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ABSTRACT

Neutron cross sections of fissile nuclei are of considerable interest for the under-
standing of parameters such as resonance absorption, resonance escape probability,
resonance self-shielding, and the dependence of the reactivity on temperature.

In the present study, new techniques for the evaluation of the 2**U neutron
cross sections are described. The Reich-Moore formalism of the Bayesian computer
code SAMMY was used to perform consistent R-matrix multilevel analyses of the
selected neutron cross-section data. The Aj-statistics of Dyson and Mehta, along
with high-resolution data and the spin-separated fission cross-section data, have
provided the possibility of developing a new methodology for the analysis and
evaluation of neutron-nucleus cross sections. The result of the analysis consists of
a set of resonance parameters which describe the 2**U neutron cross sections up
to 500 eV.

The set of resonance parameters obtained through a R-matrix analysis are
expected to satisfy statistical properties which lead to information on the nuclear
structure. The resonance parameters were tested and showed good agreement with
the theory.

It is expected that the parametrization of the ?3°U neutron cross sections
obtained in this dissertation represents the current state of art in data as well as

in theory and, therefore, can be of direct use in reactor calculations.

xi






CHAPTER 1
INTRODUCTION

High-resolution neutron cross-section measurements taken in the past 20 years,
as well as the development of new techniques for the treatment of experimental
data, have created a strong incentive for the reevaluation of several materials
in the nuclear data libraries. Furthermore, the increasing need of very accurate
nuclear data for reactor design and calculations has required good representation
of experimental data to guarantee consistency between theoretical models and
experimental results.

Nuclear data for reactor calculations are, in general, based on the total, fission,
capture, and scattering cross sections of the reaction neutron-nucleus.

From a technical point of view, knowledge of the resonance parameters and
average cross sections is of interest for the design and development of nuclear
reactors since the resonance structure of the neutron cross sections determines
the values and the energy dependence of reactor properties such as resonance
absorption, resonance escape probability, resonance self-shielding factors, and the
dependence of the reactivity on temperature (Doppler coefficient).

In particular, due to the importance of fissile materials in nuclear reactors,
the neutron cross sections of fissile nuclei have continued to remain a source of
considerable interest to understand reactor parameters.

The purpose of this work is to develop new techniques which, when com-
bined with present methods, will lead to an updated, meaningful representation
of neutron-induced cross sections for fissile isotopes.

The study of neutron-nucleus interactions is a remarkable example of the direct

application of quantum physics to a highly technical and industrial task such as the



design of a nuclear power plant. Specifically, this work will describe the procedures,
method of analysis, and selection of experimental data which are needed to obtain
by neutron spectroscopy measurements and theory a consistent set of evaluated
2351J peutron cross sections for nuclear reactor core design. It should be noted that
23577 is not only an important fuel for commercial reactors using slightly enriched
uranium as initial fuel and for research reactors using highly enriched uranium,
but the cross section of 233U is often used as a standard by which other cross

sections are measured.
1.0 BACKGROUND

Various steps are required before measured data are available in a suitable
form for reactor design and calculations. Evaluated data from several evaluation
centers in the world are submitted to nuclear data libraries which test and prepare
the data for application to nuclear technology.

The most important nuclear data libraries are the United States Nuclear Data
File (ENDF), the United Kingdom Nuclear Data Library (UKNDL), the German
files (KEDAK), the Soviet Union files (SOKRATOR), the Joint European Files
(JEF), and the Japan Evaluated Nuclear Data Library (JENDL). These nuclear
data files are available from the USA National Nuclear Data Center.!

There are two libraries associated with the ENDF system; namely, the
ENDF/A and the ENDF/B libraries. The ENDF/A is a collection of evalu-
ated data from different evaluation centers. The Cross Section Evaluation Work-
ing Group (CSEWG) recommends the selected data which are included in the
ENDF/B libraries in a format suitable for reactor design and calculations. The

present version of ENDF/B is ENDF/B-VI and is still under review. In ENDF /B,



neutron cross sections may be represented by specifying actual resonance param-
eters (resolved resonance region), or specifying statistical distribution of parame-
ters (unresolved resonance region), or the cross sections may be given at discrete
energy points with a specified interpolation rule (pointwise of FILE 3 representa-
tion). The cross sections may also be given as sums of contributions from these
representations.

The cross-section representations are reconstructed from the rescnance pa-
rameters according to a formalism specified by the evaluator. Four cross-section
formalisms are permitted in the ENDF files for the resolved energy region. They
are the single-level Breit-Wigner (SLBW), the multilevel Breit-Wigner (MLBW),
the Adler-Adler (AA), and the Reich-Moore (RM) formalisms.

The evaluation of the 2*3U neutron cross sections in the present work was
performed using the Reich-Moore formalism up to 500 eV. The set of resonance
parameters obtained by the Reich-Moore formalism were also converted to equiv-

alent Adler-Adler and multipole representations.

1.1 NEED FOR THE PRESENT WORK

A parametric representation of the neutron cross sections of fissile elements
cannot be given by a formalism that does not account for the asymmetries in the
resonances of the reaction cross section. Such asymmetries, which are due to the
level-level interference in the fission channels, can only be described by a multilevel
formalism.

The neutron cross-section representation of ?*°U in ENDF/B-V for the re-
solved energy region is based on an evaluation performed in 1970 for ENDF/B-III
which utilized the single-level Breit-Wigner formalism. Since the 233U levels are

closely spaced, such a formalism is inadequate to describe correctly the level-level



interference and, hence, is not appropriate to describe the 235U neutron cross
sections.

The palliation used in the ENDF files to overcome the deficiency of the Breit-
Wigner formalism was to add a “smooth contribution” to the cross section. The
“smooth file” (FILE 3 contribution), consisting of more than 1300 points, contains
the difference between the calculated Breit-Wigner cross sections and the experi-
mental cross sections. The main disadvantage is that this approach is not based on
a meaningful reaction theory. Also, information on the level-spin is not included;
all levels are assigned a fictitious value. Finally, the parametric representation
extends up to 82 eV only.

It is obvious that the ENDF/B-III evaluation has not included the results
of several high quality measurements done in the past 20 years. It is, therefore,
highly desirable to re-evaluate the 233U neutron cross sections to better represent

the current state of art in data as well as in theory.
1.2 OBJECTIVES

The purpose of this work is to develop a new evaluation of the U neutron
cross sections. The choice of experimental data and the criteria used in selecting
the experimental data entering the analysis will be discussed. We will also outline
the method of analysis and the representation of the data by showing graphical and
tabular comparisons of the cross sections obtained from the theoretical calculations
using resonance parameters with several experimental and evaluated data sets.
Another objective is to test the validity of the unresolved resonance parameter
representation of the cross sections by comparing self-shielding calculations in

the 82-500 eV region, where ENDF /B-V cross sections are defined by unresolved



(statistical) resonance parameters and the present analysis provides a resolved
resonance representation.

The pertinent steps of the evaluation consist of the selection of the experimen-
tal data and method of analysis. Most of the experimental data available on the
Cross-Section Information Standard Retrieval System (CSISRS)? or listed in The
Computer Index of Neutron DAta (CINDA)® were examined for possible inclu-
sion in the analysis. Detailed information on the experimental conditions and the
systematic uncertainties of the experimental data was essential for the choice of
data.

The main data included in the analysis came from recent measurements per-
formed at the Oak Ridge Electron Linear Accelerator (ORELA).* These data were
chosen because of the high resolution and because detailed descriptions of the ex-
perimental conditions were readily accessible. The data were transmission (total
cross-section), fission cross-section, and capture cross-section measurements.

The data analysis was performed using the computer code SAMMY.® The
computer code SAMMY accommodates the reduced R-matrix Reich-Moore for-
malism which is appropriate to treat the neutron cross sections of fissile elements.
The fitting procedure of SAMMY is based on the Bayes’ method and allows the

successive incorporation of new data.

1.3 ORGANIZATION OF THE DISSERTATION

The material in this dissertation is organized as follows. Chapter I presents a
general overview of the neutron cross-section evaluation process and outlines the
approach pursued. The theoretical background necessary for the formulation of
the various neutron cross-section formalisms used in the evaluation process and

for the study of the statistical properties of the resonance parameters is given in



Chapter II. The Doppler broadening and instrumental effects, such as resolution
broadening, normalization, and background corrections, are discussed in Chapter
I11. The experimental data in the analysis are described in Chapter IV. Chapter V
describes the methods employed in the analysis and provides graphical and tabu-
lar comparisons between the data and the corresponding theoretical calculations.
The conclusions are presented in Chapter VI. Some analytical details concerning

nuclear reactor theory are given in four appendices.
1.4 ACCOMPLISHMENTS

For the first time, a set of neutron resonance parameters for the representation
of 235U neutron cross sections have been obtained for a wide neutron energy range
which extends the resolved resonance region from its present limit of 82 eV up
to 500 eV. This unprecedented result provided the possibility of performing a
thorough analysis of the unresolved resonance methodology used for the calculation
of a self-shielded group of cross sections for reactor core design.

New procedures were developed to facilitate the process of neutron cross-
section resonance analysis. These procedures include the methodical evaluation
of cross-section data to select the best available measurements, the development
of a procedure for Doppler-broadening neutron resonances which have been in-
corporated in the ORNL Bayesian program SAMMY, and the use of Dyson’s
Ajz-statistics for resonance spin assignments.

The problem of representing neutron cross sections in the resolved resonance
regionat the core of the ENDF/B format and procedure prescriptions for nuclear
reactor designers has been approached in an ample and original manner. The
conversion of the R-matrix parameters obtained in this work into Kapur-Peierls

resonance parameters and the use of multipole expansions in the momentum space



have provided the necessary data for the use of alternative cross-section represen-
tations such as the Adler-Adler neutron cross-section formulation.

The present set of 2**U neutron resonance parameters have made a precise and
extensive study of the statistical properties of the 2*®U nuclear Hamiltonian (i.e.,
energy eigenvalues and resonance width) possible which, until now, was hindered
by the comparatively small amount of statistical samples available.

It is believed that the contents of this dissertation will have an important
impact on the study of nuclear reaction theory. Furthermore, the results of this
work have been accepted for inclusion in the ENDF/B Files and will be of direct

use in nuclear reactor design.



CHAPTER II
RESONANCE THEORY

Resonance theory deals with the description of nucleon-nucleus interactions
and aims at the prediction of the experimental structure of the cross sections.
Resonance theory is basically an interaction model which treats the nucleus as a
black box, whereas nuclear models are concerned with the description of nuclear
properties based on models of the nuclear forces. Any theoretical method of calcu-
lating the neutron-nucleus interactions or nuclear properties cannot fully describe
the nuclear effects inside the nucleus because of the complexity of the nucleus and
because the nuclear forces, acting within the nucleus, are not known in detail.
Quantities related to internal properties of the nucleus are taken, in this nuclear
theory, as parameters which can be determined by examining the experimental
results.

The general R-matrix theory, introduced by Wigner and Eisenbud® in 1947,
is a powerful nuclear interaction model. Despite the generality of the theory, it
does not require information on the internal structure of the nucleus; instead, the
unknown internal properties, appearing as elements in the R-matrix, are treated
as parameters and can be determined by examining the measured cross sections.

