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Nonlocal coordinate space optical potentials for the scattering of 65 MeV protons from nuclei ranging in
mass from®Li to 2*8 have been defined by folding a complex, medium-dependent effective interaction with
the density matrix elements of each target. The effective interaction is based upon solutions of the Lippmann-
Schwinger and Brueckner-Bethe-Goldstone equations having the Paris potential as input. The nuclear structure
information required in our folding model is the one-body density matrix elements for the target and the single-
nucleon bound state wave functions that they weight. For light mass nuclei, very large basis shell model
calculations have been made to obtain the one-body density matrix elements. For medium and heavy mass
nuclei, a very simple shell model prescription has been used. The bound-state single-particle wave functions
that complete the nuclear density matrices are either Woods-Saxon or harmonic oscillator functions. The
former are employed in most cases when large basis structure is available. For light Asels)( Woods-

Saxon potential parameters and harmonic oscillator lengths are determined from fits to electron scattering form
factors. For all other nuclei, we use harmonic oscillator functions with the oscillator lengths set fradP an

mass law. Using this microscopic model, optical potentials result from which differential cross sections,
analyzing powers, and spin rotations are found. In general the calculated results compare very well with data
when the effective interactions are determined from a mapping of nucleon-nigtaatrices. This is not the

case when effective interactions built from a mappindfofe) t matrices are usedS0556-28138)05610-6

PACS numbegs): 25.40.Cm, 24.10.Ht

[. INTRODUCTION tic scattering cross sections, analyzing powers, and other
spin measureabldgl,11]. The optical potentials are formed
A microscopic, coordinate space model to analyze protoy folding the complex effective interaction with nuclear
scattering from nuclei has been develogdd?] from that  one-body density matrix elemen®BDME’s) and a set of
formed earlier by the Hamburg groy]. With this model,  single-particle(SP bound-state functions. For very light nu-
analyses have been made of 200 MeV proton elastic scattectei, modern shell model studid44] not only specify the
ing from a large number of nucléd#], of elastic and inelastic OBDME'’s but also which SP wave functions should be used.
p-1?C scattering over a range of incident energig of  Using this information, calculations of both electron scatter-
charge exchange reactiof8], of the structure of neutron- ing form factors and proton elastic scattering observables
rich nuclei such a®®e [7] and ®''Li [8], and, very re- become predictive, the latter especially when the effective
cently, of proton scattering frori*He [9]. Those light mass interaction and folding procedure are fixed. Otherwise, one
systems usually have been considered as few-body problenean use fits to the longitudinal elastic electron scattering
and the data analyzed with few-body methods. We note alstorm factor to specify the SP wave functions one should use
that microscopic model analyses determined within a moin the NA scattering calculations. ThodgA calculations
mentum space framework for elastic proton scattering havéhen remain predictive as there is no adjustable quantity left.
been made, with varying degrees of succgs®-13. The For heavier nucleiA>16), shell model calculations to date
energies considered by these microscopic analgseth in  have been made only withiniQ space. Therefore we have
coordinate and momentum spade in a “transition” re-  not used electron scattering form factor analyses to select a
gion between low and intermediate energies. For such enedefinitive set of SP wave functions. However, experience
gies, effects of nonlocalities in the effective nucleon-nucleusuggestg4] that harmonic oscillato(HO) functions with
(NA) interaction must be taken into account. Also for theseoscillator lengths following a simple mass rule=¢ A
energies, medium-dependent effects in the nucleon-nucleshould suffice.
(NN) effective interaction, upon which th&tA interaction Whatever the choice of structure input, the folding pro-
is built, are important. When these two facets are taken int@ess leads tdl A optical potentials that are nonlocal because
account in our coordinate space approach, good to excellenf exchanggantisymmetry contributions. In our model, an-
agreement with data is found to measured elastic and inelaisymmetrization of the proton-target system has been taken
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at the two-body level only; i.e., we have used a fully anti- This reduces, by using the partial wave expansions

symmetrizedA-nucleon target wave function and antisym-

metrized each projectile-target nucleon pair. In the past, the u(r) .

