mapped to positive integer M are assigned the value c :(M +1/2)/100. All coefficients C

mapped to negative integer —M are assigned the value ¢ = —(M +1/2)/100. IfM=0,c=0. A
partial listing of values for this description is given in [Table VII E.1
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Table VII E.1. Map from true correlation coefficient C to integer M and
back to approximate coefficient ¢ for compact format

C M C C M C

-1.00<C<-099 —-99 —-0995]099<C<100 99 0.995
—-099<C<-098 —-98 —-0985]098<C=<0.99 98 0.985
—-0.98<C<-097 —-97 —-0975]|097<C<098 97 0.975
—-097<C<-09 -96 -0965]|096<C=<0.97 96 0.965

—-0.04<C<-003 -3 -0.035)]003<C=<004 3 0.035
—-0.03<C<-0.02 -2 -0.025]002<C<003 2 0.025
-0.02<C<-001 -1 -0.015]001<C<002 1 0.015
—0.01<C=< 0.01 0 0.000

For example, a correlation coefficient whose exact value is C =0.7382 is mapped to M =73
and reconstructed as ¢ = 0.735. The value C = —0.2901 is mapped to M = —29 and reconstructed as
c=-0.295; if C = -0.3000, again M = —29 and ¢ = —0.295.

Only the lower triangular half of the n x n correlation matrix C;; is written into the

SAMMY.CCV file. The first entry of a row is the row number i; the second, the initial column
number j; and the following entries are the (M-style) correlation of parameter i with parameters |
through k (where Kk is the lesser of i —1and j+ m — 1, and m is the maximum number of such
correlations that can fit on the line). If all entries on a line are zero, the line is omitted.

Several test cases contain SAMMY runs to produce the output SAMMY.CCV file and/or
others that read and use the CCV file to regenerate the covariance matrix. Among them are test
cases tr071, tr082, tr083, tr084, tr089, tr131, tr146, and tr149.

Use one of the following equivalent commands to read a compact format and reconstruct the
parameter covariance matrix:

READ COVPACT COVARI Ances for prior paraneters
READ COVPACT CORRELAtions for prior paraneters
COMPACT COVARI ANCES are to be read and used
COMPACT CORRELATIONS are to be read and used

SAMMY has the ability to use other than two digits (1, 2, 3, 4, 5, or 6 digits) for writing and

reading the compact format; this is now also an approved ENDF format. To write SAMMY.CCV
with a different number of digits, set NDIGIT in column 72 of card set 2 of the INPut file.
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VIIL.LF. PUBLICATION AIDS

While the SAMMY.LPT and the SAMMY .PAR output files both contain values for the
resonance parameters, neither is presented in a manner that is suitable for publication purposes.
To obtain complete resonance-parameter output that can be easily formatted for publication,
include the command

PUBLI SH, or
CREATE PUBLI SHABLE Li st of paraneters

in the INPut file. Use of these commands will cause creation of a file named SAMMY.PUB,
which contains resonance parameter values and uncertainties, plus quantum number information,
in columns separated by tabs. This file can easily be ported to a spreadsheet program for
formatting as required.

The columns headings for the SAMMY .PUB file are shown in Table VII F.1. Within the
table, resonances are ordered according to energy, from low to high.

The outline in|Table VII F.2|describes (in excruciating detail) one possible method of
converting SAMMY .PUB into an Excel spreadsheet formatted in a manner that might be suitable
for publication in a technical manual.

