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Abstract. The excited compound nucled®0* has been studied over

(n,.) and (.,n) cross sections modielg, respectively for'®0 and *C

targets in their ground states. The mitidg is fulfilled within the Reich

Moore formalismWe were able to calculate tkien) cross section by two
separate wayghe direct kinematistandardoute andby inversion ofthe

(n,.) cross sectiorusing the compound nucleus hypothesResonance
parameter®f the resolval resonance range (0 to 6 MeV) wérarrowed

from the CIELO project In a first stage, the modglg is carried out in the
referential of the incident particle (either way neutron.or UHTXHVWLQJ
conversion othe CIELOneutrontyperesonance parametersthe .-type

In asecondstage the implementation igniquelydesigned in the center of

mass system of the excited compound nucleus. The resonance parameters
are thus converted in thatnique reference frameworkThe present
investgation shows the consistency of the kinetic transformation that relies
on the compound nucleus hypothesis

1 Introduction

The study of reactions that refer to the excited compowteus' ‘O* is of strong concern
for reactors physicauclear datavaluators™®O is themost predominarisotope of oxygen
in nature and contribuseto “He gaz productionobserved in reactohtough *°0(n, .)**C
conversion On this point of view,the °0O constituts an importantsakty issue in the
operation of reactsr Furthermore, the oxygen is overriding in theide fuels and plays a
role in neutron thermalizatioin water One can alsemphasizéhe interest of‘O* excited
compoundnucleusas neutron source, especialfgeaningfulin the s-process (strophysics
ared, throughthe *C( .,n)*?0 reaction Taking irto account nuclear structure aspeitie
Yo* compound nucleuss characterized by weak levelensity andsubsequentwide
resolved resonanaange RRR) thatgoes from 0 to 6 MeVTwo reactiontypesare fully
openfor this region: the neutron andreactions Due to itslight nucleus structure feature,
the'’O* compound nucleus makes it a nice candidatenodels testing in thRRR

Existing nuclear datdiscrepanciebetween measured and evaluated data according to
the *°0(n,.)**C and reciprocal *C( .,n)**0 reactions have been the subject strong
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discussions withinCIELO [1, 2] project. In 2014, theCIELO team summarizedhe
situation [1] pointing out 30% of discrepanciesbetween lower(IRMM 2008 [3],

Harrisopulos 20054]) and higher (original Bair and HaaS]] cross sectioitrends These
discrepanciesverealsorecordedetweenmajor evaluated data librarie$he old ENDF/B-

VI evaluationwas scaled othe higher cross sectianagnitudewhile thelower trendwas
adoptedin the ENDF/VII.O (unchanged irENDFB-VII.1) and JEFF3.1 accordingthe
energy range below 6 MeW hereafter, tht choicewascompletelyre-examinedn the last
ENDF/B library. The CIELO team reported in 2018 [ raise up of about 40%po be
appliedto the ENDF/BVII.1 (n,.) cross sectionThe modificatiors wereincluded in the
ENDF/B-VIII.O file. However, the CIELO project recommendedew expenmnens to

corroborate these new changes.

Presentwork takes place in larger demarche that includes redesigimedéchniqueof
cross sectiorevaluationmeaningthe determination of nuclear parameters using a unified
frameworkapproach This paper presents the wayk progressising anewly implemented
computerbranch[TOol for Reactions Analysis (TORA)f the CONRADcode[6] whose
purpose is to reach the abesited objective. The TORA module has capability of
achieving cross sections calculations not only in the laboratory framework attached to the
incident particle (either charged or not) but also within the excited cordpoualeus
center of mass framework taking reference to the fermi energy of the latter. Based on this
aspect, the TORA module acts as a complementary tool to the CONRAD code when
analyzing data within the center of mass of the excited compound nucleusvérdaiEhe
tool is testecacross dedicatethoddling of the**O(n, .)**C and™C(.,n)*O cross sections
in both projectile laboratoryrespectiveframeworls and center of mass of the excited
compound nucleu@lefiningthe unified approach)

2 Theoretical background

This work is fulfilled in the ReicitMoore formalism 7]. The R matrix, in which the gamma
channels arbeforehand eliminated, is given by:

jn_Jm
YacY;

E/{H_E_i(yﬁxrtot)z

RN =%, )

The quantitiesy/{f and y/{g are the reduced width amplitudd%{” is the resonance

energy and the paramet)e;{]ftotis the total gammahannel reduced width amplitude of the

™ state in a group of states contributing to the same total spin J and ftyhe
compound nucleus. E is the energy of the incident particle. Since these resonance
parameters are expressed in the neutron by system according to the ENDF format of

the evaluated data libraries, a reference framework transformation is usually needed to
calculate reciprocal cross sections (exchanging projegjgietile pair roles).

