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Information Please

To join the SAMMY users’ group, visit the web site

http://www.nea.fr/html/dbdata/sammy.htm
and fill out the registration form.

To add you name to the distribution list for ORNL/TM and

other reports from the
Nuclear Data Group (Luiz Leal, Group Leader),
Radiation Information Analysis Section (Bob Roussin, Section Leader),
Computational Physics and Engineering Division,
Oak Ridge National Laboratory

send e-mail to nml@ornl.gov with your return address
(include both e-mail and regular mail addresses)

For those without e-mail, my address is
Dr. Nancy M. Larson
Oak Ridge National Laboratory
Building 6011 MS 6370
P O Box 2008
Oak Ridge, TN 37831-6370 USA

Also please note the Nuclear Data Group web site:
http//www.cad.ornl.gov/~jzw/NUCDATA/NDgroup.html

and NML homepage:
http://www.cad.ornl.gov/~jzw/NUCDATA/STAFF/nml.html]
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TUTORIAL

Number Description of feature emphasized in this example
.00 use of plotting package RSAP (or FORODE)

001 ;li'mpie one-resonance non-fissile nucleus, capture experiment
002 fissile nucleus, several resonances, Capuure SXperiment ...
003 different kinds of cross sections e

004 .. 12065, p dwavesy 1> 0
00 Doppler broadening .

006 .. resolution broadening (Gaussian)
007, resolution broadening (ORR)
_oo8 resolution broadening (RPI}

009 nommalization
010 e backgrounds e

oLl more than one channel radius
U2 multiple nuclides within 2 single sample

013 unc_t_mainties on parameters
LOLA angular distributions

OIS e sequential vs. simultaneous fitting of data |

016 seg_uential fitting of th{gﬁ_:__g!g_t_@gptS; parameter covariance matrix as input

olr. _several data sets; varying data-reduction parameters s

018 e data covariances (implicit and expliclt) .

019, . self-shielding a“.‘!..'l’!.‘imple'5“?‘.?’.‘.‘?.’.??.‘.8..E??I‘f.":??i‘.’.!??ﬁ..‘?.9???.‘}‘.?.‘?..3.’.".‘?!9.?........................................._.
D20 ntegral QUANTITES e
2L e almost real data: W transmission with many CompHCANONS oo
022 almost real data: U235, How to o an evalualion | s

023 finding input errors
R A ladder program for generating artificial resanance parameers
B _samdist program for calculating statistical propertics

026* create ENDF File 2

* Not included with M2 release of SAMMY code

2- 25 & 26
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/samexm/ex000/README. FIRST . rsap
NOTE: RSAP is not available at Trieste workshop

###########ﬂ#############ﬁ################################################
Instructions for Example EX000:

This example is a mini-tutorial on how to use the new ORNL pletting
package "rsap", developed by Royce 3Sayer. This program will be
used throughout this tuterial to produce graphics from SAMMY
output files. There may, however, be a need for other plotting
packages as well; see the other README file for information on
the older package "forodf”.

Please note that rsap is still "under development”, S0 your suggestions
for improvements would be most appreciated!

To make a simple plot of the file ex000.0df, type the prcogram name
followed by the input stream as given in file rsap.inp.

Alternatively,
type "rsap < rsap.inp" . Either way, an X-terminal window should
appear on your screen, containing a plot of experimental data with
uncertainties, plus curves for initial and final cross secticns
{i.e., cross sections generated from original parameter values and
from final parameter values.)

An explanation of the informaticn in rsap.inp follows:

ev 2 Energies are in eV in the ODF file,
par ex000.par The PARameter file is ex000.par.
odf ex000,0df The ODF (plot) file is ex000.cdf.
tit This is Example 000 This is a title to be placed on the plot.
ops 110111 These are options for plotting:
nxp = number of frames in x-direction.

nyp = number of frames in y-direction.
kstack = number of plots per frame
{default = 1) ["frame" = Energy-grid
(which may have two separate plots)]
kpoints=0 => histogram; =1 =» curve.
keres = 1 => show resonance energy on plot.
kgamres 1 => show rescnance width on plot.
X The output device 1is an X-plot on the screen.
1 etb 9.0,11.0,0.,200. Use the first plot file (but there's only
one in this example];
etb=>» put data, errors, initial theory,
and fina. theory on the plot;
energy limits are 5.0 eV ToO 11.0 eV;
vercical limits are 0 to 200 barns.
(blank) Blank line terminates info about this
plot, and causes the plot to appear.
Quit rsap.

I+

£



Please see the file HELP.RSAP for additional details. Note that typing
"h" while in rsap will provide the same information as in that file.

1. Try running the program "as is", then make modifications to the energy
range or to the y-axis limits.

2. The error bars can be distractive; to get rid of them but keep all
other information, change "etb" to "dtb".

3. bdd a second frame on the same plot, this one containing the
residuals. To do this, change kstack from 0 (=1 by default) tc 2
in the "ops"™ line. Also add a second line of plotter commands,
as "l rb 9.0,11.0,-0.5,0.8"

4. To change froem linear to log scale, add a line that says
"log 1 0" for the x-axis, "log C 1" for the y-axis, or
"log 1 1" for both.

TR TR R R T R R R A R R AR RIS EEIAE RIS AA SRS ER SR LA
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/samexm/exOOO/README.FIRST.forodf

########ﬁ######################%##########################################
Instructions for Example EX000:

This example is a mini-tutorial on how to use the ORNL plotting package
"forodf" to produce simple plots from SAMMY output plot files.
only the very basic features are covered here.

The fgllowing command stream will permit plotting of file ex000.odf.
You will type lower-case characters; the code types the upper
case. Notes to the right of the page, in square brackets, are

explanaticns. Try the commands as-is first, then vary by changing
energy-range, setting limits for y-axis, making log-log plots,
etc. ..
forodf [run the program]
FILENAME 1=ex000.odf (name of file]
RUN 0 7 DATASETS 315 CHANNELS/DATASET MODE 3 (81=E)
FILENAME 2= [no more files]

**x% FQRCOM *** 8- 9-395
TYPE EQUATION

/xsnl use 51 for x!
TYPE EQUATION
fls2scl {print the first channel]
1 .32540001E-01 .80466003E+01

TYPE EQUATION
fls2sc315 (print the last channel, # 315]
315 .16050000E-01 .11953890E+02

TYPE EQUATION

/xmin 8.00 [set min x for plet = §.00]
TYPE EQUATION

/xmax 12.00 [set max x for plot =12.00]
TYPE EQUATION
dvt fls2,fls4 [plot file 1 section 2 & 4]
carriage return [ends the plot]
dvt /sym3 fls2, /nosy fls4 {plot file 1 5Z as symbols, S4 as line]

carriage return
dvt /sym3 fls2,/nosy /dash0.1 fls4, /nodash £ls5

[plot file 1 52 as symbols, S4 as dashed line, 55 as solid line]
carriage return
stop [end the program]
3TCOP

-30
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Other useful commands:

/reset freset all "/" commands])

/ymin (.01 [sets minimum y-value at 0.01]

/ymax 100.0 [sets maximum y-value]

/noymin [resets ymin to default: program chcoses ymin]
/noymax [resets ymax]

/ylog [plot y on log scale]

/noylog [plot v on linear scale]

/xlog [plot x on log scalel

/noxleg [plot x on linear scale]

/fave3l [plots the average of three consecutive points]
stop [get out of forodf]

It is possible to use "command files" to store freguently-used commands;
the command file is then invoked by typing the "8" sign followed
by the file name. For example, all of the initialization commands
from the example above might be stored in a file named "x." (the
period is necessary), then you can type @x (without the period) to
execute, as illustrated below. Similarly. file "y." holds the
plot command.

forodf
**x* FORODF *** 8- 9-1995

FILENAME 1=ex000.odf

RUN O 7 DATASETS 315 CHANNELS/DATASET MCODE 3 (S1=E}
FILENABME 2=

*** FORCOM *** 8- 9-95
TYPE EQUATION

E@x [to initialize]
TYPE EQUATION
By {to make plot}

*Ax POQRPLT *** 8

I
[Ne]
|
—
o
[Xe]
wn

*** FQRCOM *** B- 9-95
TYPE EQUATION

stop

STOP

You will notice that forodf c¢reates several temporary files in your area.
50 long as those are not deleted, any switches you may have set
{e.g. /2min8.0) remain active., Also, if you "stop" and then wish
to re-enter forodf using the same file, typing "forcom" rather
than "forodf" will put ycu directly into the "TYPE EQUATION" mode.

