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Dispersive and global spherical optical model with a local energy approximation
for the scattering of neutrons by nuclei from 1 keV to 200 MeV
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We present a global spherical optical model potential for neutrons with incident energies from 1 keV up to
200 MeV containing dispersive terms and a local energy approximation. A comprehensive database for spheri-
cal or quasispherical nuclei covering the mass range 24209 is used to automatically search on all
parameters. A good representation of the entire data set is obtained when both volume and surface potentials
share the same energy-independent geometry.
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I. INTRODUCTION (SO) potentials. The volume shajds a Woods-Saxon form
Over the last 50 years, the nuclear optical model has beeflicrti(\)/;t\i’zg'_le the surface shagis proportional to its first
extensively applied to analyze the scattering of protons an '
neutrons by nuclei. Nowadays, several global optical models 1
are available to predict the total nucleon cross sections and f(r,Ra)=

angular distributions for many nuclei over a wide range of 1+exi(r-Ry/al

energies such as the well-known global optical models of
Rapaportet al. [1], Walter-Gusg?2], Varneret al. [3], Mad-
land[4], and Koning-Delarochgb]. Nevertheless, there is no

global potential including dispersion relatiof@)] that links . ) )
the real and imaginary parts of the nuclear potential. Thdnitially the volume, surface, and spin-orbit shapes do not

dispersive optical modgDOM) provides an additional con- Share the same geometrical paramegesiusR and diffuse-
straint to reduce the ambiguities when determining the pal€Ssa). Note also that these parametéRy sso avsso) are
rameters of the optical model. independent of energy.

The purpose of this contribution is to build a global dis- N the dispersion relations treatmej, the realV and
persive spherical optical model for neutrons with incidentMmaginary W volume potentials are connected by a disper-
energies from 1 keV up to 200 MeV. At Bruyéres-le-Chatel, Sion relation
we have already applied the DOM to many neutron-nucleus V(E) =V, (E) + AV(E)
scattering systems, however, until now we have never tried HF '
to build a global one. Because in all our past studies, the

Q(F,R,a)=—4a£f(r,R,a).

local energy approximation of Perey-BufgK was used with _P(™WE) _,

. . S AV(E) = ———dFE'. 2)
great success we have decided to include it in our global w)_, E'-E
DOM.

The paper is structured as follows. In Sec. Il, we provideAs usual,P denotes the principal value of the integral and
a description of the DOM with the functional forms of the Vy(E) the Hartree-Fock contribution to the mean field.
energy dependencies of the real, imaginary, and spin-orbit
potentials. Section Il describes our procedure for searching A. Imaginary potentials

the parameters of the optical model and the resulting DOM ) ) .
potential is discussed in Sec. IV. Finally, our conclusions are The energy dependence of the volume imaginary term is

given in Sec. V. taken to be the form first suggested by Brown and [8jo
AV(E - Ep)®

(E-Ep)?+BS 3

Il. OPTICAL MODEL W(E) =

The optical model potential we use can be written as ) )
For the surface imaginary term, we use an energy depen-

U(r,E) =[VW(E) +IWy(B)]f(r,Ry,ay) + [Vs(E) dence suggested by Delarocteal. [9] which modifies the
+iWL(E)]g(r,Rs a9 + [Veo(E) + IWso(E)] Brown-Rho shape by an exponential falloff
h )1 AS(E - Ep)?
me/ r : W4(E) = ————exd - C4E - Ep)]. 4
X (mWC) rQ(r,Rsoaso)| o, (1) S(E) E- EF)2+B§eXF[ S o] (4)

whereVy, s soandW, sspare the real and imaginary terms of The values ofA, By, As, Bs, Cs are to be determined by
the volume-centralV), surface-centralS), and spin-orbit fitting experimental data.
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Throughout the present paper, we use a imaginary spinucleon interactions This code provides a numerical inte-
orbit energy dependence very close to those of Koeingl.  gration of the radial Schrédinger equation using the Numer-
[5]: ov’s method[15], which is also used by thecis code[16].

5 Relativistic kinematics without Dirac formalism is also in-
M. (5) cluded as it is mentioned in the miscellaneous topics of the
(E-Ep)*+ 160 ECIS report[16].

