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Discerning the neutron density distribution of 2°%Pb from nucleon elastic scattering
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In this paper we seek a measure of the neutron density’®b from analyses of intermediate-energy
nucleon elastic scattering. The pertinent model for such analyses is based on coordinate space nonlocal optical
potentials obtained from model nuclear ground-state densities. Those potentials give predictions of integral
observables and of angular distributions, which show sensitivity to the neutron density. When compared with
experiment, and correlated with analyses of electron scattering data, the results sugg&®titais a neutron
skin thickness of~0.17 fm.
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. INTRODUCTION excitation of the isovector giant dipole resonancé%#b by
inelastic o scattering[12] was used to deduc&=0.19
Interest in the matter distributions 6f%b, and its neu- +0.09 fm. These previous analyses, based on phenomeno-
tron density profile particularly, is quite topicgl]. There is  logical models, produce a range of results f8Pb and sug-
a proposal to measure its neutron root-mean-sqUans) gest that there may be small but systematic errors in those
radius at the Jefferson Laboratofg] from an analysis of strong interaction models for hadron scattering limiting the
parity-violating electron scattering data. In contrast to protoraccuracy in the extraction &to ~0.2 fm.
rms radii that are known to within an accuraey0.02 fm Our approach is based on coordinate space nonlocal opti-
[3], neutron rms radii are less certain. cal potentials generated by a full folding of realistic effective
Recently, the neutron rms radius #A%b was assessed in nucleon-nucleonNIN) interactions with ground-state density
terms of modern Skyrme-Hartree-Fo¢&HP) models[1]. ~ Mmatrices(termed densities hereaftesf 2*Pb. This allows us
With the Friedman-PandharipandeP) neutron equation of to distinguish between various model structures, llncludmg
state[4] as a constraint, the neutron rms radiug9Pb was  those of the SHF type proposed by Broj], even if two
expected to be 0.160.02 fm larger than the proton value. may have the same rms radii. As a callbratl_on ol%t‘ge use of
Previous estimates of this neutron skBe (r2)— \/<_r,2§ SHF models we consider the elastic scattering frofda as

well. Further, as the effectiidN interaction is dominated b
ranged from 0.1 fm to 0.3 frf2,5]; the lower values favored y

. ; R ) the isoscalar’S, channel[13], proton scattering predomi-
in general by SHF models, while relativistic mean field mOd'nantIy will probe the neutron density and vice versa and so

els predict-vg)lues closer to 0.3 fi]. Knowledge of the skin e consider both proton and neutron elastic scattering at a

els of structurg6]. . _nuclear matter distributions.
The planned parity-violating electron scattering experi-

ment[2] will only provide information about the neutron rms
radius itself. We seek further information and address the
guestion of whether analyses of nucleon scattering data es-
tablish a measure of the neutron density distributioR’fPb. The model with which predictions of nucleon-nucleus
Hadron scattering data have been analyzed previously to d¢NA) scattering observables are made has been given in de-
duce the neutron skin thicknessiffPb. The ratio ofr* and  tail in a recent review13]. Use of the complex, nonlocal,
7~ reaction cross sections ga8e-0.0+0.1 fm[7]. Analy-  NA optical potentials defined by that model prescription,
ses of elastic proton scattering data at 0.8 GeV gave 0.1#ithout localization of the exchange amplitudes, gave pre-
+0.04 fm[8]. However, a review of the analysis of proton dictions of differential cross sections and spin observables
scattering from 4°Ca [9] gave values in the range of that are in good agreement with data from many nuclelig(
—0.4 fm to—0.2 fm for Sin that nucleus, which are sys- to 2%U) and for a wide range of energi¢40—300 MeV.
tematically smaller than all theoretical models that give Crucial to that success was the use of effectild interac-
—0.05 fm[10], and suggests that there is a systematic probtions built uponNN g matrices; solutions of Brueckner-
lem in the analysis using phenomenological models of highBethe-Goldstone equations for realistic startiffigee) NN
energy proton scattering data that would affect the extractethteractions. TheNA optical potentials result from folding
Svalues at the level of~0.2 fm. A more recent analysis of those effective interactions with the densities of the target
650 MeV proton scattering datd1l] gave S=0.20 nucleus. This folding includes the antisymmetrization of the
+0.04 fm for 2°Pb while that reaction model gave a result projectile-nucleus wave functions and therefore exchange
for 4°Ca that is consistent with theoretical predictions. The(knock-ou} amplitudes are treated explicitly. Consequently