AR RR RS R e R S R R IR R R S A R S SRR R R L
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WORDS FREQUENTLY USED WITH A SAMMY RUN

NO BAYES

BAYES

ODF file

COV file

INPut file

PARameter file

DATa file

ENDF file

FGM
HEGA

run SAMMY with no parameter variation (i.€., just calculate the cross section, do
not solve Bayes’ equations for updated parameter values)

run SAMMY and vary some parameters (i.€., solve Bayes’ equations)

also called “plot file”; binary file generated by SAMMY, from which plots can be
made using either FORODF or RSAP

SAMMY output file which contains (among other things) the calculated
parameter covariance matrix

SAMMY input file which contains general information such as operator

commands, spin and mass for the nuclides in the sample, spin group quantum
numbers, etc.

file containing resonance parameters and any other parameters which are to be
varied

sometimes called “SAM file™; contains experimental data. Several formats are
available for this file.

file in the ENDF/B-VI format

free gas model for Doppler broadening
high-energy Gaussian approximation to the free gas model
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DOPPLER BROADENING in SAMMY

(page numbers refer to the SAMMY users’” manual)

via (raussian (page 61)
. high energy approximation
. integrations performed numerically using energy-

erid appropriate for resonance structure

via Leal-Hwang (pages 92a-92¢)

. exact free gas model

. is solution of partial differential equation having
same form as 1-d time-dependent heat equation

d efficient where cross section is smooth

via SAMMY s “free gas model” (pages 92q-92r)

. integrations performed numerically using
appropriate velocity-grid

. relatively accurate and refatively efficient for

all energies, even where there is structure

Crystal-lattice effect

. may be important for some low-energy cross sections

. effect in practical applications has yet to be investigated
. will be added to SAMMY as needed, when time permits

RESOLUTION BROADENING

Resolution broadening is “smearing” due to
° spread in burst width

L finite size of neutron source

. time-of-flight channel width

. finite size of detector

. etc

Mathematically, this smearing can be described by a
resolution-broadening function of the form R(E.E"),

G(E) = Tm, R(E,E')Yo(E")
where generally R(E,£’) depends only on the energy
difference £-E'.
There is no “standard” resolution broadening function.

SAMMY contains three distinct methods and a founh is contemplated.
Values for all parameters can be fitted to data.

4.2-10



Resolution Broadening in SAMMY

(page numbers refer to the SAMMY users’ manual)

e via Gaussian andor exponential (page 63-71)

e via Oak Ridge Resolution Function (pages 92e-920)

analytic convolution (where possible) of four components, with

® Vi

e Numerical description of resolution function
will be added to SAMMY as necded, when time permits

convolution of Gaussian approximation for three components

tpath length, burst width, channg] width)

integrations performed numerically using energy-

grid appropriate for resonance structure

realistic descriptions for all four

RPI Resolution Function (pages 92s-92v)

ditto, designed for use with data from Linac at Rensselaer

Polytechnic Institute

4.2-11

Resolution Function # 1

Original Gaussian and/or Exponential
{See pages 63-80 of the SAMMY users’ manual)

Gaussian: combination of three components:

e  asquare function of (flight-path) length
« input is the full width of a square distribution
in length (i.e. V12 x standard deviation of a
Gaussian)

burst width, a Gaussian in time
« input is the full width at half max of Gaussian

e  channel width, a square function in time
- input is full width of square function

« different values may be specified for different
energy ranges

Exponential, or Gaussian plus exponential

e  provides asymmetric component to the resolution
function

4.2-12



Resolution Function # 2

Oak Ridge Resolution Function
(Sce pages 92e-920 of the SAMMY users’ manual)

A “realistic” resolution function, the convolution of
four components:

electron burst width

neutron source
time-of-flight channel width
detector

Fuch component is described mathematically as a
function of either time ¢ or flight-path-length €, then
converted to a function of 1 using (for fixed E)

02

2

E =

w3

f

The “complete™ reselution {unction is the
comvolution of the four individual pieces:

") - s I(¢-1,)dt, % L(t, -t,)du, \ L(t,-t,)de, Lty

Integrations are analytical where possible (to
maximize speed and accuracy), numerical where
BeCessary.

4.2-13

Components of the Oak Ridge Resolution Function

electron burst width, a square function in time:

l/p for 0<t<p

() =
(6 0 otherwise

where p is the burst width in nanoseconds

neutron source, two possibilities:

2a.

ORELA Water Moderator

x*distribution with 2(m +1) degrees of
freedom, wherem=4 or 5:
" 0
I' () = —— ex - —
240 mt A™"! P A

where { = the flight-path-length variable
and moderation distance A is a mean free path.
Value of A varies with energy as

A = A, + A In(E) + A,(In(E))*.

Note: in the next SAMMY release, any positive
integer can be used for m.

4.2-14



tantalum target 4,

0 for
w (1) + v'(f)
(8 +wi(l)

2h.
(<x,
for x', <l<x,

1.0 =
a0 for H.NA“,_AM,N,

w() for x',<t

where the functions #°(£), v'(#), and w’({) are
defined as

Wity - N expl-e2(1-x')?1  for x' < t<x’y

v - el
X 5

i

expl -B'(0-x7,)t  for x' <t<x’,

and

w(0) = Na expl{-p'(£-x7)} for x'y <t

3. time-of-light channel width

l/c for 0 <t <c

L =
u: 0 otherwise

where channe! width ¢ may be different for different
energy-regions.

4.2-15

Twx - - I

detector

4a. NE110 Detector
A exp(-Ao®d)  for 0<0<?

I, (1) =
4a 0 otherwise
& = thickness of the NE110 detector

2 = number of molecules per mm.b of detector
{0.0047 for NE110)

o( E) = total cross section of detector material
(CH, 104 for NET10)

A = normalization factor found from % I, =
1:
AC
1 -exp(-A0ad)

A =

4b. Lithium Glass Detector

L0 Dg for 0 <t<d
ty =
4 D exp(~f(1-d)) ford<t
g = constant,
D is chosen to give .Tﬁ; = 1:
p-—1
1+gfd
4.2-16
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Resolution Function # 3

RP1 Resolution [Function
{See pages 925-92v of the SAMMY users’ manual}

Another "realistic” resolution function, convolution of
three components, designed for use with data taken at
the Gaerttner LINAC at Rensselaer Polytechnic
Institute

. electron burst width

. neulron source + detector
. time-of-flight channel width

Iach component is described mathematically as a
function of'¢.

I'he “complete™ resolution function is the convolution
of the three individual pieces:

I - % 1(e-1,)ydt, \ L, -t,)d, L)

integrations are analytical where possible (to maximize
specd and accuracy) and numerical where necessary.

4.2-17

Components of the RPI Resolution Function

1. electron burst width, a Gaussian function in time

2

e W0

t

I(0) =

=

2/In2 /w = p is full width at half max of the burst

2, neutron source + detector, chi-squared plus exponentials

2
I(1) = 4, (R R TET
21 A3

Ay (1t

)] I\AuﬁhvnoV
+ A (A, e +A,e

where T and A are functions of energy, 4, is

normalization.
3. time-of-flight channel = square function of time
l/e for -¢/2 <t<c/2
L =

0 otherwise

where channel width ¢ may be different for different
energy-regions

4.2-18



Resolution Function # 4
Nurmerical Resolution Function
To be incorporated into SAMMY eventually

Yet another “realistic” resolution function,
convolution of several components, designed for
use when other forms are not adequate

clectron burst width
neutron source
time-of-flight channel width
detector

other ?

I:ach component is described numerically as a
function of 1.

The “complete” resolution function is the
convolution of the individual pieces:

I = T_:-:E: FF;L&N
Sw:\_ﬁa.‘uw ﬁag_vn:x._ N:Q:Lv

Inteprations are numerical in all cases.

4.2-19
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SAMMY s Integration Method Choice of “auxiliary grid” { £ '} is somewhat arbitrary.

for Doppler and Resolution Broadening

see Section 1V B page 73ff SAMMY manual SAMMY ’s choice (see pages 79-80 in SAMMY users’ manual):

e  start with experimental grid
e  add extra points between each point in grid (optional)
Emax e add points to the extremities (i.. outside data range) so
NAWV - .‘, F(E") B(E, E')dE' can broaden the end-points
H i? . R
. e  add enough points to adequately describe each resonance
® test the resulting grid to be sure spacings do not vary 100
wildly among neighboring points

Wanted: to evaluate integrals of the form

where

{E b isa predetermined set of grid points on which we wish
i Most integrations in SAMMY use four-point progressive

interpolation method of Mintz and Jordan [M.D. MintzandD. ¥.
Jordan, A ‘Progressive ' Interpolation Scheme for Hand and Digital Computer Analysis

f(E"Y are the unbroadened theoretical values (for cross section, of Tabulated Data, Lawrence Livermore Laboratory Report UCRL-7681 (1964}]

transmisston, elc.)

to know the broadened values f (£))

for which W, is given by
B(E  E')isthe Doppler- or resolution-broadening function

W, = (B -E, )3 + (B~ E} )12

Lo - and Kmax = oo but in practice smaller range is used j j*r
c e 2 (g -E )2
R . , . . b Amk mg-_v Amz mt_v
Solution: Choose points { £,'} and associated weights {#} 12 Am~ - v
such that it T
h
R . , ; ; - _ r\2 v - , 2
[FED) B(EENAE" = 3 J(E) BE,E) W, C(ELE (B - B )
a ’ (E-E)a)

where the approximation is exact if f(E£") B{£, E')isa
polynomial of some specified degree

4.2-20 4.2-21



Explicit Normalization and/or Background

Functions
pages 98¢ 122¢, 122n.1 in R4 of SAMMY Users’ Manual

“Corrected” theoretical value T (for cross section, transmission,
ete.) is given by

T(E) = aT(E) + b(E)

where 7, = uncorrected theoretical value
« = normalization
h(£) = background

In SAMMY, there are three methods of specifying
backgrounds:

77\.:‘:#— 1. Use dany or all C_.—_._O *..O:O({m:m {but onlv one of each}.

b (E) = B,

b,(E) = B,/ JE
b,(E) = B,xE
b,(E) VE

x
B,xe

4222

Method 2. Use as many of the following as needed:

b(E) = 4
b,(E) = Ae *!
b(E) = At?