resultant nonlocality of the optical potential either was ig- \P(r):% T'IYlm(Qf) @

nored or was approximated by an equivalent local f¢&h

Our calculations of 200 MeV proton-nucleus4) scattering  gn(g

gave excellent predictions of observables but only when the

complete integro-differential forms of Scltioger equations Wi(rr)

were used4]. U(r,r)=> ———ilv(Q)i'YE(Q,), (3
As with our study at 200 MeV, we consider herein only mrr’

the elastic scattering channel but take the spin rotdRiorno ] . . ]

account along with the cross sectiahs/dQ) and analyzing !0 @ set of integro-differential equations

powers A, . Specifically we have considered 50 targets,

namely, the @-shell nuclei 791, B, °C, and °0; n2[ 42 1(1+1)
the 1s0d-shell nuclei®Ne, ?*Mg, 28Si, and3%S; the 10d o —Vc(r)+E] uy(r)
proton-0f 1p neutron shell nucleus?®Ar; the 0fOp-shell Ml dr r

40,42,44,4ta 46,48,59“ SZCr 54,5q:e 59CO and58,60,62,6f\|i.
the 2s1d0g neutron shell nuclef®, °°zr, %100, and jw ) N

- 1. ] ] — W . 4
18n:  the lanthanide nuclei, #+5215§m 169G, 0 () w(rdr @
164py 166.16%r and174178p; the Ohy/, proton-Q g, NEU-

tron shell nucleil’818Hf, 182184y gnd 190s; the mass , . . . .
200 nuclei?®Pb and?°°Bi; and the actinide paif*?Th and The Wi(r,r") contain both the local interaction and multi-
' é:)oles of the nonlocal interaction. Note that, for simplicity,

23 . . . . .
8. Our predictions of elastic scattering from these divers we have suppressed all terms due to the intrinsic spin of the

mass targets are compared with 65 MeV data in all case X . )
with the exception of*''Li, the experimental data for which system. We seek solutions 1bIA scatiering and determine

come from the elastic scattering of radioactive beams o he nonlocal mte_racﬂon_lslNA(r,r_ ) at 6.5 MeVin particular,
y folding effectiveNA interactions with the relevant struc-

those lithium isotopes from hydrogen. Inverse kinematict inf tion. Th btain th M eff.
makes those experiments equivalent to 60 and 62 MeV pro-.ure Information. Thus we obtain the appropriaié etiec-
tive interaction for each nucleus in our investigation from

tons scattering frontLi and !Li, respectively. 5Li to 28 At thi ticul ticinat
We compare predictions obtained from the optical poten- o =L IS particular energy oné may anticipate
tronger influences in analyses of the medium effects defin-

tials defined for each target with the proton elastic scatterin ) . 4 N
g b g the effectiveNN interactions and of the nonlocalities in

data that are available, but only to 80° in the center of mas . . - . .
e optical potentials arising from the folding process than in

In general, the cross-section magnitudes by that scatterin?{ : - ; ! )
angle are typically~1 mb/sr. We do not expect the approxi- : ud|.es of 20.0 MeV scatteririg] W'th. the optical potential
in this coordinate space representation, we use the program

mations needed to make our model practical would be ap-WBA91 [15] to solve the set of partial wave integro
ropriate necessarily in making a prediction of the scattering;. . g, ) i
prop y gap ifferential Schrdinger equations. That code has the further

of lesser magnitude. . . .
g puseful attribute that it can be used to evaluate distorted wave

The paper is arranged as follows. The procedure for o . X . ;
taining our microscopic optical potentials is outlined in Sec..Born approximatedDWBA) amplitudes for inelastic scatter-

I, as are the amplitudes by which we obtain the proton sca ing, given the gpproprlate OB[.)ME and SP Wave'funcuons.
tering observables. In Sec. Il we present and discuss th he MICroscopic optical potentials are_used thgr_em to de‘ger-
results for the scattering of 65 MeV protons from those nu-T1"e the distorted waves and the medium modified effective

N interaction is used as the transition operator. Data from

clei included in the present study. Conclusions are drawn ir) ) ; -
Sec. IV P y inelastic scattering of 200 MeV protons froffLi and '%C

have been well reproduced by using that proced@s#6],
further justifying the scattering theory formulated in coordi-
Il. MICROSCOPIC OPTICAL POTENTIAL nate space.