Throughout the present work, the interaction models which are used to de-
scribe the neutron-nucleus cross sections that we will be dealing with, are spe-
cializations of the general R-matrix theory. The practical aspects of the general
R-matrix theory as well as the relationship between the collision matrix and the
R-matrix will be presented. Also, the difficulties which one encounters in evalu-

ating the cross sections by the direct use of the general R-matrix theory will be



pointed out. The approximations needed for obtaining the simplified R-matrix

models will also be addressed.
2.0 OVERVIEW OF R-MATRIX THEORY

The general R-Matrix theory has been extensively described by Lane and
Thomas.” An overview is presented here as an introduction to the resonance for-
malisms which will be described later.

To understand the basic points of the general R-matrix theory, we will consider
a simple case of neutron collision in which the spin dependence of the constituents
of the interactions is neglected. Although the mathematics involved in this special
case is over-simplified, it nevertheless contains the essential elements of the general
theory.

As mentioned before, the nuclear potential inside the nucleus is not known,
and, therefore, the behavior of the wave function in the internal region of the
nucleus cannot be calculated directly from the Schrodinger equation. The R-
matrix analysis of expands the inner wave function of angular momentum [ as
a linear combination of the eigenfunctions of the energy levels in the compound
nucleus. Mathematically speaking, if ¢;(E,r) is the inner wave function at any
energy E and ¢;( Ey, r) is the eigenfunction at the energy eigenvalue E) the relation

becomes
$i(E,r) = Andi(Ex,7) . 2-1)
A

Both ¢(E,r) and ¢(Ex,r) are solutions of the radial Schrédinger equations

in the internal region given by

I(1+ 1)R?

2mr?

d? 2m
{2;-2- -—7;2— [E - V(r)~-

[Jon=0 -2



and

{cf+@[EA—V(T)_M]}¢I(EA,r):O' -

dr2 ' 2mr?
The finite condition at r = 0 implies that both functions vanish at that point.
In addition, the logarithmic derivative of the eigenfunction at the nuclear surface,

say r = a, is taken to be constant so that

[qu,(EA,r)

o ] =a" ! B éi(En, a) , (2—-4)

where By is an arbitrary boundary constant.
Since we are dealing with eigenfunctions of a real Hamiltonian, they are or-

thogonal. Assuming that they are also normalized, we have

/“ I Ex, )i Exyr)dr = éanr . (2-5)
0

From Eq. (2-1) and the orthogonality condition, we find the coefficient Ay,

AIA = /)a ¢1(E,\,7‘)¢1(E,7‘)d7‘ . (2 b 6)

To proceed to the construction of the R-matrix, Eq. (2-2) is multiplied by
¢1(Ex, r) and Eq. (2-3) is multiplied by ¢;( E, 7). Subtracting and integrating the
result over the range from 0 to a and from Eq. (2-6) the expression obtained for
the coeflicient A;, is

h—2
2ma

d¢1(E, 7‘)

dr

déi(Ex,T)
—-——’dr* La . (2=17)

Inserting Ay into Eq. (2-1) for 7 = a at the surface of the nucleus and using

Ap =

(Ex—E)™ [¢I(EA7 r) — ¢u(E,T)
Eq. (2-4), the wave function is given by

2 . .
$1(E, a) = anaz [¢1(E)E<i)f1;;EA, )} [qus,if, )

— Bigpi( E, 7‘)]

r=a

(2-8)

10



Equation (2-8) relates the value of the inner wave function with its derivative

at the surface of the nucleus. The R matrix is defined as follows

ﬁz : qbz(E,\ a)<i>1(E)\ a)
= . : 2-9
2ma Z Ey—F ( )
or
YAIYAL
=y A ~10
B — Ex—E (2-10)

where 7y, the reduced width amplitude for the level A and angular momentum I,

h2
AL = -?;;& d)I(EA,a) . (2 - 11)

The reduced width amplitude depends on the value of the inner wave function

i1s defined as

at the nuclear surface. Both Ej) and - are the unknown parameters of the R
matrix which can be evaluated by examining the measured cross secticns.

The generalization of Eq. (2-10) is obtained by including the neutron-nucleus
spin dependence and several possibilities in which the reaction process can occur.
The concept of channel is introduced to designate a possible pair of nucleus and
particles and the spin of the particles. The channel containing the initial state is
called the entrance channel (¢), whereas the channel containing the final state is
the exit channel or final channel (¢'). The elements of the R matrix in the general

case are given by

TrxeTae! ;
Cc’——-ZE’\-C (2"‘"12)

where the reduced width amplitude is given by

72

2mea,

Yae = dc(Ex,ac) . (2 -13)

The next objective is to relate the R-matrix with the cross-section formalism so

the cross sections can be computed once the elements of the R-matrix are known.

11



The general expressions for the neutron-nucleus cross sections are based on
the collision matrix, also known as U-matrix, whose elements are unknown. The
nice feature of the R-matrix is that the unknown elements of the U-matrix can be
expressed by the elements of the R-matrix. To derive the relationship between the
U and R matrices, we will proceed by analyzing a simple case of spinless neutral
particles.

The total wave function in the region outside the nuclear potential can be
expressed as a linear combination of the incoming and outgoing wave functions. If
¢ (r) and ¢S (r) are, respectively, the incoming and outgoing wave functions for

a free particle, the solution of the radial Schrédinger equation can be written as
$i(r) = Co[$"(r) — Uig?™(r)] for r >a , (2~ 14)

where C} is a normalization constant.
The presence of the U-matrix in Eq. (2-14) (in this case, a matrix of one
element) indicates that the amplitudes of the incoming and outgoing wave function

are different unless | U; |= 1 corresponds to pure elastic scattering which means

that no reaction has occurred.
The Schrodinger equation for ¢i"(r) and ¢9Ut(r) is the same as Eq. (2-2)
with V(r) = 0 since there is no potential outside the nucleus. The solution is a

combination of the spherical Bessel and Neumann functions

B(r) = kr [nd kr) + i51(kr)] (2 - 15)

and
¢7(r) = kr [ng(kr) — iju(kr)] (2 - 16)

where 7 = /—1.

12



The relation between the U and the R-matrices is obtained by noting that Eq.

(2-8) can be written as

¢i(E,a) = [r@l%?lr—) - Bmﬁ;(E,r)]] . R, . 2-17)

Equation (2-17), when combined with Eq. (2-14), provides the relation be-

tween the R and U-matrices as

PO (€ P
U = (QSOIM) ’ gy — : (2-18)
M=) - m
We define the logarithmic derivative as
ro dedt
= . 2 -
L, (q&}’“t dr )rza ( 19)
Since from Eqs. (2-15) and (2-16), ¢i* and ¢$** are complex conjugate,
. (2 4o
L= (¢§“ - )m . (2 — 20)
Equation (2-18) becomes
¢ ) 1-(Lj~B) R
Uy = . 2-21
1 (¢?“‘ o 1= (Li—=B) Ry ( )

Equation (2-21), which allows the prediction of the neutron-nucleus cross sec-
tions, represents the desired relationship between the collision matrix U and the
matrix R. From the basic quantum mechanics theory,® the cross sections for the

neutron-nucleus interaction can be given as a function of the matrix U as

(a) elastic-scattering cross section

o= (241 [1-U |, (2 —22)
{

(b) reaction cross section

13



or=mA2> (2+1)(1- U ) , (2 — 23)
{

(c) total cross section

oy =2t (2+1)(1—-Re| Ui ]) , (2 — 24)
l
where A is the neutron reduced wavelength given by

h
VomE '

The representation of the neutron cross sections will depend on the reduced

A=

width amplitudes ~v,.’s as well as the E\’s which are the unknown parameters of
Eq. (2-21). Those parameters, as mentioned before, are obtained by fitting the
experimental cross sections.

The general relation between the matrices U and R, which are similar to Eq.

(2-21) with each term converted to matrix form, is
U=p"2@; [ I-R(L-B) ' I-R(L-B)] ®inp~1/? . (2 — 26)

All the matrices in Eq. (2-26) are diagonal except the R matrix in which
the elements are the unknown quantities. The matrix p'/2 contains the elements
(kcac)l/ 2,

Since no approximation was used in deriving Eq. (2-26) it represents an exact
expression relating the matrices U and R. Unfortunately, Eq. (2-26) cannot be
used directly for the prediction of the neutron-nucleus cross sections because it
would require the knowledge of the unknown elements of the matrix R and the
inversion of matrices of large sizes. Therefore, several approximations of the R-

matrix theory have been introduced which lead to various cross-section formalisms.
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Another presentation of Eq. (2-26) may be obtained by introducing the fol-

lowing definitions

Lo =S —iP , (2 —27)
Lo=L-B, (2 —28)

where S and P are matrices which contain the shift and penetration factors, re-
spectively.
The penetration factors can be written as P = p(¢indout) ™!, and Eq. (2-26)
becomes )
U=Q [I + 2;p1/2 (I - RL0> i RPUZ} Q, - (2-30)
with 2 = ¢1/2¢71/2.
The channel matrix (I — RLo) ™! R may be related to the level matrix Ay as

follows:

I-RLo) 7 R=) (1, x 14 , (2 - 31)
nA

where p and X refer to energy levels in the compound nucleus. The level matrix
A, satisfies the equation

As(Bx— E) =Y (Lova Yu) Ay = 8as - (2-32)
I

Details of the derivation of the equations above are given in Appendix A.

The collision matrix is related to the level matrix as

U= [I + 2ip1/2 (Z("y,, X 'YA)A,,L,\) P1/2] Q. (2 -33)
pv

The elements of the collision matrix for an entrance and exit channel (¢) and
(c"), respectively, are given as
Ueer = e (5“, +iy r;ﬁQAﬂArﬁﬁ?> Qo (2 — 34)
nA
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where

T2 = v,.(2P.)/? (2 — 35)

is the level width and, from Eq. (2-32)
Ay =(Ex = B)6un — ) YueLoonae - (2 - 36)

Either Eq. (2-26) or Eq. (2-33) will provide the elements of the collision
matrix. It should be remembered that no approximation has been introduced in

the formal derivation of the collision matrix yet.

2.1 REDUCED R-MATRIX FORMALISM
(REICH-MOORE FORMALISM)

The approach introduced by Reich and Moore® for treating the neutron-nucleus
cross sections consists of eliminating the off-diagonal contribution of the photon
channels. The approximation is justified since the reduced width amplitudes have
random signs, exhibit random size variation,!® and the sum ) cey TucYac 18 very
small if ¢ # A due to the large number of gamma channels. Such an assumption
reduces considerably the problem of inverting a large matrix and, therefore, is
suitable to deal with cases in which a few channels and many levels are present.
The fission process proceeds through a small number of channels,!! and the Reich-
Moore formalism is convenient to describe the neutron-nucleus cross section of
fissile elements.