_ , A+Bt+CIl
@Aﬁmv = e t n{ f)
where time ¢ is denived from the energy

mL?
2E

where L is the flight-path length.

Method 3. The user can provide a point-wise description of

the background. Note that this method has been available from the
beginning, but has not been used extensively, therefore comes with no
guarantees.

42-23



“inite Size Corrections for
Total Cross Sections

Measured as transmission through sample of
thickness »

Sample oriented at angle 10
heam? Correct by modifying
the apparent value of #

R = n/cos(B)

apparent

Non-uniform thickness 7 Correct by
treating # as variable.

{Premires are abviously progsh oxaggerated”s

4 .2-24a



Finite-size Corrections for
Capture and Fission
Experiments

e seclf-shielding

« gxact
* 2asy

e single-scattering followed by capture

« exact for simplified geometry

complicated mathematics

complicated coding

simplifies if assume target is
infinite stab

e double-scattering followed by capture

« gross approximation

THT

CAPTURE

L 4
”’
\\\ .<
Neutron 3 .
bearn m Thin sample
)
\ “shielded™
' Thicker
n N~ sample,

Y single
-f-=="> scattering

Thicker yet,
PRI ..s o.. B.—.——:ﬁ—ﬂ
" scattering
- 1‘
Y
4.2-25
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4oL f B

The 1.15-keV *Fe resonance in natural iron
capture data of R. Spencer et al. Dashed
curve is SAMMY calculation without self-
shielding or single-scattering correction; solid
curve includes those corrections.

4.2-26

The 1.15-keV *®Fe resonance in natural iron
capture data of R. Spencer et al. Dashed
curve is SAMMY calculation without self-
shielding or single-scattering correction; solid
curve includes those corrections.

4.2-27



: B
.M g W b
= 8
2 B
2 i
:
a B
~—‘ ~_ 5 u».- u" 1 n. 1 ]
Encrgy in eV Encrgy in eV
Fission cross section for 23U
Fission cross section for Muwc {including aluminum in the analysis)
++++++ ORELA measurement
£t Measurement of Klaus Guber et al. at L .
ORELA (daaaverased by S5 No finite-size corrections to calculated cross
-1/ (data averaged by section
Preliminary SAMMY analysis of Herve Derrien Hm_.ﬁmwmm.w:_oasm but no multiple

Using same resonance parameters without - With multiple-scattering corrections but
[initeosize corrections infinite-slab for single-scattering
inite-size corrections
With full multiple-scattering
including edge-effects correction

4.2-28 4.2-29
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PR

Fission cross section in bams

—_— 1 o n L o
24 25 26 2.7 L 23

Energy ineV

Fission cross section for 23U
{with po aluminum in the analysis)

ORELA measurement

No finite-size corrections to calculated cross
section

With self-shielding but no multiple
scattering

With multiple-scattering corrections but
infinite-slab for single-scattering

With full multiple-scattering
including edge-effects correction

4.2-30

CAUTION

When using more than one nuclide and
requiring multiple-scattering corrections,
be sure to define the isotopes in_the
PARameter file. It is not sufficient to give
abundances only in the INPut file.

The next release of SAMMY is dummy-proofed
against this, but the current release will merrily
calculate garbage.

4.2-31
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Single-scattering correction without edge effects

Self-Shielding and scattering
Mul zb_mumomﬁmlsm (i.e. infinite-slab approximation):
Corrections y am 3me do |1 - exp(-No,Z)
I g’ dQ g,
0
See pages 560 and following in the SAMMY Users’
Guide. Complete documentation is in preparation. s exp(-No,Z) - exp(-No,/ Zlp)
0.-0./u
IR . . t _ _ 7
Self-shielded capture yield: von | dp o do |l exp(-No,Z)
o' d o,
-1
g expl-N(o,-0/ -
pl-N(o,-0,/ /W) Z 1
Y, = 1 -exp(-No,Z) ad + e, L )
g 0.-0.'/u
{
Primes indicate quantities are to be evaluated at the scattered energy’
Ais the density (atoms/volume) of the nuciei in the 2
cos 0 1 sin’ 0

E =E + -
(1+r) (1+1/r) (1+r)?

sample

7 is the thickness of the sample
0, is (he total cross section

0. is the caplure cross section
where r is the ratio of the mass of the nucleus to the mass
Note that there are other ways to nomalize the capture yield; of the neutron, and cos 0=n.

SAMMY has three different options.

4.2-32 4.2-33
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with U/ given by

R ¢
Lidge-cffects correction for Cylinder: 1 i
U(v,w,s) = _AN | Rdr | do nxvhlzhﬁm-iu
2 v
Ry
R 0

mao
& c,
%r%a 0,(1,0,,9,)

ZA ~Rcosd +yR] Jawmwsuep

do 9. “eXp| -
d c,
%c%q@;chqv -
T,
The limits in these expressions are given by
where )y and Oy are defincd as n, = cosf, tan, = (R,-R,)/Z

: z, =Z - Axh,.mcv:mba
0,(1,0,0,) - [dz exp(-No,2) Uwz,9,)
R, = R, - (Z-z)tan®

- R2-R?-(Z-z)tan’O
Q ﬁt&Q uQ.v = dz EXp -No ANINV QA W_L..N¢Q__v cOs :
b e .m A ! V ! b, 2(Z-z)Rtan6
4.2-35 4.2-36
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Z:_mgo*momﬁﬁ,m:m Correction for More than One A,%ﬁo of

Capture and Fission Yield c 1
* “Multiple™ => Double, Triple, etc. ZCOMHQ@ MH.— mmaﬁvﬁ@

Treatment borrowed from M. Moxon, REFIT

Multiple isotopes

Chemical compounds (e.g. oxides)
Assumption: after a few scatierings, neutrons are e  Contaminants

distributed uniformly throughout the sample, and

directions of motion are also distributed uniformly

o . What do YOU do about these?
Probability of escape for a neutron after & scatters is

& . N
¢ Vo'l where L is the distance left to travel

specify each nuclide independently
= spin and parity (in INPut file)
Average escape probability is therefore »  mass and abundance (in PARameter file)

Fﬁm::v S ™ L .ﬁx‘um.: g N Zu _
ZNo® L2 4 What does SAMMY do about these?
Correction for capture preceded by 2, 3. 4, ... ® includes appropriate m:mc_mq momentum
scatterings is given by algebra for each nuclide
S Nao,z . do Ne'q, e includes proper kinematics for each nuclide
¥, () = ZTZ M;T} ﬂpe_ TS e Nee
where y, are found iteratively from Details are given in the computer exercises
(see Exercise ex012)
_ . doV 1 ) ()
y = 2w [y S [0 +3,) [1-p(ED))

(Superscript j on cross sections indicates that the cross
scction is to be evaluated at the energy after j scatters.)

4.2-37 4.2-38
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FITTING

PROCEDURE

(Bayes’ Method)



SAMMY’s fitting procedure
uses Bayes’ Equations
rather than least squares.

Sce page 3 ffin R3 or R4 of SAMMY Users® Manual

i

Bayes” equations are based on Bayes’ Theorem:

p(P|DB) = p(P|B) p(D|I’B)

plalh) = probability for a, given that # is true

P = parameters whose values are to be determined

D) = experimental data to be analyzed

B

all other relevant information

Y B} = prior probability density function (pd.)
for the parameters

PP\DB) = posterior pd.

D|PB) = pdf for observing data [, given that P are correct
= (maximum) likelihood function

TES

wmuam, ...

Theorem :
....... CoTemi 4

‘a

three

wm_:sm:onm

+ e [RRTR .

Bayes’

algebra

i

® Assumptions

. Prior joint probability density function is a joint
normal.
. Likelihood function is a joint normal.

