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The R-Matrix technique [1] has proved to be a powerful tooltfee analysis of the nuclear data
for the purpose of extracting level information and exttagon of the astrophysical S-Factor
to Gamow energies. With the motivation of creating a comensive R-Matrix analysis tool,
AZURE [2] was developed. The code distinguishes itself dgtoits multichannel, multilevel,
external capture, parameter transformation, and userdigecapabilities.

Transformations developed by Barker [3] and Brune [4] aedu® convert from R-Matrix pa-
rameters to experimental observables and vice versa. iatteapture is included because of its
importance in low energy radiative decay analysis, and bas iImplemented using methods de-
rived from Barker and Kajino [5] and Angulo and Descouvem@t In the interest of ease of
use, a graphical setup application or Setup Utility has loeeated and an extensive user manual
is planned for release concurrent with publication.
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1. Introduction

Although R-matrix computer codes have been widely used in nuclear agsiophand many
such codes are available, we have endeavored to write a general namtiehmulti-level R-matrix
code that is both versatile in its application as well as accessible to a wideuseigawho are not
experts in R-matrix theory.

AZURE is an R-matrix code written in FORTRAN [2]. Its purpose is the calcutatibdif-
ferential and total cross sections of interest in nuclear astrophysies RImatrix sections of the
code follow the formulation of A.M.Lane and R.G.Thomas [1] ( herein afterretl to as LT). The
notation of LT is followed whenever possible. The code for the R-matrigcsection calculations
is embedded in a MINUIT (CERN) [7] least squares batch mode envirotsoehat the theoretical
calculations can be fitted to the experimental data. The Linear Algebra Rf¢&CKAPACK) [8] is
also utilized for matrix inversion in the transformation codes.

2. R-matrix Concepts

In using R-matrix theory there are two sets of states to be consideredpfiyscal’ states are
the compound resonance states responsible for the resonances rautiefss Eandl". However
these are neither the states nor the parameters which are used in the R-ataitations. The ‘R-
matrix’ states actually used in the calculations are an infinite set of internas §tatell), whose
parameters are the pole energiesdad the reduced width amplitudgs In the spirit of LT a
correspondence between the two sets is made by associating the lowggtabserved physical
states with the corresponding lowest energy R-matrix states, and nefimgss! higher-lying levels
with a single back ground state (or pole). The R-matrix energies andeddvidth amplitudes are
determined in the fit of the theory to the data. The inclusion of the BG state adten profound
effect on the yield curve due to the interferences involved.

As noted, all fits are performed with the internal R-matrix parameters. Tiresponding
physical parameters appear only after the R-matrix calculations are cothpiéte output part of
the code, where they are calculated from the R-matrix values, using tlséamaxation theory of
F.C.Barker [3]. The user may also choose to give parameters congiagdo ‘physical’ states as
the input to AZURE. These will be transformed into R-matrix parameters as ioplie R-Matrix
calculations. This transformation is based on the paper C.R.Brune [4].

3. Reactionsand Channels

An R-matrix calculation involves the specification of the entrance chanmgtlpapair, the
properties of the compound resonance states, and the enumerationxif theenel particle pairs
for all the open decay reactions allowed by the physics (or chosen lusérg

In the notation LT, the entrance channel is identified by the set of quaniothers asf) with
corresponding indice@’s'¢') for the exit particle pairs. Herg anda’ identify the particle pairs,
while s(s') and/(¢') are the channel spins and relative orbital angular momenta respectrdiy.
one entrance channel particle pair may be defined, whereas as magyctiaonels as is consistent
with the physics (or the choice of the user) may be specified. The angutaentom channels are
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defined by the allowed combinations of the channel sp{g3 with the relative orbital angular
moment& (¢') and J' of the compound resonance state. After input of the nuclear informagen (s
below), these channel calculations are performed automatically by AZWRElachannels will
be included in a simultaneous calculation, with all physically allowed interfeiemciuded.

The External Capture (EC) process is often a significant contributioretcattiative capture
cross section at low energies. Therefore EC has been included in BZISRg the techniques of
F.C. Barker and T. Kajino [5] and C. Angulo and P. Descouvemont Téile strength of the EC
can be expressed by AZURE as either a dimensionless reduced width aeplitad Asymptotic

Normalization Coefficient ANC.