The elimination of the radiation-capture channels in the Reich-Moore approach
1s obtained by partitioning the R-matrix into a 2-by-2 matrix in which each element

is a matrix. The contribution of the radiative-capture channels is isolated from
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the neutron and fission channels. Assuming one neutron channel, m — 1 fission
channel, and n radiative-capture channel the partitioning is given by

R—':: (%me Rmxn) , (2_37)

nxXxm nxn

where the matrix R,,xm contains the neutron and fission channel contributions
and the radiative-capture contributions are included in the matrix R, xn.
The next step consists of substituting Eq. (2-37) into (I — RLg)™ ! of the U

matrix given by Eq. (2-30) and inverting the resulting 2-by-2 block matrix. The

—1
nxn

inverted 2-by-2 matrix has elements given by (I — RLp) which contain only
the radiative-capture contributions. The evaluation of (I — RLO);in is performed

using the relation

(I-RLo),, =1+ (7uxm)Au - (2 - 38)
ni

In the level matrix A,y, only the channels corresponding to the radiative-
capture channels are considered, and from Eq. (2-36) it gives
A7) = (Ex— E)Spa— Y YpcLocae - (2 - 39)
cE&y
The Reich-Moore approximation consists of writing the summation correspon-

dent to the gamma channel as follows:

Z 7ucLOc7)\c = Z L0c7;21c6u/\ . (2 - 40)
c€y cey

Since Lo, = Soc + tP. , Eq. (2-40) becomes

2

Z’YMCLOC'YAC = A)«y + 5

cEy

Tay (2 - 41)

where

Ary == Soc¥ie (2 -42)

cEy
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and
[y, = Z The - (2 - 43)
cCy

The level matrix becomes

8pn
A = S 2 — 44
M E\—E—iT,, (2-44)
with
By =Ex+ Ay, . (2 — 45)

In the equations above, Ay, is called the level shift caused by photon channels
and I'y, is the radiation width.

Substituting Eq. (2-44) into Eq. (2-38) gives

- XU
I-RLo):! =1+ RESaNP . 2 — 46
( O)‘n,)(n EA: E’A __ E _ %FA.Y ( )

The remaining portions of (I — RLg)™! are matrices containing the neutron
and fission channels. The Reich-Moore assumption leads to a collision matrix

having the same form as that given in Eq. (2-30) except the R-matrix is modified

as
R = ; 5 jAEXjA%Fﬂ : (2 —-47)
The elements of the collision matrix can be expressed as
Ueer = Q. [2(1— K)o — 6]9 : (2 - 48)
where N
(I = K )oer = Boer — % 2; 5 1};3 I};'rvx , (2 — 49)
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2.2 ADLER-ADLER FORMALISM

Another approximation to the level matrix is that introduced by Adler and
Adler.!? The technique developed by Adler and Adler consists of diagonalizing the

inverse level matrix by an orthogonal transformation as follows:
D=S1AS. (2 — 50)

The elements of the level matrix under the transformation given by the Eq.

(2-50) are written as
S;u/ S,\u

A =
#A d, — E

(2 —51)

Introducing the Adler-Adler approximation in the collision matrix given by

Eq. {(2-34) we have

Ueer = Q, [&;C + Z d’"““’E}QC, , (2 - 52)

with

Foeet = Z TY258,, STV . (2 - 53)

The parameters d, and r,. are complex, in contrast with the parameters
of the Reich-Moore formalism which are real. Because of the energy dependence
of the reduced neutron width, the diagonalization of the level matrix would be
required at every energy point in order to preserve the rigor of the Adler-Adler
formalism. However, for low-energy s-wave neutrons, the neutron width is very
small compared to the gamma and fission widths, and its energy dependence can
be neglected. In this case, the Adler-Adler formalism is very efficient to represent
the neutron-nucleus cross sections, although one should be aware of this limitation

which could otherwise lead to a misrepresentation of the cross sections.
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Since the Adler-Adler formalism lends itself easily to the generation of Doppler
broadened cross sections, it has been included as an option for the representation
of low-energy neutron cross sections in the ENDF/B format and procedures.

A general procedure to convert Reich-Moore type parameters into an equiv-
alent set of Adler-Adler parameters was developed by de Saussure and Perez.!?
Their approach consisted of writing the Reich-Moore transmission probabilities
Pnn and ppc (see Appendix B) as the ratios of polynomials in energies which, sub-
sequently, can be expressed in terms of partial fraction expansions, matching the

Adler-Adler cross section formulation, i.e:

1 pN- ”(E N
and
_ 2 N
1 | PV (E) | Fac e
\/—E—Pnc‘* |P(N)(E)|2 —g[dk—E+d;_E] C‘#Tl, (2—55)
where
P = QA | (2 — 56)
A - nn
PN = Q—Tg— , (2~ 57)
2
P = L Q'\%"C - (2 - 58)
and
Q= H (Ex—E — —PM) : (2 — 59)

Equations (2-54) and (2-55) have poles d) = puy — ivy which are roots of the

equation
PMEY=QA=0 (2 — 60)

and are identifiable as the parameters of the Adler-Adler formalism.
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A detailed account of the construction of neutron cross sections from Reich-

Moore and Adler-Adler resonance parameters is given in Appendix B.

2.3 EXPANSION OF THE COLLISION MATRIX IN
MOMENTUM SPACE

Based on the rationale that the collision matrix must be single-valued and
mesomorphic in the momentum space and the fact that any function that satisfies
such a condition must be a rational function with simple poles, one can rigorously

express the quantities pn, and pn. in terms of pole expansion in momentum space.

For s-wave, one has

1 2N Ry
e pan = e 2 - 61
VE ; Dy—VE (-6

and

1 2N R
TEPM = ; [m + cc] , (2 -62)
where the residues R),, and poles D, are now strictly energy independent. Hence,
the expansion in momentum space, at the price of increasing the number of residues
and poles compared with the Adler-Adler formalism, provides an exact algorithm
for the representation of neutron cross sections. Hwang'* pursued this approach
and provided an elegant way of computing the parameters.

In particular, Egs. (2-61) and (2-62) can be generalized to accommodate all
higher angular momentum states beyond ! = 0 by extending the sums to 2N (I +1)
terms, whereby the energy dependence of the penetration factors as well as the
shift factors can be accounted for.

The computer code WHOPPER! by Hwang was used to convert the Reich-

Moore resonance parameters into equivalent Adler-Adler parameters by using its

POLLA?® option and to the multipole representation by using the POLLY option.



2.4 THEORETICAL STATISTICAL DISTRIBUTION OF THE
RESONANCE PARAMETERS

Systematic measurements of the resonance widths, mainly in the case of neu-
tron and fission widths, show strong fluctuations among resonances of the same
total angular momentum and parity. It should be expected, from Eq. (2-35),
that these fluctuations are connected either to the reduced widths vy, or to the
penetration factors P.. However, it is improbable that such fluctuations are due
to the penetration factors because they are either constant or a smooth function
of the energy. Hence, the observed fluctuations must be related to the reduced
widths. This is the case shown by Porter and Thomas.!® These authors noted
that the reduced widths ya., Eq. (2-13), are functions of the channel functions
¢c(Ey, a.) which, in turn, are the projection of the eigenfunctions of the com-
pound nucleus on the nuclear surface. This projection involves the integration
over the high-dimensional phase space of the compound nucleus and is made of
many uncorrelated contributions which, as consequence of the central limit the-
orem, leads to normally distributed zero-mean sets of channel functions. Hence,
from the above and Eq. (2-13), the statistical distribution function P(ya.), for

the reduced widths, can be written as

1 2
P(1ac)dyac = —mmmmm exp(——28—)dyy, . (2 - 63)

Y S P g

Since quantities which appear directly in the cross-section formulae are the
level widths I'y, given by sums of the square of v normally distributed zero mean
reduced width <y, with the same mean, their distribution (in view of a well-known

theorem in statistical theory) must follow the x2-distribution:

14

P,(z)dz = __—QG(V/Q)

(va/2)*/*7! exp(—vz/2)dz , (2 —64)
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where z = I'y/ < I' >, G(v/2) is the mathematical gamma function, and < T >
is taken as an average over a given energy range. In the particular case of v = 1,
Eq. (2-64) is the Porter-Thomas distribution.

The spacing between two consecutive resonance energies for the same total
angular momentum and parity, i.e., Dy = Ex — Ex_1, exhibits random behavior.
A good representation of the level spacing distribution is provided by the Wigner

law!®

T

P(z)dzr = 5

2
exp(——%)dax , (2 —65)

where 2 = D)/ < D > and < D > are the average level spacings.

Although some accurate level spacing distributions have been provided by
Mehta,'® the Wigner’s law is the most widely used and suitable for practical
applications.

In addition to the theoretical distribution of the resonance parameter men-
tioned above, another very useful tool for evaluating nuclear data is the Aj-
statistics test derived by Dyson and Mehta.'” A; is a measure of the mean-square
deviation between the number of observed energy levels and the fit of the number
of levels to a straight line as a function of energy. If N(E) is the number of levels
observed as a function of energy in the energy interval (E;, Ey) and the best fit
straight line is aE + b,

: 1 i :
Az = i{lg[m . (N(E) ~ak — b> dE] . (2 — 66)

For n energy levels, the Dyson and Mehta statistics theory predicts that
1
<Az >= g In(n) — 0.0687] , (2 —67)

with a variance given as

Va, = 1.169/7* . (2 - 68)
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CHAPTER II1
EXPERIMENTAL EFFECTS

The cross-section formalism presented in Chapter II was developed assuming
that the nucleus was at rest in the laboratory system and that the neutron-nucleus
system was isolated. However, such assumptions do not correspond to the real case
because the measured cross sections are affected by both the motion of the atoms
in the target nuclei and experimental effects. From the evaluator’s point of view,
information on these effects is of fundamental importance in the evaluation of
nuclear data. From the technical point of view, the Doppler effect is responsible
for the prompt negative temperature coefficient in thermal reactors. Therefore,
reactor physicists are required to consider this effect in detail to provide adequate
reactor stability and inherent safety.

In this chapter we will give a brief review of the Doppler broadening of the cross
section and present a new approach to calculate the Doppler broadening. Also,

experimental effects such as resolution broadening, normalization, and background

will be discussed.
3.0 DOPPLER BROADENING

The Doppler broadening of a cross section is a well-known effect which is
caused by the thermal motion of the atoms of the target nuclei. Since the target
nuclei are not at rest in the laboratory system the neutron-nucleus cross section
will depend on the relative speed of the neutron and the nucleus. The relation
between the cross section measured in the laboratory and the cross section which

depends on the relative speed between the neutron and the nucleus is
v&(v):/|v——V|a(|v-—V])P(V)dV, (3-1)
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where v and V are the incident neutron and nucleus velocities, respectively. The
dependence of the cross section on the relative speed between the neutron and
the nuclei is expressed in o(| v — V |) where the relative speed is | v — V | and
P(V) is the target nuclei velocity distribution. A major problem is the choice
of the appropriate velocity distribution function of the target nuclei. A Maxwell-
Boltzmann velocity distribution is usually assumed for the target nuclei. Lamb!®
has shown that the target nuclei have a Maxwellian velocity distribution where
the temperature parameter T in the Maxwellian is not, in general, equal to the

thermodynamic temperature. The Maxwell-Boltzmann distribution is given by

1 Vi BV
V)V = —— ) e ~
P( )d 7(3/2 exp( ,U% ) U?[' ’ (3 2)

, 2kT

where vy = TR M is the mass of the target atom, k is the Boltzmann’s constant
(k = 8.617 x 107% eV/K), and T is the absolute temperature of the gas.