We develon first the foldi dure by which th To define the nonlocal interaction fdfA scattering in a
€ develop hirst the folding procédure by which thé non-¢ folding model, we must accommodate antisymmetry be-
local optical potentials are specified. From those, the effec,

) . o . . . tween the projectile and every nucleon specified with the
tive NA Interaction Is ol_atamed and we define the ampIItUdeS1nterna| nuclear wave function. We must evaluate multipar-
that specify the scattering observables.

ticle matrix elements of the form

A. Folding process A

> Vo
N=1

In a representation withr ' denoting relative coordinates Upa= < V(... A) w(l,... A)>, 5
between a colliding pair of particles, the Sctlimger equa-
tion describing their scattering by a local Coulon(r),
plus a nonlocal hadroniptical) potential takes the form  with (R|¥(1,... A)) being the many-body wave function
for the ground state of the target and “0” denoting the pro-
— / Ny jectile coordinates. As all nucleons in the target are equiva-
\If(r)—f Urr)w(ridr’. (1) lent, it is useful to choose a specific enff{l” ) and write

ﬁ2
ﬁVz—vc(r)+E
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Upa=A(P(1,... A)[Vid¥(1,... A). (6) N Tfhe optical potential given by this folding process takes
e form

With the many-body state expanded in cofactors,
U(rirsB)= 2 (2j+1) 0,

1 ama’m’
V(l,...A))=—"x am( e P (1, ... A)Y,
YO AN RE el A . x 6<r1—r»Jcpz/m/(s)uD(Rls,E>¢am<s)ds
*
wherea specifies the sefn,|j,¢} and ¢ is the isospin pro- + @orm (T US(R12, E)@am(r2) |, (14)
jection, Eq.(6) becomes
whereR;,=|r;—r,|, andUP and UE* are appropriate com-
binations of the multipoles of the effective interaction for the
Upa= Z <\If|a1,m,aam|‘1') direct and exchange contributions to the optical potential re-
ama'm'’ spectively[3,15]. One then applies the partial wave expan-

X{@prm (1)|V em(1)) = | @am(0))1, 8 sions, Eq.(3).
(@arm (DIVacl| an(1)) ~ | €an( 0} ® A feature in our process of analysis is that all details

. . . . required to make the calculations are preset. In the cases of
when the required antisymmetry with projectile and strucke,7 ; [16] and of 12C [2], nuclear structure information was

nucleon is taken into account. The nuclear structure inforMag, o from shell model calculations in complete mili-
tion required to evaluate the optical potentials is many-bodynces with the SP wave functions set by fits to the longitu-
matrix elements of the particle-hole operators. They are degjn elastic electron scattering form factors. Thus the results
fined by for both the elastic and inelastic scattering of 200 MeV pro-
tons from those nuclei were obtained from single calcula-

mm' MM T (—1)i=m tions. No adjustmentg&uch as those attributed to core polar-
Paaryy, :<W|aa’m’aﬂm|q,>:% ﬁ izationg were needed and most proton excitation data were
’ f well described. With the microscopitcoordinate spage
X{(jmj’ =m’|1 =N} I;M;IN|ItM)S,0r model for 200 MeVpA scattering established for a set of

) Op-shell nuclei, an extensive analysis for many more nuclei
with masses up td%Pb was completed4]. In almost all
, Lo~ i cases single calculations led to excellent reproduction of
’ =(— J=m .
where the OBDME'SS, ./, are[with agm=(=1)"""a,-nl data. Most recenth{9], wave functions from very large
_ oo~ A oo~ A space shell model calculations 8fle were used in success-
SM"_OPJfH[aa’Xaa] ||‘I'Ji)—><\lf3||[aa,><aa] Ivs), ful predictions of the elastic scattering of 200 MeV protons
(19 from that few-nucleon system. In that case the shell model
interaction used also fixed the SP wave functions, and so the

in the elastic scattering cagieom a target with spinl). If J : X
: ; - ; analysis of the electron scattering form factor was also pre-
is nonzero, multipoles from 0 tig,,,,( =2J) contribute. Scat- dictive

tering from light odd mass targets show that these must bée
included[16]. As even-even nuclei all have ground state spin

parities ™) of 0, the required OBDME’s simply are the B. Effective interaction
monopoles The folding procedure to define the optical potential re-
f o~ quires the specification of thBIN effective interaction in
Searo=(Yllla, xa,]1%¥o). (1) ST-channel form and in coordinate space. This effective in-
teraction we take as a mixture of central, two-body spin-orbit
While the angular momentum selection rules requird"  and tensor force attributes, each having a form factor that is
andj=j’, there is no such restriction on the principle quan-a set of four Yukawa functions with complex coefficients,