To optimize the optical model parameters for a nucleus,
0 quantities can be calculated

Wso(E) =

All the energy dependencies of the imaginary potential are
symmetric about the Fermi enerdg=—[S,(Z,N)+S,(Z,N W

+1)]/2. , Nxs U—?—XF—O'-?—a! 2

Yes= 2 | ~yew
. i=1 oTi
B. Real potentials
A realistic parametrization of the Hartree-Fock potentialand

was postulated by Perey and BugK. In their work, the Nap Napi R0 - o6, |2

nonlocality of V4(r ,r’) has a Gaussian form Xap= 2> > { ! Jex L } ,
i=1 j=1 Aat ()

Vie(r,r') = V(rexp-=|r =r'[28?),

where 8 is the nonlocality range. The local energy approxi-
mation then yieldg7]

the first one(x%s) for the total cross sections and the second
one(XiD) for the elastic angular distributions. Hereg; is the
total cross sectiong(6) the differential elastic cross section
Vye(E) = Vigeexp(— uBE - Vue(E)1/242), (6) (“exp” stands for experimental and “cal” for calculated val-
) ues and Ao is the experimental uncertainty. For each
where u is the reduced mass of the system. Johnepal. nucleusNys is the number of experimental total cross section
[10] used this form in their dispersive optical-model analysisy,tg pointsN,p is the number of experimental angular dis-

about*°Ca. We have also tried such a pa_rametrizatio_n in OUfributions, andNp ; is the number of data points for a given
work, however, better results were obtained, especially beéxperimental angular distributidn

yond 100 MeV, by using the form of Romaet al. [11]: The determination of the parameters of the global optical

Vue(E) = Viyeexp(— w2 E - Viue(E))/242) model pqtent!al is possible if and only if the experimental
) 04 data set is wide enough. Thus our search procedure makes
X exp(+ 4u’VE — Vye(BE) /1), (7)  extensive use of the comprehensive Koning and Delaroche

The total real volume potentialy(E)=Vye(E)+AVA(E) is databasg5]. In the range from 1 keV to 200 MeV, the ex-

. . ; : perimental data of the following twenty nuclei are used to
?Ot;triuned. from Egs(2) and(7) using the imaginary volume determine our parameter&Mg, 2/Al, M5, NaiS, naCy narj.

(3) in the dispersion relation. The nonlocality ranges naicy NalEg nali naicy 89y 907 93 Mo NS MNACe
and y will be specified in the analysis of available experi- 197A' ”a‘H’ 2°8|’3b 209|’3- ' ' ' ' ' '
mental data. The total real surface poteniglE) is equal to u, 9, ' .
the surface dispersive contributickiVg(E) calculated from
imaginary surface potential defined by Eg).

As we have done for the imaginary spin orbit component
the real spin orbit is close to that of Konirgg al. [5]:

Using a grid method in the multidimensional “chi-squared
space,” theNUCLEON code searches optimal parameters ei-
ther for all nuclei in the same run owing to parallel comput-
‘ers or for a subset of nuclei. The starting set of parameters
ay, Ry, Ay, By, ag, Rs, Ag, Bs, Cs, 850, Rgp are those of the
Vso(E) =6 exg— 0.004E - Eg) | + AVgo(E). global neutron optical model of Koning and Delarodit

S ) ] ) and the Romain’s unpublished previous investigations for the
Even if it is difficult to prove the existence of the imaginary narameterss, y, andVye.

spin o_rbit poten.tial we conne_cted it to t_he real spin orbit In the Koning and Delaroche global optical model, the
potential by a dispersion relation. Analytical and ”Umer'ca|geometrical parameteesand R=r AL are different for the
solutions of dispersion relations may be found in Quesgida o|yme, surface, and spin-orbit potentials. On one hand, the
al. [12] and Capoteet al. [13], assuming tha¥(E) is sym-  yequced radiugy of the volume potential increases with

metric about the Fermi energy. nuclear mass when the reduced radig$or the surface po-
tential decreases to a value close dor heavy nucleiFig.
IIl. OPTIMIZATION OF OPTICAL MODEL PARAMETERS 1). On the other hand, diffuseness parameters for both vol-