The Doppler-broadened cross section is obtained by substituting Eq. (3-2) into
Eq. (3-1) and carrying out the integration on the relative velocities v, = v~V
which gives

* dv, v? 24 2 2
o) = = [ 5% expl— (o0, oh) - exp(~(o-+ur ok | o(or) . (3-3)

vr v?

The kinetic energy of the incident neutron in the laboratory and center-of-mass

system are given, respectively, as

E = lmv2 , (3—-4)
2
and
1 4
E" = Eﬂvr ’ (3 - 5)



and Equation (3-3) can be written as

VE&(E) = Ai/% /0 wdEr[exp(—ﬂ(\/Eﬂ/E_r)?)

(3-6)
— exp(—B(VE + \/Er)Q] VE,o(E,) ,

where A = 4/ ﬁl_m_]’\&}ﬂ_E_ is the Doppler width and # = mAlgT"

Equation (3-6) is exact within the framework of the free-gas model. As men-

tioned before, the temperature parameter of the free-gas model can be appropri-

ately adjusted by the Lamb correction which will provide an effective temperature

given as ,
Teff:g:r(%)s /OW drx3coth3§ , (3—17)
or
Te,sz(1+%%+...), (3—8)

where 6 is the Debye temperature of the sample.

3.1 A FINITE DIFFERENCE METHOD FOR TREATING THE
DOPPLER BROADENING OF CROSS SECTIONS

A number of numerical techniques!® have been described to approximate the
integral in Eq. (3-6), but here a new approach will be introduced which is based on
the finite difference method that is particularly well suited for resonance analysis
and reactor applications.

A close look at Eq. (3-6) reveals that the Doppler-broadened cross section is
obtained by convoluting the unbroadened cross section with the Solbrig?® kernel.

With the following change of variables u = /E and £ = mkT Eq. (3-6) becomes

4M >
_ . 1 > ' u! ex __(u"u,)z
E"(E)"zx/w"&/o ¢ [ T 50
_exp(_w o(u)
4¢ '
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Defining F(u,£) = E&(E) and { = 2¢, Eq. (3-9) can be represented in terms

of the following second-order differential equation:

O*F OF
a7 =B (3 - 10)

Because of the initial condition F(u,0) for —oo < u < co and the boundary
condition F(c0,() = F(00,0) and F(—o0,() = F(—00,0), the function F' can be
calculated by use of the finite difference method.

This method consists of solving Eq. (3-10) by applying an explicit finite
difference formalism assuming constant meshes with éu = h and 6¢ = «. The first
and second derivatives can be expanded in a Taylor’s series. The explicit finite

difference equation for the function F at any u; and (j44 is
FIt' = g(Fl, + oF! +FL)), (3-11)

where s = v/h? and a = (1 — 2s)/s.

The stability condition?! of Eq. (3-11) requires that s be smaller than or equal
to 1/2. From both stability and accuracy considerations, one optimal choice of s
} hereby th b b ht 85F I OPF
is s = 1/6, whereby the error becomes the order of 360 96 ~é—~(,§2:~3~ as can be
shown by Taylor’s expansion.

Successive substitution, starting with j = 0 in Eq. (3-11), ylelds

2N
FN=3% CwmiFln_1, (3-12)
=0

where for successive N the coefficient Cn; exhibits a Pascal triangle-like structure
with symmetry with respect to | = N. The Pascal triangle-like behavior of Cnz
for succeeding values of NV suggests that they can be identified with the coefficients

of the trinomial expansion with generating a function of the form (1 4 aX + X2)V
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multiplied by sV. By matching the coefficients of the resulting polynomial to Eq.
(3-12), one obtains the expression

min(N,1)
Cni=s Y (N;N—il—i,2—1)ad*", (3—13)
i=(l+1)/2

where the closed form for the pertinent trinomial coefficient is

N
(N =)l — )l - -

(N;N —i1—i,2% 1) = (3 — 14)

Since C'n; depends only on the fixed value of s, the computational efficiency can
be enhanced significantly if Cn; is predetermined and stored before its application.

Equation (3-14) provides useful physical insight to the analytical behavior of
Cni. The quantity Cny is a monotonically increasing function of [ for all [ < N
and becomes vanishingly small for all large | I — M | when M is large. The latter
is of great practical importance since it implies that only a few terms need be
considered even if M is large under the condition of extreme Doppler broadening.

A simple analytical expression for asymptotic C'n; can be deduced readily by
using the convolution integral representation of F. The discretized version of the
latter over the constant mesh spacings previously defined is

Flui€) = 57z [ dy expl-(ui = 4)?/4¢] Flw,0)

- 5 [(3) () o

l=i:~L

(3 - 15)

where C'n; asymptotically approaches the quantity inside the braces for all [ close
to 1 as N becomes large. Numerical calculations have shown that Egs. (3-15) and
(3-12) become equivalent for practical purposes for all N > 50. Rigorous proof,
in principle, can also be derived by using the asymptotic expressions of factorials

and by Taylor’s expansion around N. Thus, it becomes obvious that, as a natural
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consequence implied by the Gauss kernel, only initial points not too far from the
point in question will contribute to the broadening process for practical purposes.
For practical applications, L in Eq. (3-15) seldom exceeds 250 even under extreme
broadening conditions. The analytical behavior of Cy; effectively prevents the
potentially excessive number of terms required by the explicit representation with
fixed s.

The method has been tested against an often used approximation of the Sol-
brig’s kernel which has a Gaussian form. For energy above 1 eV, the two methods
give the same result, but the results differ considerably for very low energies. Table
3-1 shows the value of the 23*U total, fission, and capture cross sections broadened
to 300 K at the thermal energy (2200 m/s) when calculated by the finite difference
technique (method A) and by the Solbrig’s kernel (method B). As can be seen,
the difference can be as high as two barns as in the case of the total cross section.
Figure 3-1 shows a graphical comparison of the ?3°U fission cross section above 1

eV, in which the two methods give indistinguishable results.

Table 3-1. Numerical comparison of the two methods
Method A Method B Method A - Method B

Total 698.10 - 700.30 2.2
Fission 584.95 986.88 1.93
Capture 98.78 99.12 0.34

The method has been implemented in the computer code SAMMY as an al-
ternative to calculate the Doppler broadening of cross sections. It is slower but

more accurate when calculating the Doppler effect for very low energies.
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Fig. 3-1. 233U fission cross section broadened to 300 K and calculated by the two methods.



3.2 RESOLUTION BROADENING

Measured cross sections are not only Doppler broadened but are also resolution
broadened by the finite energy resolution of the measuring detector.2? The main
causes for instrumental broadening are the spread in the flight paths due to the
effective thicknesses of the detector and the moderator, the uncertainty in the
flight time associated with the spread in the moderation times and with the width
of the neutron burst, and the time channel at the detector. We will consider the
broadening effect due to the neutron burst and the time channel at the detector.
The broadening due to other effects, such as jitters and the time resolution of the
detector, is much smaller and can often be neglected.

Similar to the Doppler-broadening effect, the effect of the instrumental reso-
lution is obtained by convoluting the cross section with a Gaussian kernel. The

resolution effect on the measured cross section is given as

VEo(E) = iz [ aBen(<(CE V() . B-10)

where the resolution width due to the instrumental effect is given as

2(s? + 6L2) 2(6t2 + 12)
A*= 2 e TN s -
\/ 302 E? 4+ 3/12L2 E3 (3 17)

L is the flight path, 6L is associated to the uncertainty in the position in which
the neutrons are born in the moderator, s is the sample effective thickness, §t;

is the neutron burst width, ¢ is the variable channel width, and g is a constant

whose value is 72.3 eV!/? ysec/m.
3.3 NORMALIZATION AND RESIDUAL BACKGROUND

In the resonance region, experimenters?? usually measure the shape (energy
dependence) of the cross section relative to another cross section (the standard)
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whose shape is known. For instance, !°B and °Li have an 1/v cross-section shape
in the resonance region. The cross-section shape must then be normalized at some
point where its absolute value is known. The absolute value of cross sections
are usually best known at the thermal energy (0.0253 e€V). There is always a
small systematic uncertainty associated with the normalization of a measured cross
section. When analyzing simultaneously several related cross sections (fission,
capture, total), it is often desirable to search for a normalization constant that
optimizes the consistency of the related cross sections.

There are always backgrounds associated with cross-section measurements. An
important source of background is due to the detection of spurious events caused by
stray neutrons in the experimental environment. Experimenters have techniques
to estimate those backgrounds to correct the measurements; however, there always
remains an uncertainty associated with the background correction. Therefore, in

some cases 1t 1s desirable to search for a possible small residual background when

analyzing cross sections.



CHAPTER 1V
METHOD OF EVALUATION

Nuclear data evaluation is an elaborate process which requires several stages
of development. These stages consist of (1) the gathering of detailed information
on the experimental conditions associated with the measurements, (2) the choice
of the set of measurements to be included in the evaluation, and (3) the selection
of the interaction model which adequately describes fhe neutron-nucleus reaction.

In the evaluation of the 235U neutron cross sections, several data were examined
for inclusion in the analysis. They were transmission data (total cross section), fis-
sion cross-section data, and capture cross-section data. The spin-separated fission
cross-section data obtained from the analysis of polarized neutron/polarized target
were incorporated in the evaluation to assign each s-wave resonance to the proper
spin state. The spin-separated data combined with the Aj-statistics method pro-
vided a very powerful technique for the assignment of the spin of the resonance as
well as resolving the resonance structure.

The computer code SAMMY?® which accommodates the reduced R-matrix
Reich-Moore formalism was utilized in the evaluation. The fitting procedure of
the SAMMY code is based on the Bayes’ method and allows the successive incor-
poration of new data in a consistent manner.

In this chapter we will present the method of analysis utilized in the evaluation
of the 2*°U neutron cross sections by describing the experimental data, the data

reduction, and the resonance analysis.
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4.0 SELECTION OF DATA

Various sets of measurements were examined for inclusion in the evaluation of
the 2**U neutron cross sections. Most of the neutron cross-section measurements
in the CSISRS file? or in the CINDA index® were investigated, and the choice of
measurements was based on the information available on the data. High-energy
resolution and detailed information on the experimental conditions and the uncer-
tainties were the main criteria in the data selection. Eleven measurements were
selected as shown in Table 4-1. Seven fission data were chosen to cover the energy
range relevant to the present analysis. The spin-separated data of Moore et al.?3
were chosen to provide a consistent way of assigning the s-wave resonance spin.
The low-energy fission data of Wagemans et al.?* were found to be useful in de-
termining the values of the fission cross section at a thermal energy of 0.0253 eV.
The 50-m flight path, liquid-nitrogen-cooled sample measurement of Blons?® was
included because of its good instrumental resolution and reduced Doppler broad-
ening. Unfortunately, the Blons data have a large residual background, and the
energy dependence of the cross section was not quite consistent with most of the
other data sets. Two sets of fission cross-section data of Weston and Todd?6:27
which were taken in two different flight paths (namely, 18.9 m and 86.5 m) were
used in the analysis. The 86.5-m measurement was particularly useful for resolv-
ing the resonance structure above 50 eV. The fission cross-section data of Gwin
et al.?® and Schrack?®® were used mostly below 20 eV because of the poor energy
resolution at higher energies.