tum number. The cases whene~n’ signify purely radial je,,
excitations which can only occur in spaces allowing for cross

shell transitions. In those instances, the specification of the e no e (u'n)

full density requires the inclusion of those off-diagonal ele- guie P(r.E)= Z S [p(r),E] ; (19
ments. The diagonal elements reduce to the shell occupan- k=1

cies as

Therein S‘((')[p(r),E] are complex strengths that vary with
(\If|a£,m,aam|\lf>_>5aa,5mm,gaa,, (12 projectile energy and nuclear densiwf(') are the inverse
ranges of the Yukawa functions withthe index for those
whereo, is the fractional shell occupancy as a fully occu- inverse ranges. In principle, the number of strengths and in-
pied shell hasr,,=1. Thus the(diagonal OBDME’s are  verse rangesn) chosen can be as large as one likes, though
given by for all operatorsn;=4 seems to be sufficient to reproduce
accurately the half-off-shely matrices for laboratory ener-
S,e0=V2j+1lo,,. (13 gies between 50 and 400 Md\]. Singular-valued decom-
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position was used to optimize those inverse ranges and co- C. Observables

efficients so that double Bessel transforms of the effective rpere are diverse observables for the scattering of polar-
interaction map accurately to an appropriate set of infiniteeq protons from an unpolarized target. While one may de-
nuclear matteg matrices[17,18 obtained from solution of = fine differing sets, we consider that which involves the dif-

the Bethe-Brueckner-GoldstoriBBG) equation, ferential cross sectiodo/d(2, analyzing poweA, , and two
Wolfenstein spin rotationd andR. These measureables are

(ST, 1 - _\/(JST ’
9 (P pik K ke) =V 77 (p.p") defined in terms of scattering amplitudE$6) [20]. Since
> " the data we investigate were obtained using polarized projec-
= f VIS (p’,a)[H] tile protons, this amplitude is aX22 matrix,
T 0
ngfTQ'D(q,p;k,K,kF)qqu. Eig)— fro A 0)  frpoo106)
(0)=| . At ol (20
(16) 1/271/2( ) 1/2 1/2( )
where where
Q(a,K ky)
H(d,k, K k¢) = (17)

= — —, _ (112 1 —2i6%
E(k,K,ki)—E(q,K, ki) +ie fio 1A 0)=Fc(O)r A 0)+ mg (2J+1)e <%
in whichQ(q,K,ks) is an angle-averaged Pauli operator with X(Sy+Sy=2)r{} 1,40), (21
an average center-of-mass momentkimil7,1§. The ener-
gies in the propagators of the BBG equations include auxil-
iary potentialsU and are defined by and

1 . C
fuo- 112 0) =T O 21 ) + g 2 (23+1)e )

E(q,K k1) =(g?+K?) +| — [ {U(|q+K|)+U(|g—K])},

(18) X (S5 —S))ri 1 0). (22)

m
12

wherein U is the first-order mass operator term. We takeHerer(jgﬂ,z(e) are the rotation matricestC are the Cou-

(IsT ' ; ; ; . . . .
Vi (p.p') to be the ParidNN interaction[19], although  |omp phase shiftsfc(6) is the point Coulomb scattering
there is little difference if one starts with the BohN po-  amplitude, andS] are theS matrices forJ=L+%. With
tential[2]. Details of the techniques involved are given else-these, the elastic scattering observables are defined as
where[17,18|.

Given that theNN g matrices are most easily specified in g
momentum space and the effective interaction form is an Qo _ 2 2
approximation, it is sensible to seek to analy¢@ elastic dQ(tg)_lfl’2 vd O+ [fao- 1 O, 23
scattering with a momentum space solution of the Schro
dinger equation. Such studies have been made using credible

g matrices as inputl1,12 and those results reflect reason- 21m{fy 1 O)FT_1(6)}
able agreement with the data. They also confirm the need for Ay(0)=P(0)= If A0)|2+|f (0)[2 (24
inclusion of medium effects for low and intermediate energy vz 1 V=1

NA scattering. Of note from the momentum space calcula-
tions is the observation that off-shell Kowalski-Noyesa- f £0)]2—|f A0)]2
tios of thet and g matrices vary quite similarly18]. The R(6) =KX ) =K% )= —2* 2= 1 ,
major effect of medium modificationgPauli blocking and f1r2 1 O) 12+ f 12112 6)|?
energy denominatoyss to vary the on-shell values.