Table VII F.1. Columns of SAMMY .PUB file

Column Heading Meaning

J 7zJ = parity and spin of the spin group to which this resonance belongs
L | = Orbital angular momentum of the first channel in this spin group
Energy Resonance energy E,

Unc_E Uncertainty on the resonance energy E,

W_Capture T, = capture width

Unc Cap Uncertainty on the capture width

Width_1 I",, = width for the incident channel

Uncer_1 Uncertainty on I'

Width_2 I',, = width for the second channel

Uncer_2 Uncertainty on T,

Etc. Repeat for other widths
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Table VII F.2. Converting SAMMY .PUB into a spreadsheet

1. copy SAMMY.PUB onto a Windows directory
2. bring up Excel, perhaps via
a. Start
i. Programs
1. Excel
3. data (one of the menus across top of page)
a. import external data
i. import data
1. allfiles (box at bottom)
2. highlight the SAMMY .PUB file

3. Open
a. Next
b. Next
c. Finish
d. OK
4. put the curser in the grey box above “1” and to the right of “A”
5. format (another of menus at top)
a. cells
i. number
1. decimal places (2 or 3 or whatever)
a. OK
6. put the curser above the “J” column
7. format
a. cells
i. number
1. decimal places =1
a. OK
8. put the curser above the “L” column
9. format
a. cells
i. number
1. decimal places=0
a. OK
10. put the curser in the grey box above “1” and to the right of “A”
11. format
a. column

i. autofit selection
12. other options of interest:
a. toadd or delete a row or column ... need icons on tool bar
i. tools/customize/command/edit/ and /insert/; move icons to tool bar
ii. once icons are there, put curser in column or row to delete (or after position to
add column or row), and click the icon
b. to move a column
i. highlight the column (click on letter above column)
ii. click scissors (cut)
iii. highlight the (empty) column into which you want to move this one
iv. hit “enter”
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VII.G. OTHER OUTPUT FILES

Often it is useful to have the unbroadened cross section values in a separate file rather
than embedded within the SAMMY .LPT file. To obtain such a file, include the phrase

PUT UNBROADENED CROSs sections into plot file

into the command section of the INPut file. This will cause two or three files to be generated,
SAMMY.UNB, SAMUNB.DAT, and possibly SAMUNX.DAT.

File SAMMY.UNB is an ODF plot file |(Section VII.C)| that contains two or more
sections. Section 1 contains the energy in eV, and section 2 contains the cross section.

When more than one type of cross section is used for the particular calculation, then
section 3, 4, etc., contain the other cross sections. For example, in the case when the data type
card set 8|of the INPut file) is “CAPTUr e” and multiple-scattering corrections are requested,
then sections 2 through Lmax + 1 will contain Legendre coefficients for L = 0 through Lmax — 1,
respectively, section Lmax + 2 will contain the total cross section, and Lmax + 3 will contain the
capture cross section. When the data type is “I NTEG-al quanti ti es” for a fissile nuclide,
section 2 will be fission and section 3 absorption.

File SAMUNB.DAT is an ASCII file in TWENTY format [(Section VI.C.1)| with three
columns. The first is energy in eV, and the second is the cross section. (When more than one
type of cross section is used, it is the final type in the paragraph above that appears in this
position.) The third column is the value 0.1; this number is a placeholder for the uncertainty on
this cross section, included because it is sometimes desirable to use this file as dummy
“experimental” data for other SAMMY runs.

File SAMUNX.DAT is another ASCII file, in [CSISRS |format (1P7G11.4). This file
appears only when more than one type of cross section is used in the calculation. The file
contains energy in column 1 and the cross sections in the remaining columns, in the order as
described above.!

For all of these files, negative-energy data points and cross sections may appear in the
file. These arise from the velocity-grid requirements for Doppler broadening, as discussed in
| Section 111.B.1]

! Prior to Version 7.1.4, placeholders for the uncertainty on the cross section(s) were included in
SAMUNX.DAT; these placeholders have been eliminated because they serve no useful purpose.
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VIIl. UNRESOLVED RESONANCE REGION

As a first step towards expansion into the unresolved resonance region, Fritz Fréhner’s code
FITACS [FF89]|has been obtained and inserted into SAMMY. FITACS uses Hauser-Feshbach
theory with width fluctuations. The adjustable parameters are neutron strength functions,
distant-level parameters, average radiation widths (at E = 0), and average fission widths (at E = 0).
The energy dependence of the radiation widths is specified via the giant dipole model, of the fission
widths via Hill-Wheeler fission barrier transmission coefficients, and of the mean level spacing for
s-waves via the Gilbert-Cameron composite formula. Mean spacings for | > 0 are given via the
Bethe formula. Moldauer’s prescription is used for partial cross sections. Details of the theory are
presented in Section VIILA. |