ume and surface potentials decrease linearly with mass giv-
Our nonlocal dispersive and spherical optical model ising two different slopes for the Koning and Delaroche poten-

now specified. For each nucleus, a set of fourteen parametetial (Fig. 2). The reduced radiussg for the real spin-orbit
must be determined: three raj s 5o, three diffuseness pa- potential increases with mass whereas the diffusenggs
rametersay sso, Nonlocality ranges3 and y as well as the has a constant value. In that way we use these variations for
depthVy, and the imaginary potentials parameté&s B,,  the geometrical parameters as a starting point for jhe
As, Bs, Cs. To that aim, an automatig? search on all of these search. Thus our starting optical model mentioned in(Ey.
parameters is now included in theUCLEON code [14] has different radii and diffuseness for the volume, surface,
(NUCLEON was first written to investigate the nucleon- and spin-orbit potentials.
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131~ ' " T 7 TABLE |. Reduced radii for nuclei lighter than nickeR
K ] :roA]'/B.

1.29
127 Nucleus ro(fm) Nucleus ro(fm)

E ) 24\ 1.299 40Ca 1.301

g % 27p| 1.267 46T 1.292

S 123 28g 1.280 S6Fe 1.268

1]

= 323 1.298

T 12

[

=

2 L9 . 1 tional forms to describe the seven parameters. The main sur-
N ry : Koning Delaroche | prise of this first search is the mass variations of the radii.
) » Ty : Koning Delaroche The best fit to the total cross sections is reached when both
115 s s s ‘ volume and surface shapes share similar potential radii. In
20 50 100 150 200

view of that result, we try to search a shape shared by the

Mass unit (u) volume and surface potentials, that is to say, the functional

N _ forms of the radii and of the diffuseness parameters are the

FIG. 1. Reduced radii of our global optical model. The squareq, e for the volume, surface and spin-orbit potentials. Start-
symbols represent the optimal reduced radii and the solid curve thﬁ]g from the new functional forms, the work is performed by

i i = - 4 = . . . .
global parametrizatiortro=1.295-2.7< 10“A). The long-dashed iterative computations to obtain the parameters of the real
curve and short-dashed curves correspond to the volume and sur-

face reduced radii of Koning and Delaroche. part of the potential. . ) . .
g The second step is to fix the imaginary part. For each

_ ) i .. hucleus, five parameters are neeg@lg By, Ag, Bg, Cg). The
The first step to construct our optical model is to specifygagtic differential cross sections are then inserted inythe

the real part of the potential. That is to say the nonlocalitygearch and the functional forms are obtained for the five
rangess andy, the depthVyr, the radii, and the diffuseness o ameters. At low energies, a compound nucleus contribu-
of the volume and surface potential are the free parametergyy 1 the elastic channel must be calculated from statistical
In the beginning, only the total cross sections are inserted i, o4el and added to the shape elastic cross section. The
the x? search since these data are more sensitive to the redl, vs code (a new reaction code under developmétit])
potential. After an automatig” search on 20 processors at provides such calculations for our new neutron optical model
once, we obtain the values of the seven parameters for eVefyis, width fluctuation corrections as modified by Moldauer
nuclei of our experimental data set. Looking into the varia-1g Transmission coefficients for proton, deuteron, triton,
tions of these results with the energy, the atomic mass, or thg,j ,, particles in the exit channels are derived from the
asymmetry parameté¢N-2)/A (all parameters change from ,cjeon potentials of Koning and Delarocf using Wa-
nucleus to nucleys we find simple energy or mass func- {gnape’s folding approadig].
Finally, a globaly? optimization using the total and dif-

07 T rT T ferential cross sections was carried out to fine-tune the opti-
______ ] cal model parameter$N-2Z)/A dependence of any param-
.......................... 1 eters was not needed in this study. In fact this is a moderately
ocs | _ surprising result when building a global optical potential for
just one kind of incident particle, a neutron in our case.

