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Sensitivity tests on parameters of the nucleon-nucleus dispersive optical model
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We have conducted tests of two changes to the formalism of the dispersive optical model~DOM! by making
use of a largen1208Pb database. One change relaxes the constraint, conventional in DOMs, that the real- and
imaginary-volume potentials share the same geometrical parameters. The second change adopts a different
functional form for the energy dependence of the surface imaginary potential, which allows its strength to drop
off rapidly in the 30–80 MeV region. Radial shapes of the total imaginary potentials for the new DOMs are
compared to each other and to those of a microscopic optical model. We also present an improved DOM
analysis which models elastic scattering data forn1208Pb andn1209Bi simultaneously, and which incorpo-
rates a newer set ofn1208Pb total cross-section data.@S0556-2813~99!06101-4#

PACS number~s!: 24.10.Ht, 25.40.Dn, 28.20.Cz
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For the past decade, the Triangle Universities Nucl
Laboratory ~TUNL! has investigated the dispersive optic
model~DOM!, an optical model formalism that incorporate
a dispersion relation linking the real and imaginary parts
the nuclear potential@1#. TUNL has applied the DOM to a
number of neutron-nucleus scattering systems and has
ten software that optimizes the quality of fit of the DO
predictions to the data, as measured by the so-called
squared@2#. In the course of this work, questions have aris
about two aspects of the DOM formalism. The first is t
constraint, found in all DOM analyses using Woods-Sax
form factors, that the real- and imaginary-volume potenti
share the same geometrical parameters. Since traditiona
tical models have found that fits to data favor a radius for
volume imaginary potential that is four to six percent larg
than that for the volume real potential, we suspected
incorporating such a difference might improve the quality
fit for the DOM approach. The second constraint conce
the functional form of the energy dependence of the surf
imaginary potentialWs(E). In past work, the form we use
@Eq. ~3!, below, with j 51# favored relatively large value
for Ws(E) at high incident neutron energies~30–80 MeV!,
as compared to traditional optical models. This motivated
to switch to a revised form forWs(E), which would reduce
its value at high energies but not worsen the overall fits.
one might anticipate, these two aspects of the formalism
related; the relative strengths of the imaginary potentials
affected both by changing the radius of the volume ima
nary potential and by altering the functional form of the e
ergy dependence of the surface imaginary potential.

We decided to use ann1208Pb DOM for the present sen
sitivity tests, since we had experience with this scatter
system from work on a unified DOM analysis ofn1208Pb
andn1209Bi from 220 to180 MeV @2,3#. The objective of
that study was to fit the208Pb and209Bi data bases by using a
many common parameters as possible. In the final stage
the DOM searches, we found it easy to compromise betw
the two scattering systems for the parameters of the volu
imaginary potential, but difficult for those of the surfac
imaginary potential. As Ref.@2# points out, this was due to
differences in the high-energy regime between the to
cross-section data for the two systems. Then1208Pb data in
PRC 590556-2813/99/59~2!/1189~4!/$15.00
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the 50–80 MeV range, from Shuttet al. @4#, was systemati-
cally higher than then1209Bi data, from Finlayet al. @5#, by
about one and a half percent. As a result of this, the ‘‘p
tially constrained’’ 208Pb and 209Bi DOMs of Ref. @2# had
considerably different slope factors forWs(E), of Cs

50.0128 andCs50.0197, respectively. The low value ofCs

for 208Pb corresponds to relatively large values ofWs(E) at
high energies.

Since newern1208Pb total cross-section data is availab
from Ref.@5#, we tried using it in place of the data of Ref.@4#
in the present work. To create a new unified208Pb-209Bi
DOM, we started with the parameters for the ‘‘partial
constrained’’ 209Bi DOM of Ref. @2#, and retuned only the
five strength parameters of the imaginary potentials.
found that theWs(E) parameters of the208Pb DOM now
favored values within 5% of those for209Bi, thus eliminat-
ing the need for two separate partially constrained DOM
The parameters of the new unified208Pb-209Bi DOM are the
same as those appearing in the ‘‘w/Wso’’ column of Ref. @2#,
except for the following differences:Av55.87, Bv
529.32, As59.95, Bs54.91, andCs50.0200. Note that
the model uses a significantly largerCs value than the par-
tially constrained208Pb DOM of Ref.@2#. Figure 1 displays
the n1209Bi and n1208Pb total cross-section data of Re
@5#, along with the predictions of the new unified DOM. Th
model’s predictions for differential scattering data and
bound-state quantities are similar to those of Ref.@2# and so
are not shown.

In preparation for the sensitivity studies, we started w
the new unified DOM and optimized the quality of fit to th
208Pb data alone by fine-tuning all of the DOM paramete
except for the spin-orbit parameters and the slope of
Hartree-Fock~HF! field BHF. ~Maintaining BHF50.0350
was best for the prediction of single-particle binding en
gies.! We refer to this standard model as DOM I.