Initially (for release M2 of the code), FITACS was incorporated into SAMMY (as segments
SAMFFF and SAMACS) in a limited fashion only. Internal changes were made, to be consistent
with SAMMY notation and to use dynamic dimensioning of arrays. The M + W version of Bayes’
method has replaced the fitting procedure used in FITACS. Calculation of penetrabilities was
extended to all | values (FITACS had used only s, p, d, and f-waves). The output included files from
which plots can be made. Results were reported in SAMMY .PAR in the same format as is used in
the input file (as well as in more human-legible fashion in SAMMY .LPT).

Subsequently, additional modifications, improvements, and new features have been made in
the SAMMY URR treatment:

e Partial derivatives with respect to varied parameters are calculated exactly rather than
approximately.

e A more efficient integration routine has been written for the Dresner integral, |Eq. (Vi A.5).|

e Itis possible to include (and vary, if desired) a normalization for each data set.
e Elastic cross section data may be fitted.

e There is no limit on the number or type of experimental data sets. Data may be kept in separate
files rather than appended to the parameter file.

e The output has been modified to conform more closely to SAMMY conventions.
e An*“annotated” PARameter file, including key-word-based input, is the default input option, and
the only option available for output. (Files in the original format can still be used for input, but

options are limited with that format.)

e Different sets of average resonance parameters can be used in different energy ranges.
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e Qutput can be produced in ENDF/B format, for both File 2 (resonance parameters) and File 32
(covariance matrices). ENDF files cannot be used for input, because the ENDF format requires
a more limited theoretical description than does FITACS/SAMMY.

e The fitting procedure can be performed sequentially, in similar fashion as in the resolved
resonance region. That is, output PARameter and COVariance files from the fit to one data set
may be used as input to another run which fits another data set. [Initially, only simultaneous
fitting of all data sets was permitted.]

e “No-Bayes” runs can be made: cross sections will be calculated from the resonance parameters,
but no fitting will be done.

Additions being considered for future revisions of the code include the following:

e Multiple nuclides in the sample

e An option to calculate multigroup cross sections and covariances

e An option to include integral quantities in the fit

e Extensions to the theory

e Additional ENDF capability (requiring ENDF format changes)

e Alink between the resolved resonance parameters and those for the unresolved region, in order
to provide more consistent evaluated cross sections

e Methodologies for retroactive generation of covariance matrices, similar to that used in the
resolved resonance region

Input for analysis of data in the unresolved resonance region is described in Section|V1I1.B.
Output is described in Section VIII.C.| The relationship between ENDF parameters and
SAMMY/URR parameters is discussed in Section

For an example of the use of SAMMY/URR, see|[HDO0O0] and test cases 73, 88, 127, 133,
134, 142, and 145.
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VIILA. EQUATIONS FOR UNRESOLVED RESONANCE REGION

The formulae for cross sections in the unresolved resonance region, as implemented in
SAMMY, are presented in this section. The implementation is a modified form of that provided by
Fritz Frohner in his FITACS code [[FF89].| (Please note that any mistakes in these formulae are
attributable only to the author of this manual, not to Frohner. The author is indebted to Herve
Derrien for significant contributions both to the development of the code and to the composition of
this section of the manual.)