Four transmission measurements were taken into account in the analysis. The
transmission data of Spencer et al.?® at low energy were used to determine the

shape of the total cross section below 1 €V and to determine the value of the
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Table 4-1. Selected measurements of the 223U neutron cross sections

Reference

Energy range used

in the analysis

Measurement characteristics

Wagemans et al.?* (1988)
Gwin et al.2® (1984)
Blons?® (1973)

Weston and Todd?® (1984)
Weston and Todd?? (1988)
Schrack?® (1988)

de Saussure et al.®? (1967)

Spencer et al.3? (1984)

Harvey et al.3! (1986)

Harvey et al.3! (1986)

Moore et al.?3 (1978)

0.001 to 0.4 eV

0.01 to 20 eV

17 to 500 eV

14.0 to 100 eV

100 to 500 eV

0.02 to 20 eV

0.01 to 50 eV

0.01to1eV

0.4 to 68 eV

4 to 500 eV

1.6 to 100 eV

Fission at 8 m

Fission at 25.6 m
Fission at 50 m; sample
cooled to 77 K

Fission at 18.9 m

Fission at 86.5 m

- Fission at 8.4 m

Capture at 25.5 m

Tranmission at 18 m. Sam-

ple of 0.001468 atom/b.

Transmission at 18 m.
Sample cooled to 97 K.
Sample of 0.03269 atom/b.

Transmission at 80 m.
Samples cooled at 97 K.
Samples of 0.002335 and
0.03269 atom/b.

Separated spin states fis-
sion data.

cross section at thermal energy. Three transmission data of Harvey et al.*' with

different sample thicknesses were analyzed. The data include measurements done

on the 18- and 80-m flight paths with sample thicknesses of 0.002335 and 0.03269

atom /b and with the sample cooled at the liquid-nitrogen temperature to reduce

the Doppler broadening of the resonances. The low-resolution measurements done
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on the 18-m flight path were used from 0.4 eV to 68 eV. The high resolution
measurements done on a flight path of 80 m were used in the range of 4 €V to
500 eV. These measurements provided the best resolution data available and were
taken as a standard in the analysis.

Simultaneous measurements of fission and capture data of de Saussure et al.3?

provided capture cross-section data used in the analysis.
4.1 DATA REDUCTION

Most contemporary neutron cross-section measurements in the resonance en-
ergy region are done by the time-of-flight (TOF) technique. Pulses of neutrons are
collimated on a flight path, and the time intervals between the neutron pulses and
the events at the detector at the end of the flight path are recorded. The neutron

energy E can be obtained from the time of flight ¢,, and the effective flight path

L by the relation
L2
2

En:/j’?z_v

(4-1)

where p = 72.3 eV1/?ysec/m.

Intense bursts of fast neutrons are often produced with pulsed electron linear
accelerators. Pulses of 100-MeV electrons are stopped in a water-cooled metal tar-
get where they produce fast neutrons by the (y,n) reaction. Some of the neutrons
are slowed down by the water moderator surrounding the target.

If L and t,, are not correlated, the energy resolution in a time of flight experi-

ment can be obtained from Eq. (4-1) as

AE, At \2  [ALN}?
E,  \w ) T\T ’ (4-2)

where ¢, is the flight time of the neutrons of energy E, over path length L. The

source of uncertainty in ¢, and in L was explained in Section 3.2.
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The uncertainty in the time ¢t may be calculated as follows:

Aty = [ AtZ, + At? (4-3)

w ?

where At.,, is the channel width, and At;,, is the burst width. Since SAMMY re-
quires a Gaussian instead of a rectangular width, At,, is converted to an equivalent
Gaussian width as

Atg = 0.679T8 At,, . (4 —4)

The broadening due to the moderation at ORELA was computed by the Monte
Carlo method by Coceva et al.?® In the 30 to 300 €V range it corresponds to a
flight-path spread of 0.022 m. The broadening due to multiple scattering in the
Li glass detector used in the ORELA transmission measurements was computed
by Perey et al.3* and is equivalent to an exponential tail of 22 ns in the response
function.

Besides the resolution effects, another source of error in the measured cross
section may be due to contaminants on the sample target. The 0.03269 atom/b
transmission sample measurement of Harvey et al. contained impurities of 151 Ta,
23477, 2367, and 228U for which the transmission data had to be corrected. This
was done by computing the transmission due to these impurities, using published
resonance parameters,>® and correcting the measurements for their effect.

Another correction to the transmission measurements which had to be consid-
ered was due to the variation in the sample size or the sample density with sample
temperature. This correction was computed using the data of reference 36. The
ratio of the area density of the uranium at liquid nitrogen temperature to the area

density at room temperature was found to be

— = 1.0057 , (4-—4)



where pr is the area density of the sample calculated at the liquid nitrogen tem-

perature, and pg is the area density at room temperature.
4.2 RESONANCE ANALYSIS

Resonance parameter analyses of the selected experimental data of 235U were
performed utilizing the multilevel reduced R-matrix Reich-Moore formalism option
of the Bayesian computer code SAMMY. The Bayesian approach allows the con-
sistent successive incorporation of new data in the analysis. The option to search
not only for resonance parameters but also for experimental parameters such as
sample thicknesses, sample effective temperatures, backgrounds, normalizations,
and parameters of the instrumental resolution, all consistent with predetermined
uncertainty limits, leads to realistic uncertainties and covariance matrices.

The first step in the resonance analysis procedure is to determine the quantum
selection rule. Pertaining to the neutron-2*3U interaction, the spin of the neutron
and 235U are, respectively, 1 = 1/2 and I = 7/2 which provides for the spin of
the compound nucleus S = 3 and S = 4. The total angular momentum of the
compound nucleus can have values between J =| L — S | and J = L + S where
L is the relative neutron-nucleus angular momentum. For s-wave (L = 0) the
total angular momentum can be J = 3 and J = 4. We have assumed that all the
resonances observed below 500 eV were s-waves (L = 0). The p-wave (L = 1)
penetration factor p?/(p? + 1) is 1.6 x 1072 at 500 eV; hence, a few of the smaller
resonances observed may be p-wave. However, the existing experimental data
do not permit discriminating between small s-wave resonances and large p-wave
resonances.

The first challenge of evaluators in evaluating cross-section data is the con-

struction of an initial set of resonance parameters. Usually the resonance energy,
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the channel widths, and the resonance spin are the quantities required for the con-
struction of a resonance parameter set. The parameters entering the multilevel
Reich-Moore formalism are: energy level E,, gamma capture width I'.,, neutron
width T',,, fission width which is assumed to be comprised of two channels I'f; and
I' 42 for each spin, and the spin of the resonance J. It is obvious that a good initial
estimate of the resonance parameters will require high-resolution data. Since the
level shift is zero for s-wave, the measured resonance energy is the same as the
energy eigenvalue seen in Eq. (2-43). Hence, high-resolution measurements can be
used to determined the energy of resonances. The high-resolution data of Harvey
et al., with samples cooled at liquid nitrogen temperature and a flight path of 80
m, were chosen to determine the position of the energy levels. Also, below 50 eV
information on the resonance parameters of Moore et al.2® and Reynolds®” was
used as initial estimates.

The following procedure was followed to construct the set of resonance pa-
rameters. Spin-separated data of Moore et al. were graphically superimposed on
the 80-m Hlight path thick sample transmission data of Harvey et al. so the spin
state J could be assigned to each observed resonance or cluster of resonances. To
confirm the existence of a resonance at a given energy and spin state the Aj-
statistics test of Dyson and Mehta was used. For energies above 100 eV where
both spin-separated and transmission data were insufficient to resolve the observed
cross-section structure, the Aj-statistics method proved to be very helpful in as-
signing both the spin and energy of the resonance. The neutron widths were fitted
to reproduce the high-resolution transmission data, and the fission widths were
fitted to the fission data of Weston and Todd. The capture widths were initially
fixed at 35 meV and later varied. This procedure was iterated until parameters

were obtained that gave a reasonably good representation of all the data.
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CHAPTER V
RESULTS OF THE ANALYSIS

The analysis of the 235U neutron cross sections provided a set of resonance
parameters which described the cross sections up to 500 e€V. The set of Reich-
Moore-type resonance parameters consists of 912 s-wave levels of which four are
bound levels with energies between —100 and 0 V. To mock up the contributions
of the truncated levels above 500 €V in the energy range 0 to 500 eV, fictitious lev-
els were added at 500.3 eV, 501.5 €V, and 550 eV. Of the 905 actual s-wave levels
in the range 0 to 500 eV, 356 correspond to J = 3 and 549 to J = 4. The value of
9.94 f was obtained for the scattering radius. The set of Reich-Moore resonance
parameters were also converted to equivalent Adler-Adler and multipole repre-
sentations. As stated in Chapter 11, the Adler-Adler representation is not exactly
equivalent to the Reich-Moore representation since it neglects the energy variation
of the total width of the resonance. However, the two representations are nearly
equivalent as long as the neutron widths are small compared to the total widths,
which is the case for 235U below 500 eV. Parameters for the three representations
are given in Appendix C for a few resonances. The complete set of resonance
parameters are available from the author or can be requested from the National
Nuclear Data Center at Brookhaven National Laboratory.! From the reactor com-
putation viewpoint, it should be mentioned that the different representations of
the resonance parameters provide the reactor physicist with flexibility to carry
out calculations. As an example, the Adler-Adler formulation and the multipole
expansion might be more convenient for the calculation of the Doppler-broadened

and self-shielded cross sections using J-function!® and Voigt profiles.!®
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The purpose of this chapter is to present the results of the analysis by graph-
ical and tabular comparisons between the data and the theoretical calculations
using the resonance parameters. The statistical distributions of the resonance

parameters are also compared with the theory.

5.0 GRAPHICAL AND TABULAR COMPARISON
WITH THE DATA

Comparison of the theoretical calculations, using the resonance parameters ob-
tained by a Bayesian analysis and the selected measurements discussed in Chapter
IV and listed in Table 4-1, is shown in graphical and tabular form. The theoretical
results presented in graphical form are given as solid lines whereas the data are
represented by vertical lines which are one standard error high.