In conventional optical model analyses, optimization
the fit to data usually requires that the radius of the volu
imaginary potential be made four to six percent greater t
the radius of the real potential. In contrast to this, all pu
lished DOMs have constrained the HF potential and volu
imaginary potential to share the same geometrical par
1189 ©1999 The American Physical Society
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1190 PRC 59BRIEF REPORTS
eters. This assumption has been made largely for con
nience. Recall that the DOM approach links the volum
imaginary potential to a ‘‘dispersive correction’’DVv(r ,E)
to the volume real potential through an integral relation.
the Hartree-Fock and volume imaginary potentials share
same geometry, then the total volume real potential is de
mined simply by adding the strengths of the HF potential a
the volume dispersive correction, and multiplying the sum
a common geometrical form factor@2,6#:

Vv~r ,E!5@VHF~E!1DVv~E!# f WS~r ,Rv ,av!. ~1!

The f WS(r ,Rv ,av) is a Woods-Saxon form factor, where th
nuclear radiusRv is written in terms of the parameterr v and
the total mass number asRv5r vA1/3. In our first set of sen-
sitivity tests, we relaxed the constraint posed by Eq.~1! by
using a total volume real potential of the form:

Vv~r ,E!5VHF~E! f WS~r ,RHF,aHF!1DVv~E! f WS~r ,Rv ,av!.
~2!

We refer to a model incorporating Eq.~2! as a DOM II.
In our tests, we held the radiusr HF of the HF field con-

stant while increasing the radiusr v of the volume imaginary
potential in 0.01 fm steps. We also maintained a cons
difference betweenr HF and r v , and stepped their values i
unison, e.g.,r HF/r v51.22/1.27,1.23/1.28, etc. For each pa
ing, the other DOM parameters were reoptimized for
chi-squared quality of fit to the data, except for the spin-or
parameters andBHF. None of the DOM IIs demonstrate
better fits to the data. Though failing in its primary objectiv
this modification had an effect on the strength parame
that is worth noting. Asr v became closer to the radiusr s of
the surface imaginary potential, the trade off between theWv
andWs strengths was altered such thatWs(E) could be made
smaller-valued at high energies. While DOM I gave aWs
strength as high as 3.0 MeV atE580 MeV, DOM II, using
r HF/r v51.23/1.28, gave a maximum strength of 1.9 Me
~as can be seen in Fig. 2, discussed below!.

FIG. 1. Total cross-section data@5# compared to predictions o
the new unified208Pb-209Bi DOM. The offset is 2 b for 209Bi.
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Although DOM II introduces a satisfying change to th
Ws energy dependence, it does not improve fits to the d
and introduces two new parameters,r HF andaHF. In an at-
tempt to maintain the difference betweenr HF and r v , but
eliminate two degrees of freedom, we forcedr v5r s andav
5as , as in traditional~non-DOM! optical models. Because
the chi-squared searches always yielded relatively large
ues forav and small values foras ~roughly 0.680 and 0.500
respectively!, attempting to compromise to a single valu
resulted in a worse fit to the data~chi-squared increased b
20%!. We conclude that allowing the radius of the volum
imaginary potential to be greater than that of the volume-r
potential is not favorable for a DOM ofn1208Pb.

The most obvious way of affecting the behavior of t
surface imaginary potential at high energy is to change
functional form of its energy dependence. Consider the

FIG. 2. Bands ofWs(E) corresponding to a chi-squared tole
ance of 2% for DOM I, DOM II, and DOM III.

FIG. 3. Cross-section data at 65 MeV forn1208Pb@8# compared
to predictions of DOM III, within a 2% chi-squared tolerance, a
DOM I, for the optimum solution only.
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FIG. 4. TheW(r ) for the optimum DOM I and DOM II, and DOM III with the maximum value forCs , compared to that for the
microscopic optical model of Ref.@9# at 30 and 80 MeV. At 80 MeV,Wv(r ) andWs(r ) are also displayed.
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lowing form for Ws(E), which is parametrized about th
Fermi energyEF and contains an undetermined powerj. For
E.Ep , whereEp is the average energy of the single-partic
bound states,

Ws~E!5
As~E2Ep!2

~E2Ep!21Bs
2
exp@2Cs~E2Ep! j # ~3!

and for EF<E<Ep , Ws(E)50. The Ws(E) is an even
function with respect toEF . In all of TUNL’s past DOM
analyses using Eq.~3!, we setj 51 and found that fits to the
data favored values forCs that madeWs(E) relatively large
at high incident neutron energies. While conventional opti
models usually allow the strength of the surface imagin
potential to go to zero byE580 MeV, our DOMs had
strengths forWs(E) as high as 3.2 MeV atE580 MeV,
corresponding to values ofCs as low as 0.0108 MeV21