Elastic cross section

The elastic cross section is given as the difference between the total cross section and the

sum of all the non-elastic partial cross sections. The total cross section is given by Egs. (VIII A.1
through (V111 A.4), and the non-elastic partial cross sections by|Egs. (V111 A.5) through (V111 A.20),

Total cross section

The average total cross section, for a given spin and parity and incident channel ¢, may be
written in the form

{o.) = 2Z?° (1-Re(s..)) . (VI A1)

C

where, as usual, g. is the spin factor and k. is the center-of-mass momentum. The average scattering
matrix (S, ) is given by

ﬁ : (VIII A.2)

and the average R-matrix can be written in the form
(Re)=R7+izs, | (VIII A3)

with parameters defined as follows:

RS = distant-level parameter (an input quantity);

@. = hard-sphere scattering phase shift, generated using matching radius a (an input quantity);
L. = (S,-B,)+iP. (seeBection Il.A),with boundary condition B; chosen such that S, =B, =0;
s. = pole strength.
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The pole strength is defined in terms of input quantities §C (the strength function, for which we have
introduced the tilde to avoid confusion with the shift factor used in definition of L°) and a. (the R-

matrix matching radius) as
s.=S.NE/2p , (VI A.4)

where p is the center-of-mass momentum k. multiplied by the channel radius ac.

Non-elastic partial cross sections

The non-elastic partial cross sections may be written in terms of transmission coefficients Ty
as

© Vc/z Sac—5be
79, T,T, ST T 2T
o, )= —&-2b [dte [ ]| 1+—=t , A.
< ab> k; T _(‘; e voT (V||| 5)

c

where the quantities to the left of the integral sign are the Hauser-Feshbach expression, and the
integrand is the Moldauer prescription [PM80] (for the width fluctuation correction factor. (A
derivation of this expression, including the assumptions under which it is derived, is provided in
ISection VIILLA.L]) Here a represents the incident channel and b the exit channel; v, and T; represent

the number of degrees of freedom (multiplicity) and transmission coefficient, respectively, for
channel c. Subscript y refers to photon channels. T is defined as the sum over all channels:

T=>T, . (V11 A.6)
c
The transmission coefficient for neutron channels is given by

T, = 1-[(S.)

2 _ 47 P s,
- (R.)L|

C

(VIII A7)

where c is an incident channel, P and L are as defined in Section Il.A, and the other quantities are
given above. For photon and fission channels, the transmission coefficients for spin J are

T,=2x(T,)/D, and T, =27(T)/D, , (VIII A8)

in which D; is the mean level spacing for levels with this spin.

The J-dependence of the mean level spacing is set in SAMMY/FITACS via the Bethe

formula (e.g., ):
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2 _ 2
(D, (E)) " =(d(E))" exp{;]—exp{(‘]—”)} . (VIIAY9)
E E

where d (E ) is independent of J, and o is the spin cutoff parameter. The spin cutoff parameter is
related to the level density parameter a and the energy E by the formula

o =(0.14592)(A+1)"" Ja(E+BE-PE) , (VIIl A.10)

in which BE represents the neutron binding energy (an input parameter) and PE the pairing energy
(also an input parameter). The value for a is determined from the input quantity D, which is the
mean level spacing of the | = 0 resonances at E = 0; note that D includes both J=1 — i and
J =1+ 1, where |l is the spin of the target nucleus and i = % is the spin of the neutron. An expression
for the inverse of D can be found from Eq. (VII1 A.9) to be

D™ :Z(DJ (E :0))71

J v 2 (VI A1)
—(d(O))l{exp[—(zlaj) }exp[—(zl;r;) ]} :

this expression is used to determine the value of o2 and hence of the level density parameter a.

The energy dependence of the mean level spacing is calculated with the Gilbert-Cameron
composite formula|[AG65]| Let E, represent the excitation energy of the compound nucleus; this

energy is equal to the sum of the incident neutron kinetic energy E and the neutron binding energy
BE (which is an input quantity). That is to say,

E,=E+BE . (VIII A.12)

The energy dependence for low excitation energies (EX < EO), where E, is a matching
energy, is given by the constant-temperature formula

exp| C,/E, — PE _
D*~C, O - }exp ER_C& 3 . (VIITAL3)
(E,—PE) 2 |\ JE,—-PE E,-PE
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In the code, the matching energy E, is set at

5) 150

in units of MeV, with N + Z being the mass number for the target nucleus. Values of the constants
C, and Cj are given by

C,=4a and CS:; (VI A.15)

with g defined as
q=0.14592(N +Z +1)*"° |, (VI A.16)

where N + Z is again the mass number for the target nucleus and a is the level density parameter.