3 Direct kinematics calculations according to the *O(n,a)C
and **C(a,n)*®0 cross sections

The'®O(n,.)**C and™*C(.,n)*°O cross sections calculations affilled respectivelyin the
neutron and alphancident particlelaboratory systesiusing TORA and validated by
comparison to thealculatiors performed using SAMMY §] and CONRAD [6] codes.The
appropriate expressions are used to calculate neutamulschargedparticles penetréion



EPJWeb of Conferences 211, 02001 (2019) https://doi.org/10.1051¥conf /201921021
WONDER2018

factors, shift factors and haresphere scattering phase shiffthe first step lie in the
neutron toalpha laboratory system transformatiohthe CIELO resonance parametéos
reconstruct thelirect kinematics*C( .,n)*°O cross sectioriThe neutron laboratory franis
by definition scaled othe neutron separation ener@$,= 4143890eV) to be juxtaposetb
corresponding alpha separation engigy= 6359067eV). The reactiorQ-value isdeduced
accordingly. To achievihe frameworkransformation, formulas used are in the spifithe
SAMMY code [§ and havebeenimplemented in the TORA moduleh& resonance energy

E){nand the reduced width amplituc}g{” are transformed from the neutron laboratory
framework to the alpha laboratory framework as below:

Mie, M1z .+Mg M13C+Ma
E/‘L(alab) EA(nlab) Mrgy+Mn  Misg (Se¢ = Sp) —— Mg )
Jm ] M6, My3.+Mg
Yiatab)y = Y/‘L(nzab)\/ Mrgp+Mn \/ Mis ©)

E/l(alab) E/l(nlab) yl(alab) )/]m, Mie,, My3., M, and M 3 . being respectively the
resonance energy in the alpha laboratory framework, the resonance energy in the neutron
laboratory framework, the reduced width amplitude in the alpha laboratory framework, the
reduced width anfiude in the neutron laboratory framework, the mas¥®@f the mass of

3¢, the neutron nss and the alpha particle madte subscriptselab and nlab
indicate respectively for alpha laboratory framework and neutron laboratory framework.
The boundary limit (B) is assigned to the shift factor value (S) and channel radii are
respectively chosen tq=4.15 fm for the neutron channel and=a6.68 fm for the alpha
channel.Figure 1 shows correspondingimulations.The TORA calculations are compalr

to those fulfilled using the SAMMY code and to the experimental measurementg.,fhe
experimental cross section data are Bair and H8&8 [ data and the forwar¢h, .) experimental

data are Giorginis (IRMM 2008 [Bdata with their fixed EXFOR normalizations. The pseiidaq)

Bair and Haas 1973 data aetained by inversion of the forward, ) Bair and Haas 1973 data. The
data inversion is based on the compound nucleus hypothesis presented in the subsedtien 4.2.
cross section of the reciprocal reaction is obtained as follow [9]:

(Zi“+1)(2113c+1) 5
, A 4)
(21n+1)(21160+1)
Eq. g, I13. andA, are respectively the energy of the alpha projectile in the alpha
laboratory framework, the spin of the projectile, the spin of the target and the reduced
wavelength of the alpha projectilEy,, i,,, 1160 andZ,, are reciprocal quantities in neutron

laboratory frameworkE,, is obtained by a transformation 5f, from the alpha laboratory
framework to the neutron laboratory framework using equation (2).

O(n,a) (En)xé = O(an) (Ea)
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Fig.1. *O(n,.)*°C (the top subfigure) antC(.,n)**0 (the bottom subfigurelinbroadenedross
sections versus projectile energy. The long dash curves address the results from TORA. They are
compared to reference calculations obtained using the SAMMS¥olid curve). On the top sub
figure, the pseudexperimental data are obtained by the msign of the Bair and Haas 1973,1f)

cross section which are plotted on the bottom subfigure (circular symbols). The forward (n,
experimental data (square syoft) are Giorginis (IRMM 2008 [} data. The modeling is fulfilled

using the ReiciMoore pararaters kindly released by L.C. Leal [10]