Figure 5-1 shows a comparison of the cross sections computed with the reso-
nance parameters (solid line) with the total cross section of Spencer et al.,?% the
fission cross section of Gwin et al.,?® and the fission cross section of Wagemans
et al.24 below 1 eV. The fission cross-section data of Gwin et al. and the total
cross-section data of Spencer et al. were displaced for clarity of display as indi-
cated in the graph. This energy range is important for the prediction of thermal
reactor parameters, and, therefore, an accurate knowledge of the cross sections is
desired. Table 5-1 shows the cross-section values computed at a thermal energy of
2200 m/s, Doppler broadened at 300 K using the method introduced in Chapter
IIT and compared to the ENDF/B-V values, and compared to the values proposed
by the ENDF/B-VI standards committee.38

Figures 5-2 to 5-5 provide comparisons between the high resolution transmis-

sion data of Harvey et al.*! and the corresponding theoretical calculations. The

41



2 T 1 ¥ T ¥ TV l | § LB i 1 L B AR L l 1] 1 1 1 i 1 11
0t L e
5 ¢ Spencer et al.?® o¢ x 10 / 5
3 B -
ot 2 .
“
8108 L
- 2
g » 3
= -4
n 5 . o
. - Wagemans et al.2* o -
2 t
o
—10° |
0 S
fa} o
& + 5 [ N
< [~ .
C pe -
0
c 2 F Gwin et al.?8 ¢, x 10!
(o]
w10} |
“ o
L "
5 E .
2 - -
100 i 1 ' AR AN | 1 1 'R A ) 1 L) i3 11
1073 2 5 1072 2 5 107! 2 5 10°

Energy (aV)
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Table 5-1. 2200 m/s value of cross sections at 300 K (b)

Proposed

This work ENDF/B-V standard*
Total 698.10 694.64 698.67 £ 1.71
Scattering 14.37 14.74 15.46 + 1.06
Absorption 683.73 681.90 683.22 1 1.34
Fission 584.95 583.52 584.25 + 1.11
Capture 98.78 98.38 98.96 &+ 0.74

*Accepted for ENDF/B-VI, except for tentative uncertainties.

transmission data correspond to three different sample thicknesses with the sam-
ple cooled to liquid nitrogen temperature to reduce the Doppler bro.adening. Up
to 60 eV the measurements corresponding to 0.03269 atom/b at the 80-m flight
path and 0.002335 atom/b at the 80-m flight path were displaced by 0.5. A search
of the temperature parameter entering the Maxwellian distribution provided an
effective temperature of 103.33 K.

Figure 5-6 gives a comparison between the fission cross sections of Gwin et al.
and those of Schrack?® with the theoretical calculations. The data of Gwin et al.
were displaced by two decades for clérity of display.

Figures 5-7, 5-8, and 5-9 show comparisons of the fission cross sections of
Blons,?® and Weston and Todd?® with calculations performed with resonance pa-
rameters. As expected, the Blons data have better resolution, but a large back-
ground can be seen in the valleys between the two consecutive resonances. In
Appendix D we present values obtained for the residual background and normal-
1zation calculated with the code SAMMY. For clarity, the data of Weston and

Todd were displaced by two decades as indicated.
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Figures 5-10 and 5-11 show the spin-separated fission cross-section data of
Moore et al.?® compared with the calculations done with the resonance parameters.
These data, combined with the technique developed using the Ajz-statistics which
will be explained in Section 5.2, were used to assign each resonance to the proper
spin state. As mentioned, the presence of the p-wave below 500 eV is hindered
since the p-wave penetration factor is small and, hence, the cross sections are
predominantly due to s-wave. Thus, fission cross sections are given by the sum
of the two partial fission cross sections corresponding to the spin state J = 3 and
J = 4, respectively.

Figure 5-12 shows a comparison of the capture cross-section data of de Saussure
et al.32 with calculations performed with the resonance parameters.

Table 5-2 shows comparisons between the integrated fission and capture cross
sections calculated with the resonance parameters and the data up to 110 €V. The
fission and capture cross-section data are those of Gwin et al. and Wagemans et

al., and the capture cross-section data are that of de Saussure et al.

Table 5-2. Comparison of ?**U integrated cross sections [ ¢dE (b eV)

Fission Capture
Interval Gwin Wagemans de Saussure
(eV) This work et al.28 et al.2t This work et al.32
0.0206 - 0.06239 19.16 19.260*  19.26 + 0.08* 3.21
7.8 - 11.0 245 247.4 246 £+ 2.5 83.71 85.16
0.5 -10.0 408.23 406 406 232.15 231.6
10.0 - 50.0 1830.41 1838.5 1838 1186.44 1178
50.0 — 110.0 1795 1815 1838.1 868.34 879

*Normalized over this interval.
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Figures 5-13 to 5-16 show comparisons of the total cross-section data of Harvey
et al., fission cross-section data of Weston and Todd,?” and capture cross-section
data of de Saussure et al. with calculations using the resonance parameters from
100 eV to 500 eV. For clarity of display, the total and capture cross-section data
were displaced by one decade upward and two decades downward, respectively.
Table 5-3 shows a comparison of the cross section averaged in intervals of 100
eV with the ENDF/B-V and an evaluation proposed by Carlson et al. The good
agreement between the calculations and the experimental data, as shown in Fig. 5-
13 to 5-16, will allow the direct computation of self-shielding factors by processing
the cross section in these energy ranges. Discussion of this subject is given in

Section 5.2.

Table 5-3. Comparison of average fission cross sections (b)

Energy interval Proposed by
(eV) This evaluation ENDF/B-V Carlson et al.®
100-200 20.58 20.71 21.14 + 0.09
200-300 20.52 20.21 20.67 4+ 0.10
300-400 13.02 12.90 13.14 &+ 0.07
400-500 13.39 13.46 13.79 £ 0.07

“These values were obtained by the ENDF/B-VI Standards Committee.®®
They are not proposed as standards, and the uncertainties are still tentative.

Table 5-4 shows the results of fission and capture resonance integrals evaluated
with the resonance parameters and from ENDF/B-V and compared to values
obtained from integral measurements. Above 500 eV, the resonance integral values
of ENDF/B-V (numbers indicated in parenthesis in the table) were taken since
no resonance parameters were obtained above that range. The value of the fission

resonance integral obtained in our analysis is 280.93 eV compared to 281.92 for
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ENDF/B-V and to the value of 27445 obtained from integral measurements.*?
The ratio of the capture resonance integral to the fission resonance integral is
0.484 compared to 0.493 for ENDF/B-V and 0.513 £ 0.015 obtained from integral
measurements.?® At present, we do not understand the discrepancy in the ratio of

the capture to the fission resonance integrals.

Table 5-4. Comparison of fission and capture resonance integrals (b)

Fission Capture
Energy interval (eV) This evaluation ENDF/B-V This evaluation ENDF/B-V
0.5- 5 85.86 85.27 25.67 24.66
5~ 50 110.12 111.68 77.07 78.49
50- 110 25.71 25.74 11.83 . 11.87
110- 300 20.92 20.93 8.77 10.67
300~ 500 6.75 6.73 2.35 2.95
500 eV-20 MeV (31.57) 31.57 (10.33) 10.33
0.5 eV-20 MeV 280.93 281.92 136.02 138.97

5.1 DISTRIBUTION OF THE RESONANCE PARAMETERS

Resonance parameters obtained from a multilevel R-matrix analysis of a con-
sistent set of neutron cross sections are expected to satisfy a set of statistical
properties arising from general properties of the nuclear Hamiltonian.!® A great
deal of knowledge on the structure of the nucleus may be derived by examining
the statistical properties of the nuclear resonance parameters. The purpose here
1s to present the results of the statistical distribution of the resonance parameters
by graphical and tabular comparisons with the theory. In the graphical form, the

results of the analysis will be given as histograms in which the dashed lines are the

61



experimental results and the solid lines represent the theory. The values obtained
by averaging each quantity from 0 to 500 eV will be tabulated.

In Chapter II a brief review of the statistical theory was given, in which the
x2-distribution law for the level widths and the Wigner distribution law for the
nearest energy level spacing distribution were introduced.

Figure 5-17 shows a comparison of the histograms of the normalized reduced
neutron width distribution with the theoretical Porter-Thomas distribution which
is a y2-distribution with one degree of freedom. The comparison is shown for
J = 3 and J = 4. The second moments calculated from the distribution of the
reduced neutron widths are 2.71+0.43 and 3.04 +-0.34 for the spin states J = 3
and J = 4, respectively, and agree with the value of 3 for the theoretical Porter-
Thomas distribution.

Figure 5-18 shows a comparison of the histograms of the fission-width distribu-
tions calculated with the resonance parameters for the two spin states J = 3 and
J = 4, respectively, with a x2?-distribution with two degrees of freedom which is
an exponential distribution. The experimental data do not allow for partitioning
unambiguously the fission cross section into several channel components. There-
fore, no good model is available with which to compare the observed distribution
of fission widths. Figure 5-18 suggests that the distribution of total fission widths
for each spin state is about consistent with a x2-distribution with two degrees of
freedom. A more detailed discussion of this topic has been presented by Moore et
al.10

In Fig. 5-19 we show histograms of the nearest neighbor-spacing distribution
for each spin state J = 3 and J = 4 compared to a Wigner distribution. The second

moments calculated from the observed spacings are 1.271 + 0.067 and 1.210 & 0.049
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for the spin state J = 3 and J = 4. The second moment calculated from a Wigner
distribution is 1.273.

Figure 5-20 shows histograms of the cumulative number of observed levels
versus energy for each spin state as well as the lines fitted to these histograms.
The steps of the histograms cannot be seen because of the scale. In a large scale
the picture would resemble that indicated in the oval. The result indicated in
Fig. 5-20 follows from the use of the Aj-statistics technique. As is known, a
crucial step in resonance analysis is to develop an appropriate spin state level-
assignment procedure. The technique used consisted of combining the high-energy
resolution data, spin-separated fission cross-section data, and the Aj-statistics.
For low energy, the identification of the resonances was made by the high-energy
resolution data of Harvey et al. and their spin assigned according to the spin-
separated fisslon cross-section data of Moore et al. This procedure was repeated
up to approximately 100 eV where resonances can be experimentally resolved.
The linear behavior of the cumulative sum of levels, following the Aj-statistics,
below 100 eV was extrapolated up to 500 eV. Above 100 eV, since resonances can
not be fully resolved, resonances added at each spin state were tested with the
Aj-statistics and simultaneously fitted to the experimental measurements. The
procedure was repeated up to 500 eV.

The results shown in Table 5-5 are the average values of the observed 233U
resonance parameter for each spin state and the results of the Aj-statistics test.
The average values of the reduced neutron widths and fission widths correspond to
the histograms in Figs. 5-17 and 5-18, respectively, and the average level spacings
to Fig. 5-20. The s-wave strength function, defined as the ratio between the

average reduced neutron width and the average level spacings, is also given in

Table 5-5.
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Table 5-5. Average value of observed ?**U resonance parameters up to 500 eV

J =3 J=4
Level spacing (eV) 1.396 + 0.003 0.907 £ 0.002
Reduced neutron width (meV) 0.124 + 0.075 0.092 £ 0.060
s-wave strength function (x10%) 0.892 + 0.067 1.013 £ 0.060
Fission width (meV) 256.2 225.8
Capture width (meV) 36 36
Observed A, 0.53 0.68
Expected Az 0.59 £+ 0.11 0.63 £+ 0.11

5.2 COMPARISON OF THE RESOLVED AND
UNRESOLVED FORMALISMS

The resonance analysis performed in this work has extended the resolved reso-
nance region from the previous ENDF/B-V limit of 82 eV up to the unprecedented
upper limit of 500 eV. Hence, it now becomes feasible to perform a detailed com-
parison of the resolved and unresolved methodologies for the calculation of self-
shielding factors. In the unresolved resonance range, the neutron cross-section
representation is based on the statistical theory of neutron reactions, and the cross
sections are specified by the average and distribution of resonance parameters.