. True value is a linear function of the parameters.

o Derivation

. Given in the users’ manual
. Results only will be shown here

I ) ) i 1

TR
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Bayes’ Equations

“N+V" Version:

P-P =-MG (N+V)Y' (D-T)
M- M -=MG' ' (N+VY' GM
N :=GMG'

Q7 Version:
P-P =MU+QY'G' V' (D-T)
M= M +0)!
O-G'V'GM

“M+W" Version:

P-p = (MVYewY' GV L (D-T)

3]

(MY ' =M1W

w=G'V'G

[ cast-squares: Take limit as M becomes infinite.
I hat is, assume no prior knowledge of values of parameters.

Notation

initial (a prior1) values of parameters

initial value of covariance matrix for
parameters

experimental data values at energy E

covariance matrix for experimental data

theoretical calculation at energy £

partial derivatives of T with respect to P

final (4 posteriori) values of parameters

final value of covariance matrix for
parameters



Bayes’ method

Least Squares

p-p = T:_v; Q_

x V1 (D-T)
M= (M W)
w=G'v'G

p-P=M)'G'
x V1 (D-T)
M =W
W=G'v'G

Af = initial covariance
matrix

M = infinite, diagonal

Remembers earlier results

Forgets

OK 1o vary irrelevant
parameters; values and
uncertainties will not
change

Varying irrelevant
parameters will cause
problems

ADVANTAGES of
BAYES® METHOD

® Does not change values of irrelevant
parameters

® Retains a memory of earlier results

® Can use results of one analysis as
input to another

o Gives results of sequential analyses
identical to those obtained from

simultaneous analysis (subject to linearity
restrictions)



Covartance Matrices

. Do not stand alone

] Associated with some set of
measured or calculated
values

Two major types:

o Covariance matrix associated
with experimental data

L) Covariance matrx associated
with parameters of the theory

First: Why bother with them?!

Why bother with covariances?
Here’s one reason:

Integral Quantities are needed for reactor
applications

Emax
\ o(E) (E) dE

Emin

where

®  (E) can be flux or any other function

@ g(F) is cross section, calculated from resonance parameters
®  Eminto Emax can be a large energy range (perhaps 0 10 =)

Uncertainties on these integral quantities are also
needed.

Calculation of uncertainties on integral quantities
requires knowledge of the uncertainties on the
quantities within the integrand -- and also
knowledge of the covariances relating those
uncertainties.



Example: Why covariances are important

Simple example: a straight line

olEy=aE+b

Suppose a “data fitting program” has found values,
unceriainties, and correlation for @ and 4. That is,

< (day > = A4
< (6h)’ > = A’B

<ar=A

<h>=8 <dgbb>=AAAB C

Then suppose the integral quantity of interest is

Fmax
|
y = a(E)dE
Emax — Emin mk.ﬁ )

Emax

= x (aE+b) dE

Emax - Emin
Emin

N\.u
= _ ﬁb E +wmm38n:h§§v
Emax - Emin 2

namilu

where £ is the midpoint of the range.

Expected value of y 1s ¥ = (4 E+B). What is uncertainty on Y?

4.3-10

Uncertainties are “propagated” by taking small increments, squaring,
and taking expectation values.

oy da E+6b
<@yy> = <(ba E+8b)>
- <(day'>E}+2<8abb>E + <(8b)>

Rewriting this gives
A2V = E* A2 + 2ECAAAB + A’B

where the range on Cis -1 to +1. Usual approximation: C = 0.

TRY SOME NUMBERS...
A=100£10, B=40+5, Emin=0.5, Emax=15so E=10

Y

(1) (100} +{40) = 140

Aly= (3210 +(5)2+2(1)C (10)(5) =125+ 100 C

C=0 impliesAY= 1118
C=1 impliesA¥=15.00 C=-1 implies AY=5.00

Therefore
Y+ AY = 14000 £ 500 if C =-
= 14000 £ 11.18 f C =0
= 140.00 £ 15.00 if C =1
4.3-11
T T E1 P T -2 TKI 3 T



MORE REALISTIC EXAMPLE

1 ...|.1¢I¢|J.\\ | L

Crosses = fission “data™ for this example
Solid Curve = SAMMY fit to the data

Query: How to calculate the average cross
section from 2 to 4 eV?

4.3-12

MORE REALISTIC EXAMPLE, continued

Uranium-like sample, fission cross section, one resonance

Values for resonance parameters

“True” values Fitted values

Eg 3.0300 ev 3.03038 + 0.00006
Ty 0.0402 ev 0.051323 + 0.01952
r, 0.0000185 eV 0.0000218 t 0.0000044
Iy, -0.0342 ev -0.036825 + 0.01720
Tgs 0.0688 eV 0.056754 + 0.02115

Correlation Matrix:

E, 100

r, 0 100

r, 0 100 100

1 0 -31 -31 140

Ty 0 -66 -66 ~51 100

Group Cross Section (averaged from 2 to 4 eV):

With covariances: 4.028 £ 0.026 barns

Without covariances: 4.028 £ 1.061 barns

Without correct uncertainties: 4.028 +2.199 barns
4.3-13



DATA COVARIANCES

Obtaining resonance parameters is a multi-step process:

1. Data acquisition = experimental measurement

2. Data reduction = process of converting from “counts
per time-channel” to “cross section”
3. Dataanalysis=  process of parameterizing the cross

section in terms of R-matrix theory

Gienerally the experimentalist who made the measurement
takes care of step 2, the evaluator takes care of step 3.

lHowever, the two processes are not nearly as independent as

the definition would suggest. A simple example is Doppler-
braadening, which is always (?) lefl for the evaluator to include.

‘The data covariance matrix provides the linkage between the
tWo Processes.

4.3-14

Experimentalists define two
types of uncertainties

® Statistical (due to uncertainty in measurement of raw data,
generally assumed to be Poisson statistics)
® Systematic (due touncerainties in measurement of parameters

for data-reduction process)

“Data reduction” (the process of converting “counts per
channel” to something more closely related to “cross
section”) includes such operations as:

. corrections for detector dead time

. normalization by total run time

. conversion from time to energy scale

. subtraction of backgrounds

. dividing sample-in by sample-out counts (if transmission)
. etc.

It is the data-reduction process that leads to off-diagonal
data covariance matrix elements. (Raw data are mutually
independent, hence the covariance matrix is diagonal )

4.3-15
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Example of Data Reduction
and Error Propagation

Measure “raw counts” ;= number of times a neutron
was counted in time-channel i

Uincertainty on 15 AC,

Actual “data™ s D, =a C; + h

where « and A have also been measured, and have
uncertainties Aa and Ab respectively.

What's the uncertainty on D; ? What’s the correlation
between Dy and D;?

To tind. consider small increments & for each component:
8D, = da '+ adC,+ b

Square. and take expectation values:

((6D,8D)) HAﬁ@nmu+aan.+a@x@amw+aumu+mwvv
= {(a@)C,C, SNASQ_QQYAESJ

= Ala C, Qi. + awbmﬁ_mc + Alb

4.3-16

References for Data Covariances

“User's Guide to ALEX: Uncertainty Propagation from Raw Data to
Fina! Results for ORELA Transmissions Measurements,” N. M.
Larson, ORNL/TM-8676, ENDF-332 (February 1984)

“Application of New Techniques to ORELA Neutron Transmission
Measurements and their Uncertainty Analysis: the Case of Natural
Nickel from 2 keV to 20 MeV,” D. C. Larson, N. M. Larson, J. A
Harvey, N. W. Hill, and C. H. Johnson, ORNL/TM-8203, ENDF-333
(October [983)

“Uncertainty Propagation from Raw Data to Final Results,” N. M.
Larson, Proceedings of the International Conference on Nuclear Data
for Basic and Applied Science, Santa Fe, New Mexico, May 13-17.
1985, Vol. 2, ed. Phillip G. Young, et al, Gordon and Breach Science
Publishers, 1533-1536 (1986)

“(Covariances as Input to and Qutput from Resonance Analysis,” N. M.
Larson, invited paper presented at the International NEANSC
Specialists’ Meeting on Evaluation and Processing of Covariance
Data, Oct 7-9, 1992, held at ORELA in Oak Ridge National
Laboratory. Published in Proceedings of a Specialists’ Meeting on
Evaluution and Processing of Covariance Data, ed. M. Wagner 221-
238 (1993).

“Representation and Processing of Covariance Matrices for Resonance
Parameters,” N. M. Larson, Workshop on Covariance Matrices:
Generation, Formats, and Applications in Nuclear Energy
Technologies, Brookhaven National Laboratory, 22-23 April 1999,

Probability, Statistics, and Data [incertainties in Nuclear Science and
Technology, Donald L. Smith, pub. American Nuclear Society, 555 N.
Kensington Avernue, LaGrange Park, Illinois 60525 USA (1991).
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How do we find parameter values?