4. Physics I nput

The main input for AZURE
is experimental cross section data

RUN-TIME FILES

i i config.dat Contains configuration options.
an d nu CI ear Stru Ctu re |nf0 rm atl on. @ Contains nuclear level information and reaction channel
. - ters.
Cross section data can take the .
. . . DCorbitals.dat Contains spin information to define which EC transitions to
form of differential or angle inte- = include in the calculation.
. Contains all the data to be analysed. Each datapoint must
g rated and can be a fu nctlon Of Datafile have an index for the reaction (a and o), energy (ie) and angle

energy, angle or both. For yield
data there are several options for
beam convolution and target inte-
gration. A Master Index file sys-
tem has been developed that allows
for easy data segmentation and ma-
nipulation.

The cross section, nuclear
structure and configuration options

egmetcontrol.dat

(ia).

The segmentcontrol.dat file controls the datapoints at which
the cross-section is calculated and is written by hand. This is
done in terms of the indices defined in the data file and the
two files must be consistent.

READ

‘ segmentstest.dat

The segr dat is similar to the segmentcontrol.dat and
defines the energies and angles at which extrapolations should
be made when running in extrapolation mode.

AZURE MAIN

COMPILED FILES

-1 memory.h

Memory management

-1 azure_source.for Azure main

-1 Azure_utils.for Utility subroutines

-1 lapack.f Matrix manipulation

Minuit fitting

(pre-iteration

calculations) I

minuit200.f

,VY?,IEE aram.par file File containing parameters to
|:” = :| be fitted with Minuit

are entered into several configura- READ
H H CALL MINUIT
tion files that are read by AZURE. . S~ oo
. . e 1 1
This initial data entry can be : : aramete variation)
tedious and time consuming so : ‘/r' CALLFON
FCN

a graphical setup application or
Setup Utility was created. The
Setup Utility acts as an interpreter
between the user and AZURE of-
fering a visual interface for the

user and producing data files in the
precise format required by FOR-
TRAN. The Setup Utility has been

(calculate o)

(evaluate »?)
RETURN

‘ WRITE

OUTPUT FILES

» YC_aa=X_R=Y.out Yield curve output
Angular distributions

M AD_aa=X R=Y.our | €

— — output
) Final R-matrix
param.sav

parameters

> parameters.out Transformed

parameters

Figure 1: AZURE Code Structure

found to greatly expedite data entry and option control throughout thefUs8URE.
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5. Code Structure

The core of AZURE consists of three main subroutines: AZURE Main, F&M, MINUIT
as shown in Figure 1. This code structure was developed for both utilitytiiectency. AZURE
Main first calculates all quantities that are independent of the fit parasngjeandy. AZURE
Main then passes MINUIT the initial values of the fit parameters. MINUIT BEN act in concert
for the actual fitting and minimization procedure. MINUIT varies the fit part@nseand hands
them to FCN. FCN calculates the cross section @hahich is used as the control parameter to be
minimized. x? is then passed back to MINUIT and the process repeats until a minimyh is
reached.

To improve efficiency all matrix elements are grouped into(ihg a’s) indexing scheme of
LT for the cross section calculation in FCN. This avoids redundant nésdgd over unnecessary
guantum numbers which can be very computationly costly since FCN may bd dadlesands
of times during a minimization. This indexing structure is knowrreegtion pathways since it
effectively groups the matrix elements into entrance and exit channellpgrdits.

6. Examples

The following fit examples highlight the capabilities of AZURE. When multiple fissstrown
for a given example, all fits where done simultaneously.
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Figure 2: The classic'?C(p,y) R-matrix analysis of Rolfs and Azuma [9] is redone with tigliion of
scattering data from Ref. [10].
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Figure 3: 1°F(p,a>) differential cross section data from Ref. [13]. This fit désys the multilevel capability
of AZURE with its ability to reproduce complex interferenetiects. The Master Index file system allows
for the direct analysis of this data which is incrementedrigla as well as energy.
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Figure 4: Fits to the'®O(p,y) Direct Capture data of Ref. [11] correct by Ref. [12]. Thesssection is

dominated by EC.
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