Il. NUCLEAR MODELS AND THE MICROSCOPIC
OPTICAL POTENTIAL
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FIG. 1. Nucleon densities if®Pb. The solid and dot-dashed g 5 Longitudinal elastic electron scattering form factor for

curves in the proton densitigs, portray both the SHF models and 20801, The gata31] are compared to the results of the calculations

the HO models, respectively. The neutron densjiggiven by the made using the SHF1, SHF2, and SKM* models portrayed by the

solid, dashed, dotted, and dot-dashed lines portray, respectively, thyjiq gashed, and double-dot-dashed lines, respectively. The oscil-
SHF1, SHF2, HO1, and HO2 models. The double-dot-dashed "nfator result is portrayed by the dot-dashed line.

in each case denotes the density obtained from the SKM* model.

elastic electron scattering data, which yield information on

the NA potentials inherently are nonlocal. For brevity, we the charge density, which, in turn, gives information on the
term the optical potentials that result from this processproton density. SKX appears to give an excellent reproduc-
g-folding potentials. tion of the charge-density distributidfig. 11 of[15]). How-

Recently, this approach was applied successfully to makever, there is some model dependence in the extraction of the
predictions of the integral observables of nucleon elasticharge density from electron scattering data. It is better to
scattering 14]. Thus, the use of thg-folding optical poten- compare to a representation that is more closely associated
tials gives good predictions to both angular-dependent andith the actual data—this is the plane-wave transform of the
integral observables; a result not guaranteed with the moreharge density shown in Fig. 2. The experimental form factor
common phenomenological approaches. Of import, howevers obtained from the charge-density distribution givem3h
is that the level of agreement with data in tgeolding  Experiment is compared with the SHF1 and SHF2 model
model depends on the quality of the underlying model of thgesults showing a disagreement with data, which systemati-
structure. We seek to use that dependence as a sensitigally increases with momentum transfer. The main feature of
evaluation of the densities considered. the distribution, which affects the higi-behavior, is the

Our theoretical density distributions are based upon theurface thickness. As discussed irb], the SKX interaction
Skyrme Hartree-Fock model fofPb with a spherical appears to have a surface thickness that is a little sharper
closed-shell configuration. It was shown[it] that there is a than that determined from the experiment. We have thus
combination of parameters in the Skyrme Hamiltonianlooked at other Skyrme interactions in terms of the data in
(dominated by thex; parameter, which has a strong influ- Fig. 2 and find that the older SKM* interacti¢f6] is much
ence on the neutron skin thickness, but which are not welbetter than others in this regard. SKM* appears to achieve
determined by the data on binding energies and charge radtihis improvement by a decrease in the power of the density
This combination can be correlated with the pressure in the® associated with the density-dependent part of the interac-
neutron equation of state at normal nuclear deriditylt can  tion from its valuea=1/2 for SKX to a=1/6 for SKM*.
also be related to the surface symmetry end@. The  Coincidentally, SKM* predicts a neutron skin of 0.17 fm,
Skyrme interaction SKX15] was obtained with a constraint which is essentially the same as that predicted by SKX
on the neutron equation of state provided by the FP moddlSHF1 model. This is obtained mainly because thg pa-
[4], which constrains the neutron skin if®b to beS  rameter was set to zero by default, since it is not well deter-
=0.16+x0.02 fm. The results obtained with the SKX model mined by nuclear data.
will be denoted herein by SHF1. If one does not allow for The value ofa is also associated with the incompressibil-
any constraint from a model for the neutron equation of statély coefficient K for infinite nuclear matter, which ranges
then a much larger range &is allowed. In particular, we from K=270 MeV for SKX toK=217 MeV for SKM*. It
use a model that is constrained by the same nuclear properas found in[15] that «=1/2 gave the best overall fit with
ties used for SKX but with a value of the parameters thathe data set considered and that whers decreasedas in
gives S=0.25 fm for 2°Pb. This we denote as SHF2. The the SKXm interaction, which hag=1/3) the overally?
densities for’%Pb obtained from these models, as well as thancreased mainly due to an increase in the contribution from
others considered herein, are shown in Fig. 1. the single-particle energies. It was also argueldLB] that an

An initial test of these interactions is provided by the improvement in the surface properties may require an addi-
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TABLE |. Root-mean-square radiin fm) for protonsr, and [ " " T
neutronsr,, in 2°%Pb. The models are as defined in the text.