@2,7#. In the present sensitivity tests, we stepped the valu
Cs in 0.0010 increments, retuned the other DOM paramet
and noted the effect that this had on chi-squared. Withi
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2% deviation of chi-squared from its minimum value, DO
I favored Cs values in the range 0.019060.0050~optimum
solution: As510.39, Bs55.40, Cs50.0190). HigherCs

values are possible with DOM II, which favored the ran
0.027060.0060 ~optimum solution: As512.16, Bs

56.19, Cs50.0270). It should be noted that, becauseBHF

was not altered, the predictions to bound-state quantitites
not change significantly. For example, the high end of theCs

variation yielded relatively low magnitudes for the streng
AHF of the HF field which resulted in the single-partic
states being underbound by roughly 100 keV.

To determine how low the magnitude ofWs(E) at 80
MeV could be forced, our second set of sensitivity te
adopted Eq.~3! with j 52. We refer to a model using Eq.~3!
with j 52 as a DOM III. For eachCs value, all other DOM
parameters were tuned except for the spin-orbit parame
andBHF. Within a chi-squared tolerance of 2%, the resulti
parameter sets favored values ofCs in the range (0.0320
60.0130)31022 MeV22 ~optimum solution: As
57.93, Bs53.36, Cs50.032031022). DOM III did not
improve the fits to the data. Figure 2 shows bands ofWs(E)
for our three models using the favored ranges ofCs values:
DOM I ~dotted lines!, DOM II ~using r HF/r v51.23/1.28)
~dashed!, and DOM III ~solid!.

In attempting to determine which of these energy dep
dencies is preferable, we found it impossible to make us
a qualitative or quantitative judgement of the quality of fi
to the data; all of the models under consideration gave
that were nearly identical from visual inspection and h
chi-squared values within 4% of one another. Two scatter
observables which are sensitive to the high-energy beha
of Ws(E) are differential cross section and analyzing pow
at high incident neutron energies (E.40 MeV) and large
angles (u.60 °). However, none of the available208Pb(n,n)
differential cross-section data above 40 MeV has been ta
at large angles. For example, the 65 MeV data of Hjortet al.
@8# does not go beyondu545 °. Figure 3 displays this dat
with the predictions of the optimum DOM I and two versio
of DOM III using the lowest and highest favored values f
Cs . Note, in the 60° –90° region, that the two limiting cas
of DOM III yield differential cross-section predictions in th
.
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1–10 mb/sr range that differ by 30%.
Figure 4 displays, atE530 and 80 MeV, the radial shape

of the total imaginary potentialW(r ) for our three test
DOMs, compared to those of the microscopic optical mo
of Baugeet al. @9#. For DOM I and DOM II, the optimum
solutions are displayed (Cs50.0190, and 0.0270, respec
tively!. To demonstrate the ability of DOM III to minimize
the strength of the surface imaginary potential at high en
gies, the maximum favored value ofCs was used (0.0450
31022). At 80 MeV, Wv(r ) andWs(r ) are also graphed in
order to display their relative contributions. Note that t
Ws(r ) for DOM III is much smaller than that for DOM I.
Compared to the microscopic optical potential of Ref.@9#,
theW(r ) shapes for the three DOMs have somewhat sma
volume integrals at 80 MeV but somewhat larger volum
integrals at 30 MeV. Because theW(r ) shapes for our
DOMs and that for the microscopic optical model are qua
tatively different, such comparisons cannot answer our qu
tions regardingWs(E).

In summary, we revised the unified208Pb-209Bi DOM of
Ref. @2# by using the most recent total cross-section data.
also presented two sensitivity tests of the DOM formalis
using a model forn1208Pb up to 80 MeV~DOM I!. When
the radius of the imaginary volume potential is allowed to
5% greater than that of the HF field~DOM II ! the quality of
fit to data is not improved. However, the alteration do
make it possible to lower the strength of the surface ima
nary potential at high energies. When the functional form
Ws(E) is altered@using Eq.~3! with j 52#, it is possible to
obtain lowWs(E) values at large energies~DOM III !. How-
ever, this alteration does not improve the quality of fit to t
data. The DOM I and its two variations all have chi-squar
fits to data that lie within 4% of each other. When differe
tial cross-section data in the high energy (.40 MeV), high
angle (.60 °) regime become available, it will be possib
to place stronger constraints on the energy dependenc
Ws(E) in the 30–80 MeV range.
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the U.S. Department of Energy, Office of High Energy a
Nuclear Physics, under Grant No. DEFG05-ER40619 w
Duke University.
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