Five-step process:

Step 1. Reduce the data

Step 2. Generate covariance matrix for data

Step 3. Choose prior values for parameters

Step 4. “ind prior covariance matrix for
parameters

Step 5. Analyze the data

Several different methods:

Method 1. The “conventional” approach
Mcthod 2. A better approach

Method 3. The “usual” approach

Method 4. Another wrong method

Method 5. The hybrid approach

Method 6. Implicit data covariance method
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The “conventional” approach
(Method 1)

Step 1. Reduce the data

ro-d
i i
raw data - reduced data
counts per channel - cross section

Note that

am =D(r., rs 4y, 45, Qu,:.v

where ¢ are data-reduction parameters

example: See Natural-Nickel Transmission paper

4.3-19

Step 2. Generate the data covanance matrix

Covariance matrix for raw data is diagonal:

L]

>

[ ]

N"'l
o

o o

Simple case:
d =ar,+b

i

Covariance matrix for reduced data is not diagonal:

(at Al +
1

rlATa + A%)

(a?Alr, +

2 2
(nrnda-&%) wwbpn-A.Dn.wv

AQNDNJ +

AJJ Alg +>~&v A...uwubuh +_D~__.; Jm Ala + >~&v

(a? _DHJ +
__..N Ala + A%B)

(rr Alr+AM)  (rr, A% 8%} (rr,Ala+A%)
174 24 14
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(ieneral case: Step 3. Find “prior” values for model parameters
. from the literature
. estimate by examining the data

d =D(r,ry, 4 4 Gy )
Step 4. Set prior parameter covariance matrix

ap. an, oD
8d = —1&r + LOr- + — % Note that conventional least squares implicitly assumes that
) mw ! @ ! @ Qb . REN . D ﬁ !
F F: Kk OF, prior uncertainties are infinite and correlations are zero.
Vo= Am.& 8d v Bayes’ method (generalized least squares) requires
i ! . .
/ ! explicit numbers:
aD\2 api2 . When uncertainties are known, they should be used.
=5 SV AZr o+ | A Correlations should also be included.
I I I
/ mﬁ mw_.. . When nothing is known use “non-informative prior”
(i.e. infinite uncertainty). In SAMMY use ~ 10% of
3 Un. a DH. the parameter value, which is effectively infinite.
> n A 54, @Q._V
x 1 0q, 9q,

Step 5. Analyze the data
Le. find values for parameters that give “best fit” to data

ALEX: Computer code to do the busy-work Le. run SAMMY (or REFIT,or .. 7)

ol generating V/ .
© Y Output includes parameter values and parameter
covariance matrix.

Natural Nickel: 30 parameters, 60,000 data points
1,800,030,000 elements in covariance matrix

The end of conventional approach.
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Step 1L

Step 2.

Step

step .

et

A better approach
{Method 2)

Fit the raw data directly

Do not reduce the data (but do figure out exactly what
wonld need to be done to convert to cross sections)

Do not generate data covariance matrix (raw data
has diagonal covariance mattix)

Find prior values for model parameters, including
data-reduction parameters

Set prior parameter covariance matrix, including
uncertainties and covariances for datu-reduction
?Q__,Q_,ZQ___Q__...I.

Analyze the data
Analysis code (e.g. SAMMY) must convert from cross-section
to whatever function was actually measured

4.3-23

The “usual” approach
(Method 3)

Just like the “conventional” approach except pretend that
the covariance matrix for the reduced data is diagonal:

Simple case:

a’Alr +
1

ry A% + %)
{a?dlr,+
r; A% + A%)
ﬁnnbuwu +
rlA%a+A%)
Auubnﬂ +

J.N Alg + A%)

General Case:

ab dD\2
<, (5] o () o
mﬂm

3r,
MM,” aD, ab, ASBSV_

dq, mm:

Question: What’s wrong with this?

Answer: It can

® distort results
®  hide inconsistencies
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Which method to use?

The data-covariance approach is OK, but offen
cunihersome:

s [lixperimentalists don’t like to generate covariance
matrices
e There are oo many numbers!

e Mistakes may be hidden from evaluators

The fit-to-raw-data approach is best, but usually

neither practical nor probable:

e Analysis codes must include all the data-reduction
procedures

e [lxperimentalists are not happy with publishing
“counts per channel™ rather than “‘cross section”

The “drop-the-off-diagonal-elements” approach
is just plain wrong!

Fortunately, there are alternatives..

4.3-25

Method 1.

Method 2.

Method 3.

Method 4.

Method 5.

Method 6.

Possible Analysis Methods

Fit reduced data using true off-diagonal
covariance matrix — “the conventional approach”

Fit to raw data, using data-reduction operations
(in reverse) on the theory instead of on the data --
“a better approach”

Fit reduced data using diagonal part of
covariance matrix (both statistical and systematic
errors) -- “the usual approach”

Fit reduced data using only statistical errors
(diagonal)

Fit reduced data with pseudo data-reduction
parameters included (hybrid method)

Adjust the reduced data using parameter values
obtained in Method 5, then fit using implicit data
covariance

Note that method 2 is exact,
methods 1. 5, and 6 are correct,
methods 3 & 4 are wrong!
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mxm_:EQNﬁ}B

e test cime 1174 and exercise ex0 18, nenther is exactly Tike this example, but both are simular) €K

.

=}
—T

artificial data --

e

® Assume the “raw data” are related to the experimental
[ission cross section as r, = (1.030 x o, + 4.970 bams).

e Assume the uncertainty on r; is given by

thnf\ﬂ\m

® |he reduced data should then be of the form

d =ar +b
where normalization a is ~ 1/1031 = 0.00097
and background b is ~ - 4970/1031 = - 4.82 Fission cross section for 2*! Am
Using Method |
e Assume the experimenter measured the normalization (fit reduced data using covariance matrix)

and background (erroneously) as

a=0.00105 £ 0.00007 e crosses = reduced data

h=-105 =+1.05 o dashed curve = a priori parameter values

e solid curve = SAMMY fit

Query: Can the analysis process nevertheless give the
correct cross section {1.e. the carrect resenance
parameters) ?
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Fission cross section for **! Am
Using Method 1, revised plot
(1it reduced data using covariance matrix)

crosses = reduced data

dotted curve = SAMMY fit (as shown in solid curve
on previous plot)

solid curve = SAMMY fit adjusted by data-
reduction parameters (1.08421xdotted+4.17895)
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AR EREERE

o
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I
o
|
e
L]

Fission cross section for **' Am
Using Method 2, “‘a better approach”

(fit raw data using data-reduction operations in reverse)

crosses = raw data
dashed curve = with a priori parameter values
solid curve = SAMMY fit
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Fission cross section for **' Am
Using Method 3, “the usual approach™
(1it reduced data using diagonal portion of
covariance matrix)

crosses = reduced dala
dashed curve = with a priori parameter values
solid curve = SAMMY fit

4.3-31

Fission cross section for 2! Am
Using Method 4

(fit reduced data with statistical errors only)

crosses = reduced data
dashed curve = with a priori parameter val
solid curve = SAMMY fit

4.3-32
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Fission cross section for **' Am
Using Method 5
(it reduced data but include data-reduction operations)

e crosses = reduced data

o dashed curve = with a priori parameter values
e solid curve = SAMMY fut

4.3-33

Fission cross section for 2*'Am
Using Method 6, implicit data covariance
(fit adjusted reduced data)

e crosses = adjusted reduced data
e dashed curve = with a priori parameter values
e solid curve = SAMMY fit
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Comparison of parameter values

Method T (full covariance matrix)

Method 2 (raw data = “truth”)

Method 3 (diagonal part of covariance maltrix)
Method 4 (statistical uncertainties only)
Method 5 (hybrid method)

Method 6 (implicit data covariance)

prior 1 2 3 4 5 6

#., LE000 L3072 L3070 L3876 L3078 L3070 L3071
‘I

I vioae {azoae [ 4341 [ ss.sz | s7.05 [a3.42 [ 43081
]

I’ 3200 | o3zst | L3393 | L4012 | L4e91 ] 03385 | 3496
L

I sano | oLuvez | Lsieo | L5758 | L5775 | 5760 | 5757
,

m; qd. 15 47.58 16.80 70.28 10B.5 46.85 45.66
A

_, i L4592 L4729 .6576 .8822 L4720 L4771
2

B LU 1.269 1.263 1.269 1.269 1.269 1.269
3

T yroes | az.02 |az.81 [55.06 | s9.82 |a2osz az.72
" 001 | .5897 | L6267 | L7571 | L8033 | 6243 | .6478

Y

Note that there are actually five parameters for each resonance: energy £,
widths ﬂ_ r,. ﬁ: , and [';;, However, the combinations which are relevant to
fission cross sections for 1solated resonances are those listed above. These are
2% DERE DAL U | SUF R SRR Ly =iyl + 0,4

i
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Formulae for Implicit Data Covariances

Data covariance matrix has the form

VY o=vie, o+ Mm X/ w, X]