The purpose here is to present a test of the validity of the ENDF/B formal-
ism by comparing self-shielding factors computed with the ENDF/B unresolved
formalism with values computed with the resolved resonance parameters of 23°U.

Self-shielding factors for constant flux can be obtained as the ratio of two

integrals over the energy range of a group as
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where 0,.(E) and o,(E) are the Doppler-broadened energy dependent partial and

(5-1)

total cross sections computed with the evaluated resonance parameters, and oy is
the dilution cross section.
The unresolved resonance formalism for the self-shielding factors corresponding

to Eq. (5-1) are obtained by the Bondarenko*! formula

(222
1 ot + 00
z = 52
f PN 1 ( )
o+ 09

where the brackets indicate an average over the appropriate statistical distributions
as specified in ENDF/B-V.

Fission and capture self-shielding factors were computed with both formalisms
as a function of temperature and dilution. Results of this comparison are shown in
Table 5-6. The first two columns of the table give the neutron energy boundaries
of the group; the next three columns give the fission self-shielding factors, as
computed with Eqgs. (5-1) and (5-2) above, and their ratio; the last three columns
give corresponding capture self-shielding factors. All ’self—shielding factors given in
the table are for a temperature of 300 K. A comparison is shown for four energy
groups and three typical dilutions.

From the table it can be seen that for large dilutions (op = 1000 b) the
self-shielding factors computed with the resolved or unresolved formalisms are
consistent to within 1% or better; however, for smaller dilutions the two methods
give results that, over groups 100 eV wide, may differ by as much as 7%, as is the

case for f, for the 200-300 eV group.
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Table 5-6. Comparison of fission and capture selfshielding factors.

Group Boundaries (eV) fr ff fi/fs fy I3 3/ fy
Dilution 50 b
100—200 795 187 .99 157 734 97
200—-300 799 .803 1.01 713 763 1.07
300—400 874 882 1.01 .839 .857 1.02
400-500 .893 937 1.05 .881 .909 1.03
Dilution 100 b
100—200 855 855 1.00 826 .814 .99
200-300 .859 881 1.03 788 847 1.07
300—400 917 929 1.01 .893 917 1.03
400-500 .930 .964 1.04 922 945 1.02
Dilution 1000 b
100-200 976 975 1.00 970 967 .99
200-300 976 982 1.01 961 975 1.01
300—400 .988 .990 1.00 985 987 1.00
400—-500 .990 .996 1.01 .989 .993 1.00

Such differences may have been expected for the following reasons: (1) the

unresolved resonance parameters are constrained to reproduce the evaluated av-

erage cross sections at selected energies, but these constraints are not sufficient to

determine a unique set of parameters; (2) the group-averaged self-shielding factors

are very sensitive to the statistical distributions of the resonance parameters, and

these distributions may differ appreciably over the group from the distributions

specified in the ENDF /B-V evaluation; and (3) the unresolved resonance approach
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is based on the Breit-Wigner single-level formalism which cannot represent cor-
rectly the level-level interferences in the fission cross section.

The conclusion is that the ENDF/B-V unresolved resonance formalism is ade-
quate to compute the resonance self-shielding in 235U in the range 100 to 500 eV for
large dilutions (o¢ = 1000 b). For smaller dilutions, the formalism may yield values
of the self-shielding factors in error by a few percent. For most commercial reac-
tors fueled with low enrichment uranium, the self-shielding in ?*3U is unimportant
since the nuclear Doppler effect is dominated by the 23¥U resonance absorption.
However, for research reactors fueled with highly enriched #**U, such as the Ad-
vanced Neutron Source (ANS)*? now being designed at ORNL, the self-shielding
factors and their variations with temperature are important core parameters. For
such applications, it is preferable to represent evaluated neutron cross sections

with resolved resonances for all energies where self-shielding is not negligible.



CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

The R-matrix resonance analysis of the recently available high-resolution ?**U
neutron-induced cross sections has yielded resonance parameters for 912 s-wave
resonances in an energy range up to 500 eV. In performing this analysis, the use of
the As-statistics has proven to be an invaluable methodology for the difficult task
of resonance spin assignments in the neutron energy range above 100 eV where
the resonances cannot be fully resolved.

The use of the Bayesian approach, implemented in the program SAMMY, has
been a powerful tool for the renormalization and background corrections of cross
section data sets, as well as for accounting for other experimental uncertainties
such as those associated with sample thickness determination.

The method for resonance Doppler-broadening, developed in this dissertation,
was shown to be more accurate than the method based on the traditional Voigt
profiles, especially in the low-neutron energy range, and has been adopted for use
in the general utility R-matrix program SAMMY.

The present resonance analysis up to 500 eV has provided an unprecedented
large, almost pure (i.e., not contaminated by p-wave resonances), statistical sample
of 23%U resonance parameters. On this basis, a statistically meaningful analysis of
resonance-parameter distributions has been made possible. It has been concluded
with good statistical precision that both the neutron widths and nearest neighbor
spacing distributions follow the Porter-Thomas and Wigner distributions, respec-
tively. For the fission widths, the present analysis shows that the distribution

of the total fission widths for each spin state follows a x? distribution with two



degrees of freedom, which is consistent with the presence of two fully open fission
channels.

The comparison between resolved and unresolved resonance formalisms for the
calculation of self-shielding factors has shown that the use of the latter formalism at
low dilutions may yield values for the self-shielding factors in error by a few percent.
Since the self-shielding factors and their temperature dependence are important for
research reactors fueled with highly enriched 2*°U, such as the Advanced Neutron
Source (ANS) reactor, one concludes that for such an application it is preferable
to represent evaluated neutron cross sections with resolved resonances.

The conversion of the Reich-Moore R-matrix parameter sets into Adler-Adler
and multipole-expansion parameter sets provides flexible and accurate alternatives
for the representation of the ?**U neutron induced cross sections. Although the
multipole-expansion 1s completely rigorous in its treatment of energy dependence
of the neutron widths, the present work substantiates the conclusion that the
simpler Adler-Adler representation, acceptable in the ENDF/B formats and pro-
cedures, yields a reasonably accurate representation of the fissile isotopes neutron
cross sections for nuclear reactor design.

We recommend, for future work, that the integral measurements of self-
shielded rates in ?3°U of Bramblett and Czirr,*® and Cgzirr** which serves as
benchmarks for evaluations of the 2*3U differential neutron cross sections, should
be compared with integral calculations using the present set of resonance param-
eters. Also, the use of the present resonance analysis methodology should provide
an extension of the resolved resonance range in 22°U up to 2 keV.

The application of the Aj-statistics for resonance spin assignments provides

the necessary algorithm for new improved resonance analysis of the ?*°Pu and



241py isotopes, since high-resolution measurements of their cross sections are now

available.
The use of the Bayesian approach, which incorporates data uncertainties and
experimental conditions together with the Aj-statistics for spin assignments, i1s

highly recommended for any future work on the process of resonance analysis.
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APPENDIX A

RELATIONSHIP BETWEEN MATRICES U, R, AND A
A.1 Relation between the collision matrix U and the matrix R

The penetration factor defined in Eq. (2-27) can be obtained as the imaginary

part of the logarithmic derivative L as

P =Im (7‘ oL dﬁ;’”) : (A-1)

From Eq. (2-16) we obtain that P :p(qﬂincﬁout)"l where p = ka.

Defining —~¢1/2¢;ult/2, Eq. (2-26) can be written as
U = OPY2(1-RLy)™ ' (I-RL,) P72 | (A —2)
Since S and P are real matrices, I—,o is given by Lo = Lo — 2iP which leads to
U=0PY2(I1-RLo)" (I - RLe+2iP)P~1/2) (A —3)

or

-1
U= [1+2épl/2 (I — RL0> P1/2} Q, (A -4)
which is Eq. (2-30).
A.2 Relation between the channel and the level matrices

The R matrix is defined as

YA XA
R = ZEA_ (A—5)

where vy X 7 indicates the direct product between two vectors.
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The expression I - RL =1 — E,\I’\—X’ZE—L can be written as

I—RL=1~ZYEA—3‘~%, (A - 6)
g

where we have defined 3y = Ly, and used the identity Ax 4+ By = A(x +y)B* in
which A and B are matrices, x and y are vectors, and L is a symmetric matrix.
The form of Eq. (A-6) suggests the following relation
(I-RL)™ =14 (7. X B)Au - (A-T)
pv
with the indices g and v referring to energy levels.
Multiplying Egs. (A-6) and (A-7) and using the identity (x X y)(z x w) =
(y - z)(x x W), we obtain the following expression,
Do x B Aw = U E G g TR Py A =0 . (A-8)
pv Apv

Factorizing the term vy x 3, in the equation above, we find

2(7)\ X ,Bu) [A)\V Z(gi _—7#) ] =0 s (A - 9)
Av

which leads to Eq. (2-32).

The evaluation of the matrix (I — RL)"*R is obtained by combining Egs.
(A-6) and (A-T7) which gives

(I-RL)™R = Z

a %\ E,\l_ 7 ;(’Yu X Ya) Zy:(ﬂu "YA)AW}
(A —10)
Using Eq. (2-32) as 3_,(8y - 72)Aus = —6xu + (Ex — E)Ay, in the previous
equation, we get
(T-RL)7'R = (7 X 1) Au - (A-11)

nA

82



APPENDIX B

REICH-MOORE AND ADLER-ADLER NEUTRON
CROSS-SECTION FORMALISM

B.1 Reich-Moore Formalism

Total Cross Section

oy =27 X% [1 - cos(2ka)] + 47X%g Re [pnn exp(‘?zka)] (B-1)

Absorption Cross Section

o), =4nX’yg [Re(pnn) — | pnn |2] . (B —2)

Fission Cross Section

oap =4m23%g > | pan [* (B~3)

where
Ab,. — My, _
Prc = A 3 (B 4)
A=II-K]|, (B —5)
Mpe = A[(I - K)"l] , (B-6)

and
TaeTao)/?