The choice of the Yukawa forms for the effective interac-
tion is extremely advantageous when it comes to evaluating,q
the optical potential. Fourier transformation of each of the
radial components of the effectivdN interactions gives a

simple multipole form, so that for the central terms, the Ny i 2RE 10 1A 0) 50 1(0)}
double Bessel transformation that leads to each term in the A(6) =K3(0) = —K(6) = ; 2 It 5
nonlocal interaction can be solved analytically, taking the [f12 1A )"+ [F 12112 0)] 26
form (26
W (ry,ra)ochl i n®r ) (in®r.), (19  CommonlyQ, a linear combination of the Wolfenstein spin

rotations, is measured. It relates to the above by
wherer_ andr. are the lesser and greater iof andr,,
respectively. Q(0)=R(0)sind+ A(6)cosh. (27)
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TABLE |. Table of calculatedpA reaction cross section@n
mb) at 65 MeV.
Nucleus g folding tfolding Nucleus g folding t folding
BLi 234 303 EONi 929 1084
"L 274 343 B2Ni 957 1110 o
oLj 288 388 64N 1011 1158 g
M 408 501 8y 1221 1361 a
g 310 410 %07y 1224 1364 3
e 304 411 %Mo 1318 1450 ©
%0 366 486 Mo 1343 1472 \
20Ne 450 576  %n 1467 1591 o |
ZMg 482 619 144sm 1655 1777 10
28; 533 680  1525m 1768 1881 10 L ,
%23 586 737 1%45m 1782 1893 0 20 40 60 0 20 40 60 80
“0ar 679 859 160G 1804 1918 8, (deg)
“Cca 675 831 164py 1840 1947
2ca 718 872 166y 1834 1941 FIG. 1. The differential cross sectiofleft) and analyzing pow-
440, 757 909 168, 1853 1958 §r739(1r1iLght) from the elastic scattering o_f 65 MeV protons from
s8eq 829 977 A 1888 2007 R |..The data(dot9 gre compared with the result§ of our mi-
croscopic model calculations for the cases when medium effects are
46T 761 923 178t 1920 2022 included (solid curve$ or are ignoreddashed curves Data were
48Tj 799 956 182y 1936 2043 taken from Refs[22,23.
50T 835 990 1920s 2019 2117 _ _ _ o
520y 843 999 1970, 2024 2110 two calculauo_ns. They differ only in the specnﬂcauon _of the
SiFe 853 1011 2%pp 2102 2102 optical potential. The results obtained with the effective in-
56 2o teraction built from theNN g matrices folded with known
Fe 888 1044 Bi 2109 2196 density profiled21] are displayed by the solid curves while
%Co 924 1078  #%Th 2262 2339 those found using the frelN t matrices are displayed by
58N 895 1053 238y 2270 2346 the dashed curves. For simplicity we designate the results as

being obtained from calculations made usipplding and
t-folding potentials, respectively. The data come from Refs.
. RESULTS [22-33 with specific reference made in the figure captions.
For completeness, the total reaction cross sections obtained
In the following subsections, we display the results of ourfrom our calculations made with thgfolding andt-folding
calculations of the elastic scattering of 65 MeV protons frommodels are presented in Table I. Clearly the effect of the
many target nuclei and place them in comparison with exnuclear medium is to reduce the expected total cross section.

perimental data wherever such data exist. The results arghe cross sections increase in a consistent manner with mass
subdivided into four sections. First, we present the scatteringgr most nuclei. However, it is interesting to note that the

from the light nuclei,’Li to *°O, for which OBDME’s have result for 1ILi is considerably larger than that fofB. Al-
been obtained mostly from large space shell model calculahough thellLi calculation was made for 62 MeXat which
tions and for which SP wave functions have been determineghere is differential cross-section datather than 65 MeV,
from fits to the longitudinal elastic electron scattering formpe energy variation is insufficient to explain the resulting
factors. Then we present and discuss the results obtainegho increase in the total cross section. Rather we attribute

i i i Of 64n (i . .
with medium mass nuclei, frori’Ne to ®Ni. For those nu-  that substantial difference to the extended nature of the halo
clei the shell model calculations were performed in completeycleus.