Athigher energies(E, > E, ), the energy dependence of the mean level spacing is calculated
via the Fermi-Gas formula

exp| C,[E, — PE |

D'xC
(E,-PE)"”

(VIII A.17)

3

Note that the two formulae agree at the matching energy (i.e., at E, = E,).

Radiation widths <Fy> are assumed to depend only on parity = and on E. The energy
dependence is calculated with the giant dipole resonance model.

Fission widths <1“f> may vary with spin as well as parity and incident neutron energy E.

Energy dependence is calculated with the Hill-Wheeler fission barrier transmission coefficients
[DH53]| For a given J™, the energy dependence of the fission widths is taken to be

l+exp[EHW/WHW]
1+exp| —(E—Epy )/ Wy |

(VI A.18)

<Ff (E)> = <Ff (0)>
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where the Hill-Wheeler threshold energy E,,,, and the Hill-Wheeler threshold width W,,,, are input
guantities. This equation may be written in more “standard” notation as

1+exp(27(E, - BE)/ho)

1+eXp(_2”(Ex—(Ef—BE))/hw) ’ (VI A.19)

(T (E))={r: (0))

where, as above, E, is the excitation energy of the neutron and BE is the binding energy. Also,
E, is the fission barrier height, and %@ the width of the fission barrier.

Finally, a few words regarding the derivation of [Eq. (VIII A.5) are warranted. That

derivation is based on several assumptions:

(1) The Moldauer prescription [PM80]|for width fluctuations is used. That is, the width fluctuation
correction factor is introduced to compensate for the non-unity of the ratio

<TfrTb> / <T5>T<>Tb> . (VI A.20)

(2) Partial widths obey a chi-squared distribution with v, degrees of freedom (where the value of
v, depends on the number of channels of this de-excitation); averages are therefore weighted

with this distribution. In the Moldauer prescription for width fluctuations, simple channels
have 1 < v_< 1.78; for lumped channels, v, is a function of T .

(3) Channels with the same transmission coefficients may be combined by introducing
multiplicities.

The integral of Eq. (VII1 A.5) is described by Fréhner as the “width fluctuation correction or
Dresner factor.” One (relatively modest) difference between SAMMY and the original FITACS
coding is the algorithm for calculating the Dresner integral; in SAMMY, the coding has been refined
to increase both speed and accuracy of calculation by using a non-uniform grid designed specifically
for this task.

(Note: Prior to release 7 of the code, the Moldauer correction was inadvertently disabled in
code. This has now been fixed.)
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VII1.A.1. Derivation of Non-Elastic Average Cross Section

Derivations shown in this section are based on (1) notes provided by Fritz Frohner|[FF99]
and (2) discussions with Herve Derrien|[[HD0Oa]. Any errors in these pages are the responsibility of
the SAMMY author alone.

The interpretation of the transmission coefficient T, in terms of average resonance
parameters is straightforward if one assumes that the resonant cross section can be approximated by
the single-level Breit Wigner formula, i.e.,

V4 r,.r
o, = gzaz L — (VI AL1)
ki 5“(E-E,) +(T,/2)

in which total width I', is the sum of all partial widths. The corresponding average cross section in
an energy interval containing a large number of resonances may be written as

(0w) = 23227 p, <%> , (VI AL2)

k2

where p is the level density, and the brackets refer to averages. (Note that the subscript A has been
dropped for simplicity’s sake.) The calculation of the average quantity (I',T,/T’) is not

straightforward, since the known parametersare (I',) and (T, ) (from the statistical properties of

the resonance parameters). One has to take into account the fluctuations of the partial widths of the
resonances from the chi-squared distribution of the parameters.