4 Nuclear data computation involving compound nucleus CoM
frame

4.1 Various calculated data for *'O* compound nucleus

Moddling of various neutron and . cross sectionf reactionsrelated to the O*
compoundnucleushasbeen fulfilledin the center of masg€oM) system taking reference
to theground statenergy of thé’O* nucleus.The main goabf this approach is to reduce
the inconsistencies between data due to the frame reference depeAtlehegparametrs
occurring in the equation ¥) are now establishedn the CoM system The reduced
amplitudesbeing energy independepltysical parameters (seguations belowtaken from
[11]), theybecome suitabléor the purpose of presemtork suggesting to repladhe btal
gamma width usually occurring in the denominator of theReichMoore R-Matrix
formulation by its corresponding amplitudes shown in the equation (1)

Yic = (2M a ) Jo X]Mds ®)
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¢ is the surface wave function for the channel c Xy}giis the internal eigenfunction
related to the ener@/fM. The constanta, andM, are respectivelyhe channel radius and
the reduced masdThe integration is made ovehe totaity of channel surfacesThe
moddling of nuclear reactions in the Coffame of the compound nucleus enables a
consistent and simultaneous production of data for nuclear reactionsimgvtthe same
compound nucleusFigure 2 shows the results of aimulation of the four reactions:
%o (nn)*0, **o(n, ) C, *C( .,n)**0 and**C( ., .)*C in the same frame.
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Fig.2. The *0(n,n)'®0 (long dashcurve) **0(n,.)**C (solid curve) ,*C(.,n)**0 (long-short dash
curvd andC( ., .)**C (dotted curveXross sectiom The targets are respectivép and**C in their
ground statesVertical solid and dash lines indicate respectivelythe position of the separation
energies of the neutron andparticle on theenergyscale. Thedotted vertical lines indicate the
position of the threbound statesf the ’O* nucleusbelow the separatioanergy of the neutron.
Presentlifferentialcross section . . is computedaccordingBlatt and Biedenharformalism[12] at

the CoM angle of 54 degrees (the Caldgle of 54 degrees was chosen in concern of reproducing
existing observable based on existing experimental data of Barnes [13] at 54.7 degrees)

In the CoM reference of'O*, the excited statemustappear athe sameexcitation
energyfor all the simulaed reactionssince a uniquesnergy scale is used. Furthermore,
bound states energies are no lorggressed as a negative value of energy

The use of the CoM framgives also the tools to raise inconsistencies in the parameter
files that supportlifferent energy scalesn the tablel below, astraightforwardcomparison
between resonance parameters friwo separatelatabasg(astrophysicq14] andreactos
physicsfrom CIELO project [10) is done.Inconsistencies afgighlighted The three first
total width values in the CIELO baseeavery large compared to those reportedha
astrophysical basesuggestingvery low life time assigned tothese three levelsOne

unexpected™ assgnment (the second level in tA@ble 1) can also be notice®n the
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contrary, the level energies are in good agreement in spite bighestlevel on which the
energy is slightowerin the CIELO base.

Table 1. The comparison between resaraes parameterdor ten major levels from the
Astrophysics andhe CIELO project databaseusing the unified frameworkThe bold numbers
highlight most importantifferences between the two databases.

Astrophysics database (reference [14]) | CIELO Reich-Moore parameters
(reference [10])
JE E (eV) +meV) JE E (eV) +HmeV)
1/2+ 8.70e+05 1.27¢-03 1/2+ 8.7267e+05 3.6665¢+09
1/2- 3.05e+06 2.74 3/2- 3.0552e+06 2.6721e+07
5/2- 3.84e+06 <1.3et+01 5/2- 3.8434e+06 4.2045¢+04
3/2- 4.55e+06 4.0e+07 3/2- 4.5522e+06 4.1595e+07
7/2- 6.97e+06 < 1.0e+06 7/2- 6.9726e+06 7.9008e+04
5/2- 7.16e+06 1.38e+06 5/2- 7.1650e+06 1.6502e+06
3/2+ 7.202e+06 2.80e+08 3/2+ 7.2355e+06 3.0265e+08
5/2+ 7.3792e+06 6.4e+05 5/2+ 7.3784e+06 4.6646e+05
5/2- 7.3822e+06 9.6e+05 5/2- 7.3812e+06 1.4434e+06
3/2- 7.559e+06 5.00e+08 3/2- 7.4224e+06 6.7180e+08