0.15| -
Model [ M r—rp .
HO1 5.45 5.83 0.38 4
HO2 5.45 5.61 0.16 .
SHF1 5.45 5.61 0.16 -
SHF2 5.45 5.70 0.25 i
SKM* 5.45 5.62 0.17 m;

«, 0.10 =

tional parameter in the Skyrme Hamiltonian associated with
the next-orded-wave term in the expansion in terms of the
range of theNN interaction. Thus the present models are not
perfect, but they are good enough for a discussion of the
effects of the neutron skin and the surface thickness on the FIG. 3. Nucleon densities if°Ca. The solid and dashed lines
proton and neutron scattering data. We compare results olportray the SHF and HO models, respectively.
tained with three Skyrme interactions SHFE8KX), SHF2,
and SKM*, which will enable us to explore the effect of dius. The density from the SKM* model is given by the
neutron skinfa comparison of SHF1 and SHR®ith a fixed  double-dot-dashed line and, as for the proton density, exhib-
surface thickness, and surface thicknéascomparison of its a larger diffuseness compared to the densities of the other
SHF1 and SKM3 with a fixed neutron skin. Skyrme models. The neutron densities of the HO1 and HO2

We compare our results also with results obtained with thenodels are displayed by the dotted and dot-dashed lines,
simple harmonic-oscillator radial wave functions f8¥Pb,  respectively. As with their proton densities, the neutron den-
which were used in13]. Two sets of oscillator parameters sities of both these models are enhanced in the nuclear inte-
were used. For HO1 we usew=6.70 MeV for both pro- rior over the SHF values. But these HO densities also have
tons and neutrons, which is chosen to give the rms chargecreased neutron probability at the surface. Recall that the
radius of 5.50 fm(a proton rms radius 5.45 fmHO1 has a HO2 model was set to have the same neutron rms radius as
neutron rms radius of 5.84 fm. For HO2 the oscillator pa-the SHF1 prescription.
rameter for neutrons was changed to 7.25 MeV to decrease The SHF(SKX) densities for*®Ca are displayed in Fig. 3.
the rms neutron radius to 5.61 fm so that the neutron skirAlso displayed therein are the densities from the oscillator
S=0.16 fmis close to that obtained with SHF1 and SKM*. model used by Karataglidis and Chadwigck7], for which

The rms radii from all models of the ground state’8iPb  Aw=10.25 MeV. In the surface region, the two models pre-
considered are listed in Table I. All five give essentially thedict essentially the same densities. As these densities differ
same radius for the protons but they vary considerably in thenarkedly only well within the nuclear volume, we expect
radius for the neutrons. The difference between the neutrosome influence on scattering primarily at high momentum
and proton rms radii given in the last column emphasizesransfer scattering results at energies for which absorption
that spread. Note that the HO2 model was chosen to give thiarough the nucleus is not too large. We anticipate differ-
same rms radii as those of the SHF1 model. The neutroences in cross sections for scattering at energies greater than
radius obtained from the SKM* model is similar to those of or equal to 200 MeV and at momentum transfer values
the SHF1 and HO2 models. However, as is evident in Fig. 1greater than or equal to 1 fm.
each model gives distinctive density distributions. The nor-
malization used is such that their volume integrals equate to
the proton and neutron numbers of 82 and 126, respectively.
In Fig. 1, the proton density,(r) of both the SHF1 and We have analyzed both proton atwhere availableneu-
SHF2 models are displayed by the solid curve. The densityron elastic scattering data frorf’Ca and?°%Pb at 40, 65,
obtained from the SKM* model is given by the double-dot- and 200 MeV. The choices of energies were predicated in
dashed line and exhibits a larger diffuseness compared to thEart on the availability of data and of the momentum transfer
densities of the other Skyrme models. Likewise, both thevalues at which those data have been measured. In addition
HO1 and HO2 models have proton densities as given by theur choice was influenced by previous applications of the
dot-dashed curve. These quite distinct shapes neverthelegdolding potentials with those energies being quite success-
give the same proton rms radius. However, they differ in theful [13]. Furthermore, the effective interactions defined for
longitudinal electron scattering form factor as shown ineach energy are quite different due to the energy dependence
Fig. 2. of medium effects in the basig matrices, so that the set of