A method of calculating the average ( I", I', /") fromthe known entities (", ) (T, )/(T")was
proposed by Dresner|[FF99], He suggested making the substitution

LR N S
< F > ZFC <Farb'!.dQEXp[ q; ch> y (V|||A13)

all ¢

which follows from the identity

f 17 1
dge™ = = |dye” = = . VIII Al.4
! Q! 5 Vil AL4)
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The product of partial widths in Eqg. (V111 A1.3) can be rearranged as

c#a,b

<FarbqueXp(—QZ Fj> = <I dg I,e® e He“r°> (VIIIALS)
0 ¢ 0

Because the channels a, b, and c are independent, the average of the product is equal to the product
of the averages. Likewise integration over ¢ is independent of the averaging process; hence
Eq. (V11 Al1.3) can be rewritten as

<Farfb> _ J‘dq <Fae*qra> <rbequn> H<e*qrc> : (VIII AL.6)

One assumes the partial widths obey a chi-squared distribution with v degrees of freedom,
which has the form

p(x, v)dx = {r(%) } (V—ZXJ g % dx (VI AL7)

where T in this expression refers to the gamma function. Note that v =1 corresponds to the Porter-
Thomas distribution for a single neutron channel; v =2 corresponds to two channels. For fission,
the value of v depends on the number of open or partially open fission channels; v, is an input

parameter in SAMMY (and in FITACS).

Applying this distribution to the average quantity needed in Eq. (VIII Al.6), with
x=I,/(T,),gives

(e ) = Te‘q<r°>x p(x,v) dx
0

(VI AL.8)

which can be rewritten into the form
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1 VvV % r _ K—l
<e—ql"c> _ v Ie (q(l"c>+v/2)x X2 dx
r'(v/2)\ 2 )
B 1 v 2 v 20 W g—l
T T(v/2)\2 (2+q<r°>J ,[e w? - dw (VI AL9)
0
1 2 2 2 2
= 1+—q(T I'(v/2) =|1+—q(I
Rl ) T2 = (1t
Likewise, <Fa efqra> from Eq. (VIII A1.6) has the form
<Fae‘qra> = j(l‘a>xe’q<ra>x p(x,v) dx
0
_ <ra> Kgil ( ~q(T)x 7 a-vxi2 V.
T2\ 2 '!:e X% € i dx
r, 2 -5 % -
- F<(v/;) % (%+q<ra>) Ie w2 dw
0
A o) el
Tz 2+q<Fa> r 2+1
_ () (v ;(z J‘;‘lz (zj
- T (v/2)\2 2+q<Fa> 2' 2
- (rofueatry)
v (VIII A1.10)

and similarly for < I, e i > . Hence Eqg. (VIII Al1.6) can be expressed as

—Vel2 = 8 — Oy

<rarrb> _ (1) (T,) f dq H{l + V£q<rc>j . (VI AL11)

c

in which the correspondence of v with channel ¢ is made explicit by the addition of the subscript.
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Making a change of variable from g to t=(T) q gives

Ve 12 = Gac— S

<Fafb> _ () (1) Tdt H[“ V%”ch} . (VI ALI12)

r

The “transmission coefficients” are related to the average widths by

T.=27 p, (T,) . (VIII AL.13)

Note the equality of the level densities, p, = p, = p. = p, , since all refer to the same spin and parity.
Hence Eq. (VIII A1.12) can be rewritten as

I T TT | 2T
27T,Oa< } b> — zirb J.dt H[l—l__%tj ) (V|||A114)

so that the cross section can be expressed as

o0

v 12— 8,— Sy
ﬂga Ta_l_ 2 ) c ac
<gab> = Tb J‘dt H(HV— t] . (VIII AL.15)
a 0 C

c

— |

For photon channels, the limit of non-fluctuating radiation widths, v,_, — o gives

Ve

vl2
. 2 T, _
lim, . (1 + —?tJ e T (VIIl A1.16)

Therefore our expression for the cross section, Eq. (V111 Al.15), takes the form

0

v 12— 8~ By,
<0ab> _79. T, T, jdt o T H[]_Jr E%t] (VI AL.17)