-where

¥ is the data covartance

v represents the statistical uncertainties

X is the sensitivity matrix (partial derivative of data with
respect to data-reduction parameters)

w is the covariance matrix for the data-reduction parameters

The inverse is

H\u_

(v+XwXx'y'!
vy lxw !+ Xyl Tx iy

Dimension of ¥ is thousands x thousands
of v is thousands * thousands but diagonal
of X is thousands x tens (but needed anyway)
of w is tens x tens (and usually diagonal)

Use Eq. (*) for inverse of V as needed in Bayes’ equations.
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Parameter Covariance Matrix

Covariance vs Correlation

Generated automatically by SAMMY

C,.
i

<3P, 8P>
AP, Cy A ﬂ

Printed in LPT file (as uncertainties plus
correlation matrix)

ﬁ.q is the covariance matrix element between
Stored in COVaraince file for use as input parameters P, and bﬂ.
for subsequent SAMMY run
A P, is uncertainty on P,

Can be stored in abbreviated ASCII format

¢, mmzﬁoo:im:o:ooowmomoivﬂémms»c.m:m _ﬂ

Note that
-1 5 c, < +1
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Covariances for
Multigroup Cross Sections

Used extensively for the first ime by Herve
Derrien et al.: Covariance Matrices for Use
in Criticality Safety Predictability Studies;
ORNL/TM-13492, September 1997

Procedure:

() it differential & integral data =>
generate values and covariances for
resonance parametlers

(2) calculate differential cross sections
with those parameter values; integrate
numerically to give group cross
sections and covariance matrices

4.3-38

89 resonances in 0 to 50 eV

Example: 2*°U

Parameters for first seven J=3 resonances:

+++++iEW VALUES FOR RESONANCE PARAMETERS

SPIN GROUP NUMBER |

3
z
3
3
7
8
g

ENERGY

{EV)
LO1247E-014
.03586E+00¢
.14379E+00(
18423E+00(
.65320E+001(
LBBIELIE+Q0(
LT1692E+00¢

i

6)
11
16}
213
26}
)

WITH SPIN=
"true” radius =

effective radius

GAMMA ~
GAMMA

{MILLI-EV)
4.0422E+01¢
3.7310E+01 ¢
3.8109E+01¢
5.4780E401¢
5.7182E+01{
4.9288E+01 (
4.2720E+01 ¢

)

7
129
17
221
27)
2y

3.0, ABUNDRMCE= 1.0000, AND G*RBHDNC= 4275
9.0000E+00 9.0D0CE+00 3 OC00EsD
= 9.6566E4+00 9.6566E+00 4. 6566E400
GAMMA - GAMMA- GAMMA -
CHANNEL 1 CHANNEL 2 CHANNEL 3
L=0 SPIN= 3.0 L=0 SPIN= 0.¢
(MILLI-EV) (MILLI-EV]
4.1777E-03¢ 33 1.2296E+02]
9.1821E-03( 8) -1.0168E+01¢(
2.9643E-02( 13 -2.1236E+01( 14) H.T458BE+0L¢
T.0757E-020 181 —4.1715E+011 19  1.6535E+071
3.4280E-03( 23) S.9150E+01( 24) 1.GBITE+D00
1.4995E-01( 28) -2.15R8E+02( 2% 1.3539E.0010
3.9741E-02( 33 -3.9670E+00( 34} -Z.1020E+0071
4.3-39
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Communicating the Resonance-Parameter
Covariance Matrix

‘Representation and Processing of Covariance Matrices for Resonance Parameters,” N. M.
(rk Ridge National Faboratory. prepared e Harkshop on Covarionce Matrices
5. and Applicanons in Nuclear Energy Technologies held at Brookhaven
Nl tory, April 22-23. 1999

Wanted: Communicate resonance-parameter covariance
matrices from the originator (e.g. SAMMY) to
the user (c.g. AMPX or NIOY)

Mecthod: Store covariance matrix in ASCII file

Needed first; Abbreviate the Matrix --

e U has 3193 resonances, five parameters per resonance ==
15965 parameters total.

e Number of elenments in (hlf of covariance
(15965%13966)/2 = 127,448,595 elements

matrix =

Question:

('an an abbreviated covariance matrix contain
the same information as the complete
covariance matrix”?

Answer:
Probably

4.3-44

"X 3

How to test?

e Generate a realistic resonance-parameter covariance
matrix

e Calculate integral quantities and associated
covariance matrix using various approximations to
the “true” resonance-parameter covariance matrix

e Compare results (uncertainties and covariances for the
calculated multigroup cross sections)

Recommendations for ASCII storage of resonance-
parameter covariance matrix (based on results of preliminary
tests as described above):

e Store covariance matrix as uncertainties plus
correlation matrix

Drop correlations smaller than 1 %
Represent correlation as n-digit integer
n = 2 may be adequate

Further study is desirable

4.3-45

1 ki 1. %1 . Li



Sensitivity Matrix

Requirements for processing code (anpx. NjoOY., )

covariance mairix

sensitivity matrix (partial derivatives of point-wise cross

sections with respect to resenance parameters)

How do the codes obtain the sensitivity matrix?

write FORTRAN to gencrate analytic derivatives

make use of “automatic derivative” routines to
produce line-by-line derivatives of existing code

calculate numerical derivatives (7701 recommended!)

read sensitivities gencrated by SAMMY

Alternative: Use SAMMY to generate multigroup cross
secttons and associated covariance matrix

FORTRAN coding already exists

4.3-46
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Integral Quantities
in SAMMY

a “recent’ addition to the code.

Cross Section Analysis:
Differential Data

® Transmission ® Fission
® Capture cross sections ® Absorplion
LA | ® ctc.

To analyze, use SAMMY:

0. Estimate values for (resonance & other) parameters
Generate theoretical values & partial derivatives (using

appropriate theory such as Reich-Moore approx. to multilevel R-mairix)

. Correct for “real world” effects (e.g. finite sample thickness}

. Find “best fit” values for parameters using Bayes’ method
(generalized least squares)

4. Tterate steps 1-3 for nonlinearities, more data, etc.

L

RESULT:

A non-unique” set of resonance parameters which describe
the differential data; and a covariance matrix describing the
uncertainties on and interrelationships among those
parameters.

Why non-unique?  Because of uncertainties and
correlations...



v

~rue” values of 7, and P, are somewhere
in the shaded area.

N 1

Integral Data

e Thermal cross section e Average integral
e Maxwellian average o Kl.Kg4

® Westcott’s g-factor * o

° *

Resonance integral Reaction Rates

Use NJOY, AMPX, or other codes
to calculate values:

0. Use resonance parameter values from differentia! analyses
1 Generate theoretical values

2. Correct for “real world” effects

3.4. 7no options for fitting or iterating ?

RESULT:

Compare measured (or standard) values with calculation; either
they agree or they don’t.

re
L
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Definitions of Integral Quantities
which may be included in evaluation process

{(r Thermal cross section

a9, = 0 (E) for £, = 0.0253V

(6)

(2 Maxwellian average at thermal energy
£, E,

G - T;S E ot yg Tm e ©% g
g E, E
£ g, 9

where £/ =107 eVand £,=3 ¢V

..; ﬁ_‘cmpoo:,mh-aﬁcﬁ B (7)

a
x

-2
‘\m ch

f!

{4y Resonance integral
E
a (8)
\a - .\,Qkﬁbv 1&% + N.AH '

E

‘3

v |

Definitions, Continued

Average integral
.m‘n

5, - ?LB %\Em-mt

E;

Watt spectrum average

£

_m..__
o,(E) ®(E) dE % ®(E) dE

E E

L

with £, = 20 MeV

and @ (£) = Watt fission spectrum

e £ sinh(VbBE )
=g Fla (gVBE _ o -VBEy o

Q(E)

"

K1 (indicative of K4 for thermal
benchmarks)

= V0yg - 0,,8 = (vo, -0,)

Alpha
@ =1/1



(Y) Thermal alpha integral (NJOY's &),

£,

\,Q%mv E ,EE 4p

oava E,

&
-m._

£

%oy T

t‘ﬂ\m

' E/E
e ° dE
0

(10)  Thermal eta integral (NJOY’s 1),

mu
vo, (E .
% (L) E e, JE
m_ o (E) E,
Nwor ~ P

.N

‘ £ HR g
p

m.ﬁ 0

Recent Addition to SAMMY (not in M2)

Flux-weighted group cross sections:

E,.,

E,.,
5 - so:& ®(E) dE %e:& dE
E

.m.n £

with several options for ®(E) —

Option 1: Bondarenko narrow-resonance weighting
scheme,

C(E)
g, +0,(ET)

Q(E) =

where
C(E) = smooth function of energy

0, = dilution

o (ET) = Doppler-broadened total cross section

Option 2: flux is given numerically on energy grid (for

intermediate spectrum, useful in criticality predictability)
(mot yet included in SAMMY, but "on the drawing board™)

Covariances are calculated for the group cross sections.
{However, fitting is not permitted, only calculations.)