The five model neutron densitigs(r) are also shown in  NA scattering results we obtain provides a consistency check
Fig. 1. The SHF1 and SHF2 neutron densities are displayedn the various models of the structure used.
by the solid and dashed lines, respectively. They are similar The differential cross sections for 40 MeV proton and
to the SHF2 density having a slightly more diffuse surfaceneutron elastic scattering frof’Ca are presented in Fig. 4.
region; a property that results in the larger neutron rms raTherein, the proton scattering data of McCamtsal. [18]

1 (fm)

Ill. RESULTS
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FIG. 4. Differential cross sections for 40 MeV nucleon elastic  FIG. 6. As for Fig. 4, but for 200 MeV scattering. The proton
scattering from*®Ca. The proton scattering data of McCaratsal. scattering data iifa) are those of Hutcheoet al.[23] (circles and
[18] are compared ia) with the results of the calculations made as Seifertet al.[24] (squares
defined in the text. Inb), the neutron scattering data of de Vito
et al. [19] are compared to the results of equivalent calculations.

and the neutron scattering data of de Vdbal. [19] are Iargher ar(;glles. l? the casg of tf(\je neu(tjrpn Scatte?nr? rgsults]:
compared to the results of the calculations made using SHROth model results agree but underpredict some of the data o

(solid line) and HO(dashed lingmodels. The SHF and Ho Hiort etal. [22]. However, these data are somewhat prob-
model results describe equally well the data, although thejematic as concluded from a recent analyfsig] in which
underpredict the proton scattering in the regions of theseveral sets of data were compared with theory at that en-
minima. This disagreement may be due to problems in speckrgy. A new measurement of this cross section is required to
fying the effective interaction at low energig20]. However, resolve any such problem.

further comment should await the consideration of the com- It is with 200 MeV scattering fronf°Ca, displayed in Fig.
parisons of 40 MeV proton scattering frofi®b. Whatever 6, that we observe significant differences between the predic-
deficiency there may be at this energy does not affect théions of scattering made using the SHF and HO models. For
results we find for, and the conclusions we may draw fromproton scattering that is displayed in Fig(ag the SHF
scattering at 65 and 200 MeV. model result agrees well with the data of Hutchetml.[23]

The 65 MeV elastic scattering cross sectionsfa are  (circles and Seifertet al. [24] (squaresand is a significant
displayed in Fig. 5. Therein, the agreement between thémprovement on the result found using the HO model. This
model results and the proton scattering data of Sakaguchiariation concurs with our expectation that the differences
et al.[21] is now very good; much better than that found in between the inner radial densities of the two models of struc-
Fig. 4. Also, there is a slight preference for the SHF result ature would influence the results of scattering calculations at
higher energies. Taking the results at all three energies, we
believe that the SHF model is a better descriptiorfia.

We now turn t0?%Pb and consider first the integral ob-
servables from nucleon scattering as a test of sensitivity to
the matter distributions of°®b. These integral observables
at 40, 65, and 200 MeV are given in Tables Il and Il and we
note that a study of these quantities with two of these struc-
ture models has been made recefith] for energies 10—-300
MeV. The total reaction cross sections for both proton and
neutron scattering from°Pb are listed in Table Il. Compar-
ing the results of the calculations at both 40 and 65 MeV
with the available proton data indicates a preference for both
SHF, or the SKM*, and HO2 models of the ground-state
density. However, comparing the model results of the neu-
02020 603040 60 80 tron total reaction cross section with the available evaluated