2
ka T cey Ve

0

which is equivalent to Eq. (VIII Al.6) combined with Eqg. (VIII A1.2). This concludes the
derivation of the formula given in Eq.[(VIIT A.5)
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Evaluation of this expression for the average cross section in SAMMY (and in FITACS)
assumes further simplification: First, we make the change of variable fromttoq=tT /T:

v l2—=6,0— 6y
79, T.T, . 2 T,
<Gab> =z T . jdq e’ H(l+ V—T—QJ .(VIII AL.18)

Second, we change variable from g to u = e 7 to obtain

125, -6y,

79, T,T,

(o) = = du |1~ ——°Inu . (VIII AL.19)
a 1-7 cey

Next, define parameters b, via

b,=2-% | (VIIl AL.20)

substitute into Eq. (V111 A1.19), and sum over incident (neutron) channels a and reaction channels
b, to give

v,b, v »
(o) = 2T, 22— o du JT(2 - b Inu) ™ % (vinaL21)
aen bex cgy
0
This can be written as
(om) = 221, (VIII AL22)
where Q is defined as
v, b,
nx b (VI A1.23)
aen ben

with

)—VC/Z — 0a¢— Ope

j du [T(2 - b, Inu (VI Al.24)

7

This expression for Iy, is denoted the “Dresner integral.” Evaluation of this integral is
accomplished in SAMMY by (1) choosing a grid for u in which the spacing between points
increases as the integrand flattens and (2) using a quadratic quadrature scheme. This integration
scheme was tested with a wide range of plausible values for b’s and v ’s, comparing results for
various values of N (where N is the number of points in the u-grid). Results were good to six digits
of accuracy, for all tested values of b’s and v’s, using as few as 201 points in the grid.
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VIIL.B. INPUT FOR ANALYSIS OF DATA IN UNRESOLVED RESONANCE REGION

Two or more input files are required for analysis in the unresolved resonance region (URR).
The first is comparable to the usual SAMMY INPut file, which may contain as few as three lines:
Card set 1 of [Table VIA.1](the title line), card set 2 (nuclide name, atomic weight, and energy
range), and (at least) one line for card set 3 (alphanumeric information). Options for alphanumeric
commands in the URR are

UNRESOLVED RESONANCE r egi on

EXPERI MENTAL DATA ARe in separate files
ANNOTATED PARAMETER file for urr

NO ANNOTATED PARAMETer file for urr input
ENDF/ B-VI FILE 2 1S want ed

PUT COVARI ANCE MATRI x into endf file 32
COVARI ANCE MATRI X FRom ol d run is used
GENERATE FILE 3 PO Nt-wi se cross sections
DEBUG

DO NOT SOLVE BAYES Equati ons

USE ENERGY LIM TS AS given in the input file
PRI NT PARTI AL DERI VAti ves

| NCLUDE M N & MAX ENergi es when creating endf file

The first of these is required, as the SAMMY default is the resolved resonance region (RRR). The
other alphanumeric commands are optional; their effects are described below.

The second file, the URR PARameter file, contains the unresolved resonance parameters. In
the URR, there are several differences from the usual SAMMY conventions: To inform the code
that a parameter is to be varied, FITACS assumes that, if the uncertainty is given as zero for a given
parameter, then that parameter is not varied. (Hence there is no means of providing a default value
for uncertainty.) This procedure is in contrast with the usual SAMMY procedure of assigning a
value (generally 1) to a flag for each varied parameter; in the future, the formats for input to the
FITACS portion of SAMMY will perhaps be modified to conform to SAMMY standards.

SAMMY permits several types of modifications to the original FITACS-style PARameter
file: (1) Experimental data may be kept in separate files. (2) Normalizations can be included (and
varied) for each data set. (3) ENDF File 2 and File 32 can be produced. (4) ENDF File 3 can be
produced. (5) The PARameter file itself may be “annotate