4.2 Data reversibility

According to the assumption @¥eisskopf and Ewing15], the cross section of a reaction
in which a projectile x collides with a target X to lead to a residual nucleusdYa@an
ejectile y, can be split as follows:

a(x,y) = Sx(E) X & (E) X ny(Ex) (6)

Above hypothesis relies on the fact thatencompound nucleus Y* is formed from the
couple (x,X) and decays in the couple (y,Y). First product of right side term of6Eq. (
S, (E) x &,.(E) represents the probability of the formation of compound nucleus. Among
those two variables, (E) repreents the cross section for reaching the surface of the target
nucleus. The incident wave being partially reflected by the potential at the target nucleus
surface, &, (E) is the probability denoting the fraction of the incident wave which interacts
with the nucleons of the target nucleus. The last variap{&,) quantifies the decaying
probability of the compound nucleus giving the couple (y,Y). E is the energy of the
projectile ancE, is the excited energy of a state of the compound nucleus created.

The interaction between a particle x and a target nucleus X does not always lead to the
formation of a compound nucleus. Other interactior] fhay occur. A competitin is
possible between the reaction passing through the formation of the compound nucleus and
other forms of reaction: surface and volume direct interactions, multiple collisions or even
collective nucleon excitation (rotations and vibrations). The etialuaf the'®0O(n,.)**C
cross sectionhas been classically performeding the inverted *3C(.,n)'°O data from
from Bair and Haasy] and Harissopulo4]. This inversion of data relies on the compound
nucleus hypothesis suggesting that the entire eremgyght by the incident wave ight
away and equitablghared among all nucleons of the target. The process must last long
HQRXJK VR WKDW WKH zZD\ RI WKH IRUPDWLRQ RI WKH FF
latter. Subsequent decay probability in givehannel is thus independent from the
formation channel but botmust beconnected to the same nuclear state of the compound
nucleus. The compound nucleus hypothesis hasibastnated through theomputation of
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the *C( .,n)*®0 and™O(n, .)**C crosssections. Below are showasults of the comparison
between the cross sections obtained by direct kinematics calculation on one side and those
obtained by thelatainversion on the other side. The inversion method used to obtain the
inverseof a reactioncross sectioro,.(ES°M) for which a compound nucleus is formed

from a channet and decays into a chanrélrelies on the expression][9

(ic+1)(21.+1)

O-CIC(ECCIOM)xg = O-CCI(ECCOM) m gr (7)
ESM i, 1. andZ, are respectively the engrgf the projectilein the CoM framework

the spin of the projectile, the spin of the target and the reduced wavetérigéhprojectile

in the channet. ES°M, i.., 1. andi, arereciprocal quantities still in CoM system.

A quick eye on thdsigure 3 shows that relative differenc@®wn side plotspetween
the cross sections obtained freitherthe direct kinematics calculatiar the pseudo cross
sections obtainely inversion of data are very smallhis trend is likelya confirmation of
the predominance of a compound nucleus system at low excitation energy.
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Fig.3. Comparisorof the **0O(n, .)*C and**C( .,n)*?0 cross sections obtainesingdirect kinematics
calculationwith the data obtainedfrom the inversion of their reciprocal reaction cross sections
labelled aspseudo dataThe computation is performed usingORA. Relative difference in
percentagare computed as the rafi@®seudo datatDirect kinematics calculated dat@yeudo data]

5. Conclusion

A preliminary investigationof the *’O* compound nucleus has beemade using the
CIELO Reich-Moore parametersthrougha moddling of the *®O(n, .)*C and™*C(.,n)'*0
first in the incident particle laboratory franaed secondary irthe CoM frameBoth two
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cross sectiomhave beerbenchmarkedo the inversd cross sectionsetrieved fromthe
reciprocal reactios A comparisorbetween nuclear parameters from fstrophysicsand
Reactors physicglatabasg highlighted notabledifferences A solution to avoid the
identified inconsistenciesndreach a better accuracy igdefinitively the use of the Cohf
the compound nucleus framewodnd energyindependent parameteia the nuclear
reactions modéing. The approach has beset upby a simulation of the'®O(n,n)'°0,
%0(n, .)*C, ¥c(.,n)*°0 and *C( ., .)*°C reactionsA set of parameters obtained fraarfit
of experimentatiata within tlis unified framework bythe mean of TORA full connexion
to the CONRAD codgs foreseen
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