8 (deg) data at those energi¢25] gives a preference for the Skyrme
o models only. The predicted proton and neutron total reaction

FIG. 5. As for Fig. 4, but for 65 MeV scattering. The proton Cross sections at 200 MeV vary sufficiently that their mea-
scattering data ifa) are those of Sakaguckt al. [21], while the ~ surements would be desirable.
neutron scattering data ifb) are those of Hjoret al. [22]. The results of our calculations for the total neutron cross

do/dQ (mb/sr)
=)

NN /T R RRARTTT RN YT AW YT AR WYY AW AT
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TABLE II. Total reaction cross sectiori@ b) of nucleon scattering from®Pb. The models used are as
specified in the text.

40 MeV 65 MeV 200 MeV

Model Proton Neutron Proton Neutron Proton Neutron
HO1 2.07 2.69 2.11 2.32 1.79 1.77
HO2 1.95 2.62 2.00 2.27 1.71 1.73
SHF1 1.89 2.51 1.99 2.19 1.68 1.69
SHF2 1.95 2.55 2.03 2.22 1.72 1.71
SKM* 1.92 2.54 2.01 2.21 1.69 1.70
Expt. 2.01-0.04[29] 2.50[25] 2.02+0.06[30] 2.20[25]

sections are given for the three energies in Table Il and areeutron scattering results of all models to be as alike as they
compared with the data of Finlast al.[26]. For 40 MeV the are.
Skyrme models are preferred, although all results overesti- Recall that the integral observables given in Table Il show
mate the measured value. At 65 MeV the Skyrme modepreference to the SHF and SKM* models of the density. A
results agree well with the data—the SKM* model resultsimilar preference is indicated by the differential cross sec-
doing best of al—and do better than both HO predictionstions for 65 MeV scattering, which are displayed in Fig. 8.
This is not the case at 200 MeV, where all results predict theconsidering the neutron scattering first, all models give simi-
measured value reasonably well. While these total reactiofar results in good agreement with the data of Ibawtikal.
and total cross section results together indicate a preferen¢gg], although above 40° the SHF and SKM* model results
for the Skyrme models, we need additional evidence. Welearly do better. For proton scattering, the SHF and SKM*
consider then the angular distributions of each scattering. models are both in good agreement with each other and with
The differential cross sections for the scattering of 40, 65the data and differ only slightly from those of the HO mod-
and 200 MeV nucleons from’®Pb are presented in Figs. 7, els. As for 40 MeV scattering, the integral observables at 65

8, and 9, respectively. At 40 MeV, proton elastic scattering iSvieV concur with these findings that favor the Skyrme mod-
shown in Fig. 7 and evidently there is little, if any, differen- els of the density.

tiation between the SHF1, SHF2, and SKM* model results. The differential cross sections for 200 MeV nucleon scat-
They all compare well with the data of Blumbeggal.[27].  tering from 2°Pb are shown in Fig. 9. In this case only 200
Note, however, that both the SHF and the SKM* calculatedvieV proton scattering data exig23] for comparison with
results agree much better with the data than do those foungur predictions. Nevertheless, this comparison confirms the

using the HO models of structure. The quality of reproduc-indings from analyses of the lower-energy data, namely,
tion of the data in this case is in stark contrast to what we

found at 40 MeV with“°Ca. If that is to remain a problem
with specification of the effective interaction, then it seems
to be a nucleus-dependent effect. In the case of neutron scat-
tering, the results of all model calculations agree quite well
with the data of de Viteet al.[19]. The results forr’®b are
more distinctive than those fdt°Ca at this and other ener-
gies, but so are the distinctions among the model proton
densities for both nuclei. However, these results indicate that
while the nucleon densities ifP%b are better described by
the SHF and SKM* models, nucleon scattering at this energy
is largely sensitive to the surface properties only. Only in the
surface are the proton densities still sufficiently similar for

do/dQ (mb/sr)

TABLE llI. Total cross sectiongin b) of neutron scattering from T
20%h, The models used are as specified in the text. 0 20 40 60 20 40 60 80

GC.m‘ (deg)