.-y

|
=y
)
-
L
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Example: °U

Differential measurements: 14 data sets
analyzed via SAMMY

7135 -~ .
233U can be found in

Details for
[.. C. Leal, H. Derrien, N. M. Larson, and R. Q. Wright, R-
Matrix Analysis of “PU Newtron Transmission and Cross
Sections in the Energy Runge 0 to 2.25 kel to be published
as ORNL/TM-13516, Martin Marietta Energy Systems, Inc.,
Ouk Ridge Nationai Faboratory (November 1997). Also Nucl.
Seiand Fong 131 230 (February 1999).

Integral Standards: six quantities
have been included in analysis

Details can be found in

N. M. Larson, L. C. Leal, and H. Derrien, “Integral Data
Analysis for Resonance Parameters Determination,” ORNL-
TM-13495, Oak Ridge National Laboratory, Lockheed
Martin Energy Research, Inc. (1997} Also Nucl. Sci. and
Fng 131 254 (February 1999).

24.

25.

26.

27.

28.
31

32

47.

References for “Selected Measurements for 2°U"

J. A. Harvey, N. W_Hill, F. G. Perey, G. L. Tweed, and L. C. Leal, Froc
Int. Conf. On Nuclear Data for Science and Technology. Mito. Japan
(May 30-June 3, 1988).

R. R. Spencer, J. A. Harvey, N. W. Hill, and L. Weston, Nucl Sct Eng.
96, 318 (1987).

L. W. Weston and J. H. Todd, Nucl. Scii Eng. 111,415 (1992).

G. de Saussure, R. Gwin, L. W. Weston, and R. W. Ingle, Simultancous
Measurements of the Neutron Fission and Capture Cross Section for * U
Jfor incident neutron energy from 0.4 eV to 3 keV, ORNL/TM-1804,
Martin Marietta Energy Systems, Inc., Oak Ridge National Laboratory,
Oak Ridge, TN {1967).

R. B. Perez, G. de Saussure, and E. G. Silver, Mucl Sci Eng. 52, 46
(1973}

J. A. Wartena, H. Weigmann, and C. Burkholz, Report [AEA Tecdoc
491, p.123 (1987).

H. Weigmann, P. Geltenbort, B. Keck, K. Shrenckenbach, and J. A.
Wartena, Proc. Intern. Conf. on The Physics of Reactors, Marseilie 1990.
Vol. P1, p. 133 (1990).

M. C. Moxon, J. A, Harvey, and N. W. Hill, Private communication
ORNL (1992).

R. Gwin, To be published in Nuclear Science Engineering and as
ORNL/TM (1997).

L. W. Weston and J. H. Todd, Nuc!. Sci. Eng. 88, 567 (1984).

C. Wagemans, P. Schillebeeckx, A. }. Deruyter, and R. Barthelemy.
“Subthermal fission Cross Section measurements for *U and **Pu.”
Nuclear Data for Science and Technology, p. 91, Mito, Japan (1988).

R. A. Schrack, “Measurement of the 23°U(n,f) Reaction from Thermal to
1 keV,” Nuclear Data for Science and Technology, p. 101, Mito, Japan
(1588).

R. Gwin, R. R. Spencer, R. W. Ingle, J. H. Todd, and S. W. Scoles, Nuc
Sei. Eng. 88,37 (1984).
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Transmission

Comparison between experimental and calculated
thermal values and integral quantities for 235y

! Fitto
Measured, differential

! recommended, Fit to plus

] and standard differential integral
Quantity values data data

0y (barn) 58425+ 1.11 584.28 584.88

R e St S TR D 0y (barn) 6896 +0.74 99.18 98.66

Lnergy (V)

o 0, (bamn) 15.46 + 1.06 15.44 15.67

K1 (barn) 7227 £3.90 717.48 722.43

g 0.9771 £ 0.0008 0.9743 0.9764

g, 0.9790 + 0.0008 0.9774 0.9785

3351) Transmission data of Harvey et al. for two sample
thicknesses (0.03269 barns and 0.00233 barns)






Higher-Energy Regions:

L Unresolved- Resonance Region

o [ligh-Energy Region

Method:  beg. borrow, steal from existing codes;

incorporate into SAMMY (with the authors™ blessings)

[nitial modifications are for compatibility only,
cventually refine and expand



Equations for Unresolved Resonance Region ® Moldauer’s prescription gives (non-elastic) partial cross
sections in terms of “transmission coefficients” 7,
SAMMY implementation based on Fritz Frohner’s

FITACS program 2ng, T,T,

AQan =
2
k T

a

® [lauscr-Feshbach theory gives average total cross cross section

x\.&m-:ﬂw: :Wir
0

Tg, T
AQhV - 2 AH |WQA%§VV cey <n
nmn,
where
- - S = incident ¢channe! = it channel
»  Average scattering matrix <.§ > is given by w _ ﬁ_nm_anw of ?nmo_: (multiplicity) b= exitchanine
c
o T. = transmission cocfficient y = photon channels
, 1-<R >L°° T = sum over all channels, -
<8 > um-m:vn cc 4 T Mum.,.n
ce il (o
1-<R_>L
cc €
L. »  Transmission coefficient for neutron channels is
»  Average R-matrix 1s
T ' g 5 4nP,s,
- = ' = - | < > =
Awnnv = mn + TS, c _ cc _ 1-<R >L
oo c

+»  Transmission coefficient for photon channel for spin./is

with
T, = 2n <l >/D,

$, = hard-sphere scattering phase
R = distant-level parameter »  Transmission coefficient for fission channel for spin Jis
s, = pole strength, equal to S_ JE!2k a

_ . ‘ T, =2n<l,>/D
§ = strength function ! f J
¢ = R-matrix matching radius where D, is the mean level spacing.



» Bethe formula gives J-dependence of the mean level
spacing
(D))" = {aE))?

-J? (J+1)?
x {exp|————| - exp|- ———<L—

2{a(E)) 2(a(E) )
:,_‘_P._.ﬁ_

d is independent of §
a 15 the spin cutoff whose value 15 determined by the code.

» Gilbert-Cameron composite formula is used for energy
dependence of the mean level spacing :

. At low energy(E <E,) use the constant-
temperature formula

exp({C, /E,-PE |
(E,-PE)*"

D' = C,

E £ G 3
2 E,-PE E,-PE

X exp

where

E_ = excitation energy of compound nucleus

mxau matching energy , is given by the constant-temperature formula
PE = pairing energy

C, and C, = constants

* At higher energies(E_z E;), use the Fermi-Gas
formula

exp(C, [E_-PE |
(E, -PE)”

D' =,



Radiation widths <I" > depend only on parity T
and on E. [Energy &mvm:amsom calculated with
giant dipole resonance model.

Fission widths <I';> vary E:mem:mmém__mm
parity and E. Energy dependence calculated with
the Hill-Wheeler fission barrier transmission

cocllicients.

1 +exp m::\:_\mL

L(E)> = <D(0)>

where
Ew
W

HW

it

11ill-Wheeler threshold energy
Hill-Wheeler threshold width

i

- r ¥ ¥ e 2 1 imi - . B X3

1+ mxvﬁ - (E-Ep) ! Wiy

Assumptions for derivation of Moldauer’s
prescription

¢ Single-ievel Breit-Wigner is an adequate
description of the cross section (ie.,
resonances are well separated).

e Neutron widths obey the Porter-Thomas
distribution (chi-squared with one degree
of freedom): averages are therefore
weighted with this distribution.

e The average of products can be written as
the product of averages.

e Channels with the same transmission
coefficients may be combined by
introducing multiplicities.



Input for Unresolved-Resonance Region

Files needed:

e [NPut file with three lines; the optional fourth line
may be used only for Version M5, not M2 or M2a.

Card Set 1 This line is title only.

Card Set 2: Nuclide name, atomic weight,
energy range

Cuard Set 3: UNRESOLVED RESONANCE
REGION

(optional): EXPERIMENTAL DATA AREIN
SEPARATE FILES

e ACS file (same as Frohner’s original FITACS
file); sce table for details (page 6-9).

® DA'Ta files (for version M3, not M2 or M2a); see
table for details.

Changes made for SAMMY-M2

Internal changes to be consistent with SAMMY notation and
to use dynamic dimenstoning

Bayes’ method for fitting procedure (prototype for eventual
“restructured” SAMMY fitting module)

Extension to all - values

Output includes “odf” files (plotting files)

Results are reported in same format as input ACS file, in
SAMMY.PAR (as well as in more legible fashion in SAMMY .LPT)

More recent changes (available in future releases).

e As many data sets as desired (original code permitted at most one
of each type}

e Separate file for each data set

¢ Energy-dependent normalization for each data set;
normalization parameters can be varied

o Refinement (debugging Of partial derivatives for more accurate
fitting

e More efficient quadrature scheme for Dresner integral

Needed Yet:

e Use results of resolved-resonance region analysis as input
for analysis of unresolved region

e Experience!