(I I\)clc‘—éclc""’z ( A )\I) (B__7)

A EA —E - Q'T Ay
The symbols appearing in the equations above are defined in the text.
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B.2 Adler-Adler Formalism

Total Cross section

VAGA + HA E)HY
or = 2132 |1 — cos(2k , B -8
OnT = 27 g[ cos( a)} ,.—Z (ir—E) 4 72 ( )

Absorption Cross Section

V)\G)‘ + (pa — )Hf

n 3 B-9
Tna = \/— Z (ex — E) +v3 ( )
Fission Cross Section
OnF = ’ B-10
\/~ Z (HA — E) +v3 ( )
where
GT = aycos(2ka) + Basin(2ka) (B —11)
and
HT = Bycos(2ka) — asin(2ka) . (B —12)
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RESONANCE PARAMETERS FOR THE THREE

Table C-1. Evaluated Reich-Moore resonance parameters

APPENDIX C

REPRESENTATIONS

E ny : rln, Ffl Ff2 J
(eV) (meV) (meV) (meV) (meV)
-100.00 38.92 11.458 0.123 72.264 3
—90.00 37.00 2.422~-3° 56.114 —216.68 4
~4.2976 35.00 7.1641 318.98 —115.23 4
-3.4934 38.00 8.472—-57 ~6.753 12.973 3
~-1.5043 37.87 8.520-5% -T7.004 12.309 3
-0.41161 30.00 0.14875 ~1.026 —155.26 3
~0.19428 35.22 5.045~4 198.76 ~1.692 4
3.657—-57 30.00 6.505—-8 ~0.526 0.964 4
0.28190 38.57 0.00444 106.43 —4.845 3
1.1389 38.69 0.01381 —0.005 112.6 4
2.0361 37.76 8.950~32 —8.046 -1.637 3
2.7767 37.00 1.274~3° 62.366 —43.82 4
3.1566 38.00 0.02422 ~82.492 17.706 3
3.6208 36.00 0.04129 -27.76 29.516 4
4.8508 35.97 0.07169 0.048 —-3.828 4
5.4497 37.00 0.03840 —80.508 ~369.36 4
6.2094 38.00 0.16621 -110.94 75.912 3
6.3913 36.71 0.25177 10.327 0.163 4
7.0860 38.54 0.14362 0.226 29.959 4
7.6394 38.00 4.768-3¢ 104.92 155.15 3
8.7726 32.77 1.5832 27.581 —~70.354 4
12.400 39.02 3.4064 -2.701 26.655 3
19.293 37.00 12.113 ~-5.849 57.741 4

“Read 2.422—3 as 2.422 x 1073,
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Table C-2. Adler-Adler resonance parameters

“ v GT HT GF HF GC HC
(eV) (eV)  (b*eV3/2) (b*eV3/2) (b*eV3/2) (b*eV3/2) (b*eV3/2) (b*eV3/2)
—99.9999  0.0614  658.2420 0.1097  388.1400 0.0596  208.6640 0.0279
—89.9993  0.1549 0.1827 0.0649 0.1596 0.0648 0.0231 0.
—4.2896  0.2382  2556.6499 2.4581  2329.7900 1.1530  188.3700  —0.4589
—3.4930  0.0288 0.0244  —0.0153 0.0052 ~0.0152 0.0193 0.
—~1.5036  0.0285 0.0111 —0.0795  —0.0448  —0.0767 0.0559  —0.0029
—0.4106  0.0933  133.3380  —1.7793  111.7600  —1.8025 21.4699  —0.0025
—0.1961  0.1180 -1.8762  —3.0185  —2.3741 —3.0592 0.5008 0.0395
—6.88-5% 0.0157  —0.0041 0.0398  —0.0408 0.0382 0.0367 0.0016
0.2835  0.0749 4.7196  —1.2730 3.4821 —~1.2670 1.2370  —0.0059
1.1422  0.0755 9.2286 3.0268 6.7055 3.0193 2.5204 0.0102
2.0362  0.0237 3.5922 0.0255 0.7362 0.0244 2.8553 0.0003
27757  0.0717  —-0.0723  —1.1185  —0.3650  —1.1093 0.2925  —0.0092
3.1569  0.0692 7.7725 1.4761 5.6005 1.4741 2.1708  —0.0001
3.6183  0.0464 16.2850 2.8601 9.7871 2.8423 6.4907 0.0114
4.8512  0.0198 23.7335 0.5463 2.1320 0.5200 21.5586 0.0095
5.4488  0.2442 12.0009  —2.3868 11.0516  —2.3555 0.9438  —0.0407
6.2068  0.1125 38.3881 1.9092 31.8716 1.8957 6.4883  —0.0023
6.3908  0.0236 73.8810 0.1598 16.0678 0.0901 57.4141  —0.0071
7.0842  0.0342 39.8103 0.1244 17.1529 0.1042 22,5710  —0.0144
7.6382  0.1491 0.9453 0.4602 0.8122 0.4599 0.1333  —0.0001
8.7696  0.0660  393.7580 —19.7083  290.9340 —19.7250 98.0757  —0.1292
12.3996  0.0359  555.7460  —0.8336  227.1290  —0.7522  302.2380  —0.0006
19.2922  0.0563  2037.4600 16.9521  1148.9900 18.4169  669.3000  —0.4539

“Read —6.88 — 5 as —6.88 x 1075.

The G’s and H’s include the constant ¢ = 652000 b-eV and should be divided
by that number to conform to ENDF /B-Format.
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Table C-3. Multipole momentum space resonance parameters

J7 v GT HT GF HF GC HC
(eVl/z) (eVl/z) (b*eV3/2) (b*eVS/Q) (b*eV3/2) (b*eV3/2) (b*eV3/2) (b*eV3/2)
~4.3923 —0.0050 1018.7400 10.3319 732.0140 9.2093 426.3620 0.0011
-3.5213  ~0.0046 277.8730 —0.3156 125.4760 -0.3761 166.9700 0.
—2.9614 -0.0109 196.8870 —-9.7987 149.0650 ~9.8635 50.2484 0.
—2.7639  -0.0270 0.4728 0.2298 0.4061 0.2299 0.0666 0.
—2.6616  —0.0064 19.9048 0.0488 8.6136 0.0521 11.3346 0.
-2.5280 - —0.0046 36.9420 0.0407 8.1232 0.0451 29.0206 0.0088
—-2.49156  —0.0225 19.1944 0.9433 15.9597 0.9478 3.2490 0.
-2.3349 -0.0523 5.9977 -~1.1971 5.5270 —-1.1778 0.4726 ~0.0185
-2.2025  —0.0045 11.8673 0.2673 1.0704 0.2600 10.8187 0.0084
—-1.9022 -0.0122 8.1427 1.4303 4.8988 1.4213 3.2482 0.0079
—-1.7769  -0.0195 3.8865 0.7371 2.8014 0.7371 1.0857 0.
~1.6662 —0.0215 -0.0360 ~0.5593 -0.1825 —0.5547 0.1464 -0.0046
—1.4270  —0.0083 1.7962 0.0125 0.3683 0.0122 1.4282 0.0004
—-1.0693  —-0.0353 4.6134 1.5169 3.3540 1.5099 1.2606 0.0053
—-0.56370 —0.0697 2.3600 ~0.6360 1.7414 -0.6335 0.6187 ~0.0028
—-0.1280  —-0.4609 -0.9374 -1.5103 —1.1873 —1.5208 0.2499 0.0199
-0.0883  -0.0887 -0.0020 0.0199 ~0.0204 0.0191 0.0184 0.0008
—0.0723  —~0.6448 66.6587 -0.8975 55.9248 —0.9455 10.7438 —0.0053
~0.0566 —-2.0710 1277.3000 0.5567 1182.4100 —17.4759 95.6056 —1.4892
-0.0116 - —1.2263 0.0056 ~0.0398 ~0.0224 ~0.0383 0.0280 ~0.0014
~0.0082 " —-9.4868 0.0913 0.0324 0.0798 0.0324 0.0116 0.
~0.0077  —1.8690 0.0122 -0.0077 0.0026 —-0.0076 0.0096 0.
-0.0028  -9.9997 329.0730 0.0298 211.8040 —-21.7745 113.8660 —11.7220
0.0028 10.0003 329.1700 0.0298 211.8040 21.8341 113.8660 11.7220
0.0077 1.8690 0.0122 —0.0077 0.06026 —~0.0076 0.0096 0.
0.0082 D.4868 0.0914 0.0324 0.0798 0.0324 0.0116 0.
0.0116 1.2263 0.0056 ~0.0398 —~0.0224 ~0.0383 0.0280 ~0.0014
0.0566 2.0728 1279.3300 0.5388 1182.4100 18.6291 95.6056 1.4315
0.0723 0.6449 66.6785 ~0.8986 55.9247 ~0.8571 10.7438 0.0117
0.0883 0.0887 ~0.0020 0.0199 -0.0204 0.0191 0.0184 0.0008
0.1280 0.4609 ~0.9371 -1.5093 ~1.1871 —1.5298 0.2499 0.0200
0.5370 0.0698 2.3597 —-0.6366 1.7411 ~0.6335 0.6186  —0.0028
1.0693 0.0353 4.6143 1.5132 3.3528 1.5097 1.2603 0.0053
1.4270 0.0083 1.7961 0.0126 0.3681 0.0122 1.4276 0.0004
1.6662 0.0215 ~0.0363 —0.5593 -0.1825 —0.5546 0.1464 —0.0046
1.7769 0.0195 3.8863 0.7377 2.8003 0.7371 1.0854 0.0003
1.9022 0.0122 8.1429 1.4279 4.8936 1.4212 3.2450 0.0078
2.2025 0.0045 11.8669 0.2694 1.0660 0.2600 10.7792 0.0084
2.3349 0.0523 6.0000 -1.1954 5.5258 -1.1777 0.4723 —0.0184
2.4915 0.0226 19.1942 0.9530 15.9358 0.9478 3.2441 0.0003
2.5280 0.0047 36.9405 0.0671 8.0339 0.0451 28.7070 0.0089
2.6616 0.0064 19.9051 0.0551 8.5764 0.0521 11.2855 -0.0002
2.7639 0.0270 0.4727 0.2301 0.4061 0.2299 0.0666 0.
2.9614 0.0111 196.8750 -9.9275 145.4660 —9.8624 49.0410 -0.0001
3.5213 0.0051 277.8730 ~0.4363 113.5640 ~0.3761 151.1190 0.0001
4.3923 0.0064 1018.7300 8.0880 574.4950 9.2084 334.6420 0.0010

The G’s and H’s include the constant ¢ = 652000 b-eV.

87



APPENDIX D
RENORMALIZATION AND RESIDUAL BACKGROUND

Renormalization and residual background calculated with the computer code
SAMMY are shown in Table D-1. Figure D-1 shows the effect of the residual
background on the fission cross section data of Blons. The solid lines, in the upper
and lower curves of Fig. D-1, represent the calculation with and without the

residual background effect, respectively. The vertical lines are the data of Blons.

Table D-1. Renormalization and Residual Background

Type of
Data Normalization = Background Background
Harvey et al.®! (80 m) 0.999 6.189-5% Constant
(0.03269 atom/b)
Harvey et al.?! (80 m) 1.0 8.003-4 Constant
(0.002355 atom/b)
Harvey et al.?! (18 m) 1.0 3.536-4 Constant
(0.03269 atom/b)
Weston and Todd?® 0.996 6.392-2 Proportional to vE
Blons?® 0.963 0.232 Proportional to vVE
Gwin et al.28 1.0 0.021 Proportional to vVE

2Read 6.189-5 as 6.189 x 1075,
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Fig. D-1. Residual background on the fission cross-section data of Blons.
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