Model 40 MeV 65 MeV 200 MeV

FIG. 7. Differential cross sections for 40 MeV nucleon elastic

HOL 5.10 4.86 3.04 scattering from?%%hb. The proton scattering data of Blumbetgal.
HO2 4.94 4.72 2.97 [27] are compared irfa) to the results from the SHF1 and SHF2
SHF1 4.63 4.61 2.94 models (solid and dashed lines, respectivelyhe SKM* model
SHF2 4.71 4.67 2.94 (double-dot-dashed lingand to the results of the HO1 and HO2
SKM* 4.69 4.63 2.96 models (dot-dashed and dotted lines, respectiveljhe neutron

Expt. [26] 4.392+0.001 4.6340.001 2.996-0.003 scattering data of de Vitet al.[19] are compared to the results of
those models as defined (a).
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I .
20 40 60

FIG. 8. As for Fig. 7, but for 65 MeV scattering. The proton £ g As for Fig. 7 but for 200 MeV scattering. The proton
scattering data irfa) are those of Sakaguchkt al. [21], while the scattering data are those of Hutcheatral. [23).
neutron scattering data i) are those of Ibaraket al. [28].

o consistent with expectations of the SHF1 model nucleus,
that the SHF and SKM* models are better descriptions of thyhich is constrained by the FP neutron equation of state. The
densities of?**Pb. In addition, however, some discrimination only difference between the two models is that of a larger
between the three Skyrme model results is evident at thigiffuseness for the SKM* model, accounting for both the
energy. Of the three Skyrme models, the SKM* model re-agreement between the results and data for both nucleon and
sult agrees best of all with the data while SHF1 does worstglectron scattering. This would suggest a need to extend the
Given that the rms radii from these two models are veryskx models to predict a larger diffuseness, for example, by
similar, the marked difference indicates a sensitivity tOthe addition of ad-wave term in the Skyrme Hamiltonian.
the diffuseness in the density. At this energy, unlike those One should also note that while a measurement of the skin
at lower energies, the neutron scattering results show markeflickness as proposed in the experiment for the Jefferson
differences between the SHF and HO calculations. AgainLaboratory[Z] is important, that quantity is a volume prop-
we expect that this is due to the scattering of the highergrty of the nucleon distributions. Other information is re-
energy probe being more influenced by the bulk nucleagyired to specify a more complete picture of the neutron
medium properties of the densities. Consequently, a meatensity. From our studies it seems that simultaneous analyses
surement of the 200 MeV neutron elastic scattering, angulagf angular and integral observables are relevant. Given that
distribution, and associated integral observables, is certainhhe HO2, SHF1, and SKM* models of structure we have
desirable. used predict essentially the same skin thicknes€%#tb but

give significantly different predictions when used to generate
IV. CONCLUSIONS NA gfolding optical potentials for the nucleon scattering, as
. . well as electron scattering form factors, analyses of comple-
The distinctions among the predictions of nucleon Scatterfnentary nucleon and electron scattering data permit one to
ing from *°%Pb at these three energies, and those found Withiiccarn such finer details of densities
the set of five model structures used, suffice to select the one '
that most likely prescribes the actual matter densities of the
nucleus. A similar conclusion is reached f8fCa for the
models considered herein. Specifically we contend that the This work was supported in part by a grant from the
use ofg-folding potential model calculations can differenti- Australian Research Council, U.S. National Science Founda-
ate between different model structures of the neutron densitijon Grants Nos. PHY-9605207 and PHY-0070911, and DOE
so as to pin down the neutron rms radius far better than haSontract No. W-7405-ENG-36. Two of uS.K. and K.A)
been possible in the past. Also the process gives a googould like to thank the National Superconduncting
appraisal of the actual density distribution. F8fPb, in par-  Cyclotron Laboratory of Michigan State University for their
ticular, our analyses indicate that the SKM* model gives thekind hospitality during part of this work, while another
best representation of the density. Together with analyses @he of us(K.A.) would like to thank the Theoretical Divis-
the longitudinal elastic electron scattering form factor it sug-ion of the Los Alamos National Laboratory for its kind
gests a neutron skin thickness f8Pb of 0.17 fm; a value hospitality.
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