— a : Morillon Romain

_____ a, : Koning Delaroche A. Geometrical parameters radius and diffuseness

e
&

For nuclei heavier than iron the reduced radius is well
approximated by the following parametrization:

ro=1.295-2.7< 10°* A(fm). (8)

~ ag 1 Koning Delaroche

a (fm)

0.55 - .
.......................................... 1 The reduced radius, decreases when the nuclear méss
.............................................. ] increases as a result similar to the one found by Chitw.
.................................... [20]. For lighter nuclei, a better agreement between the cal-
05 4 50 100 150 200 culated and experimental total cross sections is obtained by

using the individual radii given in Table(the improvement

is particularly huge for aluminium and irpnThese values
FIG. 2. Diffuseness parameter of our global optical model. Theare plotted in Fig. 1. The square symbols represent the opti-

solid curve represents the global parametrizati@+0.566+5 mal reduced radii, and the solid curve represents the previous

x 1079A3). The long-dashed and short-dashed curves correspond farametrization. Our reduced radius parametrization is close

the volume and surface diffuseness parameters of Koning antb the surface radius of Koning and Delaroche also plotted in

Delaroche. Fig. 1.

Mass unit (u)
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FIG. 3. Depths of voluméVy(E)=Vye(E)+AV\(E)] and sur- E (MeV)
face[Vg(E)=AV4E)] real potentials for?S, ®Nb, and?°Bi. The FIG. 4. Depths of volum@W,(E)] and surfacéWy(E)] imagi-

scale for the surface potential is on the left and on the right for th%ary potentials for?S, %Nb, and2°%Bi
volume potential. ' '

The diffuseness parameter which is also the same for the As==15+0.018 AMeV).
volume and surface potential increases with mass as For the volume imaginary potential the mass dependence of
the parameters,, andB,, are the following:
a=0.566 + 5x 107°A%(fm). P v andby wing
The diffuseness parameters of the volugeng-dashed Ay=-11.21-0.017 AMeV),
curve) and surfacéshort-dashed curygotentials from Kon-

ing and Delaroche surround our parametrizatisolid line) By=62+0.12 AMeV).
as can be seen in Fig. 2. Energy dependencies of the depths of the imaginary vol-
ume and surface potentials are shown in Fig. 4 for the same
B. Real potentials three nuclei(®?S, ®>Nb, and?°%Bi). The depth of the imagi-

nary surface potential for niobium is always located between
the lighter and heavier nuclei even when the imaginary vol-
ume potential presents astonishing variations: the greatest
volume contribution is for the lightest nucleus below
Vi =-82.8 MeV, B=1.114 fm. 100 MeV and for the heaviest nucleus above 100 MeV.

The nonlocality range3 and the depthv,e show very
little variation with mass. The fitting procedure leads to the
following values:

We note that our nonlocality rang@is similar to the value
1.19 adopted by Johnson and Mah4ag]. The nonlocality IV. RESULTS AND COMPARISONS

rangey decreases slowly with mass as It is not easy to present all the comparisons of our results

y=0.233 - 2x 107A(fm). with experimentalldata. In addition, _it is important to_ com-
pare our results with other global optical models. Koning and

Energy dependencies of the depths of the real-volume potemelaroche did it for the global neutron optical modél.
tial ( Hartree-Fock plus volume dispersive contributidv,)  They have compared their results with the well-known glo-
as well as the surface dispersive contributiovis are shown  bal optical models of Wilmore-Hodgson, Rapapett al.,
in Fig. 3 for three nucle{®?s, *Nb, and?*®Bi). The depth of  varneret al, Walter-Guss, and Madland. Owing {8 com-
the real volume and surface potentials for niobium alwaysparisons they found that their new global neutron optical
stands between the lighter and the heavier nuclei. model performed better than each of the previous models. In
that way and to show concise comparisons, we only present
x° results for our global optical model and for the global
optical model of Koning and Delaroche.