® Generalize the theory as needed

6-10
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Example: 2Py

{trem current work of Herve Derrien; please note
that results are prelimmary and are not to be distributed)
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SAMETE it of 23U experimental data in the energy range 2 keV
t0 200 keV. Crosses represent the experimental data (or evaluated
data). solid lines are the cross sections calculated from average
resonance parameters and nuclear parameters. The upper curve is
the total cross section of Harvey (ORNL). The other curves
represent {from upper to lower):

Blons (Saclay) fission cross section {not modified)

Migneco (Geel) fission cross section {divided by 3)
Wagemans (Geel) fission cross section (didided by 9)

Weston (ORNL) fission cross section (divided by 27)

Perez (ORNL) fission cross section {divided by 81)

Capture cross section inferred from Weston fission and
experimental values of alpha (divided by 243)

Inelastic cross section from ENDF/B-VI (divided by 1000)

6-11

Experimental fission data are average values from the original
values found in the EXFOR file, using the same energy grid in the
averaging code. The following parameters were varied:

neutron strength function of angular momentum /=0, 1, 2
average fission widths

averape capture widths

effective radius

normalization coefficient for each set of fitted data

The normalization coefficients allow us to obtain a consistent set
of data, which means that the same set of nuclear and average
resonance parameters could represent all data in the experimental
data base (after corrections for the remaining experimental effects).



Coming Attractions

Revision 5 of the Users’ Manual, plus new RSICC
release of the FORTRAN (version M5), mid 20007

Additional testing & improvements for multiple-
scattering corrections (in M5)

More work on unresolved-resonance and high-energy
regions

(harge-dependent penetrabilities (will be in RS and MS)

Restructuring to permit truly simultaneous analysis of
any and all data sets

Interface with other codes for use of covariance
matrix

More Integral Quantities (for intermediate energies)
Full R-matrix theory (no approximation such as Reich-Moore)
More options for resolution function

'I'ime-of-flight rather than energy as independent
variable

Modern Graphical User Interface (probably, extension of
RSAP code)

Separate final states (¢.8. inelastic vs fission) (in M5)

- —— Ty T A 4 ¢ 4 B i - - = Ty 7 e 1

SEY 0 T

Charge-Dependent

Penetrabilities, etc.

for use with charged-particle final states
possibly also for proton-induced reactions

coding using charge-dependent penetrabilities,
shift factors, and phase shifts has been developed
by Royce Sayer, “meshed” with the author’s
“current working version” of SAMMY, and tested
carefully

Sayer’s analysis of %0, with Coulomb, will be
released soon

T T SR > Sl £ SEEAS o



Predictions for o using both Charged Particle and Neutron Panetrahilities for the Reaction Channnl

if

Experimental values obtained from '°C {u,n) data of Drotleff, et al (Stuttgart, 1993)
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: pammm T SAMMY Calculation with Neutron Penetrabitities for the Reaction Channel
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Restructuring SAMMY

Bayes’ Equations can be rewritten as

P =P+ MY

M o= (M)

Y = G'V'Y(D-T)

w=G'V'G
where P represents the parameter values, A the parameter
covariance matrix, [ the data, ¥ the data covanance matrix,
7'the theory, and G the partial derivatives of T with respect to

P (i.c.. the sensitivity matrix). Primes => updated values &
covariance matrix.

All data-set-dependence is summarized in Y and #, which
arc strictly additive with respect to independent data sets:

%u%_+%~+ﬁ+...
x\u:\_+x\u+§w+:.

So we can gencrate the pieces from each data set, add them
up. and rhen solve Bayes' Equations once and for all. This
simplifies current problems involving non-linearity, ordering of sequential
analyses, elc,

QUESTIONNAIRE RE SAMMY RESTRUCTURING
October, 1998 (Page 243 of Users” Manual)

At some as-yet-undetermined future date, the mwltilevel R-matrix code SAMMY wilt be
restructured to take full advantage of the strengths inherent in Bayes’ equations, to provide the
ability to perform truly simultaneous fits to multiple experimental data sets {both differential and
integral). Details of this proposed restructuring are discussed clsewhere [NL98b]. The
restructured code will be denoted SAMSON (SON of SAMMY).

Since major changes to input ar¢ required to accomplish this restructuring, this would seem to be
a good time to make other (helipful but not necessary) changes as well. A short descriplion of
both necessary and optional changes is given here:

[NPUT FILES:

Information from the SAMMY INPut file will be located more logically: A title line, and
commands relevant to the complete run, will be in a new COMmand file Spin group definitions
(quantum numbers etc) will be placed in the PARameter files, along with values for any R-matrix
parameters such as channel radii. Experiment-specific information (type of data, nuclear
abundances, Doppler temperature, resolution parameters, etc.) will appear in a new EXPeriment
file.

The SAMSON PARameter file will contain alt R-matrix information, including spin group
definitions {quantum numbers et} that had been in the SAMMY INPut file. Resonance
parameters will remain in the PARameter file. No experiment-specific information (e g nuclear
abundances) will be in the new PAR file. Although the SAMMY PARameter file often contains
resonance parameters for more than one nuclide, the SAMSON PAR file will relate to one nuclide
only, hence several PAR files may be needed for any given run.

The SAMSON EXPeriment fik will contain all information relevant to onc particylar
experimental data set, some of this information had been in the SAMMY INPut file, and some
in the SAMMY PARameter file

The SAMSON DATa file is identical to the SAMMY DATa file.

OUTPUT FILES:
SAMMY .LPT will be similar to the SAMMY file.

An updated version of the SAMSON PARameter file will be created for each PAR file that
contains flagged (varied) parameters.

An updated version of the EXPeriment file will be created for each EXP file that contains flagged
(varied) parameters.

A binary COVariance file wilt be produced, containing essentialty the same information as is now
included in the SAMMY COVariance file.



SAMMY USER PREFERENCES (page 244 of Users’ Manual)

Name, address, e-mail

1. a Output PARameter files should be given the same name as the corresponding input

PAR file, with extension (please specify) to distinguish the two. YES __ NO_
b. Output PAR files should be named SAMO1.PAR, SAMO2.PAR, ... YES _ NO_
c. Output PAR file names should be specified by the user. YES _ NO__
If yes, how/where?

2. a. Output PAR files should contain the initiaf uncertainties for flagged parameters. YES __ NO_
b. Output PAR files should contain the updated uncertainties for flagged parameters. YES _ NO_

3. a.  Output EXPeriment files should be given the same name as the corresponding input
EXP file, with extension (please specify) to distinguish the two. YES ___ NO__
. Qutput EXP files should be named SAMO1. EXP, SAMO2.EXP, ... YES ___ NO_
c.  Output EXP file names should be specified by the user. YES__ NO_

If ves, how/where?
4. a. Output EXP files should contain the initial uncertainties for flagged parameters. YES __ NO_
b. Output EXP files should contain the updated uncertainties for flagged parameters. YES _ NO__
5. a  Output plot files should be given the same name as the corresponding input

EXPeriment file, with extension (please specify) to distinguish the two. YES _ NO_
b. Output plot files should be named SAM01.0ODF, SAMO2.0DF, ... YES___ NO__
¢.  Output plot file names should be specified by the user. YES___ NO__

If yes, how/where?

6. a Default uncertainties for all parameters should be specified by the same value of
FUDGE, which is given in the COM file. YES___ NO__
b. A value for FUDGE should be given in each PAR and EXP file. YES __ NO_

7. An option should be added to provide resonance parameter uncertainties on the line
following the parameter values in the SAMSON PARameter file. YES NO

8. Please send suggestions re formatting for the input data covariance matrix.

9. Use this space for any other suggestions regarding SAMMY and/or SAMSON.

Please return completed questionnaire to N. M. Larson, Oak Ridge National Laboratory, Building 6011, MS 6370,
Post Office Box 2008, Oak Ridge. TN 37831-6370. Or e-mail responses to nmi@ornl.gov.
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Feedback for SAMMY portion of

Workshop on Nuclear Reaction Data and Nuclear Reactors
March 15-20, 2000

Name (optional)

Favorite part of workshop

Least favorite part of workshop

What should be omitted?

What else should be included?

The lectures are too long ____ too short __ aboutnght ___ {Comments?)
Lecture content is appropriate ___ irrelevant ___ (Please provide specifics)
Computer sessions are too long ___ tooshort __ OK _ (Comments?)
Tutorial content is appropriate ____ irrelevant __ (Specifics)

Time for SAMMY workshop is too short __too long __about right __

Would you encourage others to participate in future SAMMY workshops? Yes __ No _
Why or why not?

What can the lecturers do to improve their presentations? Please specify whether your
comments refer to Nancy, to Luiz, or to both.

Other comments?

Many thanks for taking the time to fill out this form and heip us improve the quality of the
workshop! -- Nancy & Luiz
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