As the Cs and Bs parameters of the surface imaginary — The 5P and xa5P values calculated with the global op-
potential [see Eq.(4)] show little variation with mass, we tical model of Koning and Delaroche relative to our results
adopt the average results of our fitting procedure notedyza"® andya )" are listed in Table Il for every nucleus

Bs=11.5 MeV, Ce=0.023 MeV'L, of the database. The _first column shows the symbol of the

nucleus for the experimental data whereas the second one

On the other hand, the dept of the surface imaginary shows the calculated nucleus. In the third and fifth column
potential increases with mass as the relativey? for the angular distributions and the total cross

C. Imaginary potentials

014601-4



DISPERSIVE AND GLOBAL SPHERICAL OPTICAL. PHYSICAL REVIEW C 70, 014601(2004)

TABLE II. Comparison of our global optical model for the neu- 8 P AL
tron with the global potential of Koning and Delaroche. 2 Morillon Romain
Exp. cal. X,ZAISD/X?SR Xg(éD/XihélR ................ Koning Delaroche
Total Total
Mg 2Mg 1.33 1.33 0.92 0.92
27A 27pl 1.04 1.15 2.06 1.42 y:
Si 28g; 0.90 1.07 1.03 1.28 /i S
S 32g; 0.93 1.02 1.22 1.26 2
40ca 40ca 0.77 0.98 0.98 1.21 e
Ti 46T 082 097 283 146 ©
Cr S2Cr 0.89 0.96 3.82 1.77
Fe SéFe 1.03 0.96 1.02 1.68
Ni 58N 1.14 0.98 1.20 1.63
Cu 83Cu 1.13 0.99 1.07 1.58
8%y 8%y 1.00 0.99 1.69 1.59
907y 90zy 1.04 1.00 2.04 1.63
“Nb %Nb 0.83 0.98 1.68 1.63
Mo %Mo 1.01 0.98 1.14 1.60 L L
Sn 1205 0.79 0.97 2.78 1.68 1 10 10>
Ce 140ce 1.02 0.97 3.60 1.77 E (MeV)
197, 197,
:gAu quﬁ: 1;2 822 223 i;; FIG. 5. Comparisqns of me?surcxymtz)gls).and calculated neu-
208, 20801, 109 0.99 104 180 tron total cross sections of $Nb, an(_JI “Bi. The short-dgshed
. . . . curve correspond to the global optical model of Koning and
209g; 209g;j 1.05 1.00 1.06 1.76 Delaroche and the solide curve to our global dispersive potential.

The symbols are averaged on the various experimental values taken

] ) _ from the literature as described in Rg5].
sections are listed for every nucleus. The fourth and the sixth

column (noted tota) show the total cumulative relativg?

. nuclei. The use of dispersion relations and the local ener
weighted by the number of measurements. P gy

approximation of Perey and Buck not only improves the

The main |mprovemerlt is for the total cross sections. Th%uality of fit to the data but also leads to fewer parameters in
X square Improves by 76%. Our global DQM provides a V€Yihe potential: the radii and the diffuseness parameters for the
good descrlp_uon of the. tOt?' Cross se30t|ons frg’g“ 1 kev ©radial shape of the volume, surface, and spin-orbit potentials
ggl?: u'\l/laet\e/ t?; I!?:;rsatsidctlignlzslg‘bfr:gtruilNe?érigcrjl tsg:?gl]'h:[rgr th %re the same. Functional forms describing our parameters are
nickel (for instance, sulfyrone has to determine the reducedavery simple. In that way the real potential, as well as the
radius of each isotope. That can be done from the reduc
radii of Table | owing to a straight line segment with the
same slope as in the global parametrizatjéuj. (8)]. The
overall agreement with experimental data for natural ele
ments is also very good.

As recorded in Table Il, there is no improvement to the

surface imaginary potential, are defined with only two linear
nctions of mas#\ (the nonlocality rangey and the param-
eterAg). Our new global OMP provides a very good descrip-
tion of the total and differential elastic cross sections over a
very broad energy domain for spherical nuclei. In that way
the reaction cross section is also well defined and this new
. . otential will provide better evaluations of partial cross sec-
potential of Koning and Delaroche to the globd for the Eons for sphe?ical nuclei. In view of the exc?allent agreement

elastic angular distributions. Although the angular diStribu'between predictions and experimental data for incident neu-

tions are in phase over the whole energy. and_mass rangSrons, we plan to build a global optical model for incident
some deviations occur for backward minima in the Y-Nbprotons

region. That is the small price paid for using the same geo-
metrical parameters for the real and imaginary potentials.
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