0% w spaces, except for those in the middle of fipeshell
where the dimension of the basis becomes prohibitively large
for matrix diagonalization techniques. In those cases, a re-
striction on the number of nucleons in thé-@ orbit was The results of our calculations of the elastic scattering of
placed on the model. The oscillator length for the HO SP65 MeV protons from light mass nuclei are shown in Figs. 1
wave functions used was set A%° (in units of fm). In the  and 2. The differential cross sectiods/d{) and analyzing
third section, we present the results for the scattering fronpowersA, are displayed in the left and right panels, respec-
heavy nuclei, and in which the nucleon occupancies ardéively. The target is identified in each segment of the dia-
those given by a simple packing model. Again we use HOgrams. The ground state wave functions were obtained, for
wave functions with an oscillator length given By® fm as  the most part, from shell model calculations made within a
the SP functions. In the final section, we consider the changsomplete (O+2)ni®w model space. The exceptions were
ing structure of the observables across the mass range.  ®Li, for which the wave functions were obtained in a com-
For each of the cases discussed, we present the results giete (0+2+4)% w spacg16]. The SP wave functions were

A. Light mass nuclei (A<16)
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binding energy for the P,,, and higher shell neutrons set to
500 keV[8]. The WS functions assumed for the;@ and
Ops, orbits were those used fotLi, consistent with the
model for ILi of a two-neutron halo outside dLi core.
With that prescription, our prediction adequately reproduces
the data, although it slightly overestimates the cross section
at the small scattering angles. Even so, using such a simple
model to describe the halo nature of this nucleus produces
results that give us confidence to use proton scattering to
study the matter distributions of other neutron and proton-
rich nuclei.
We note in passing that for a target with nonzero spin it is
essential to include all multipole contributions in the scatter-
8, . (deg) ing, as is the case with all the lithium isotopes. In ELp),
there are 2+ 1 possible multipoles in the specification of
FIG. 2. As for Fig. 1 but for''B, 2C, and®0. Data were taken the ground state. The contributions of nonzero multipoles are
from Refs.[24-27. not large, but they are important. The analyzing power is

d 1o be of Wood ‘ q h especially sensitive to them, as is most dramatically seen in
assumed to be of Woods-SaxAn'S) form and were chosen he vegyits for proton scattering frofBe [4,35].

to reproduce the longitudinal elastic electron scattering form 1o asuits for scattering fromB, 12C, and O are

factor da.ta. Foﬁﬁo, HO funct!ons were used.. resented in Fig. 2. Fot'B, our predictions compare least
The dl_fferentlal_cross sections and analy_zmg POWETS fo avorably with the data, although the cross section and ana-
the e_last|c sca_\tter!ng of protons from_ four Ilthlum ,'SOtOpeSIyzing power still are well described out to 40°. Above this,
are displayed n Fig. 1. In Fhe case E.m‘ our prgdlctlon of the predicted cross section falls at a slightly greater rate than
the cross section made with tigefolding potential has the that indicated by the data. However, the effects of the me-
correct shape but it is slightly weaker than the data. This i%ium modifications in the effectividN i}wteraction are essen-
not the case a_t 200_M8M6]’ where the data are well repro- tial for any adequate description of the analyzing power.
duced. The slight dlscrepancy at the lower energy may t_Je fith the other nuclei, thg-folding model predictions are all
consequence of the defor_mat|on of the target and the fa'lursery good. They are clearly better representations of the data,
of the shell model, even in the (02+4)iw space, to re- especially the analyzing powers, than are the results found

producg t,he cluster nature of tHi nucleus[l.6]. Yet, al- with thet-folding model. Note that the range involves at least
though®Li does not have a large central density, the changeg, ae orders of magnitude in the cross section.

as a result of the medium modifications contained in ghe
matrix are quite significant. This is observed in comparison
to the results obtained using théolding potential. The mea-
sured cross section is not reproduced as well with that result While for light mass nuclei it is now possible to make
as with theg-folding one, although the discrepancies are notshell model calculations using large and complete spaces, for
large. However, as noted previou$B,11,34, the analyzing 1s0d- and Of1p-shell nuclei, such “no-core” determina-
powers are very sensitive to the details of the density in thdions of the shell model wave functions as yet are not fea-
folding. We find this to be the case again, and at 65 MeV sible. The size of the spaces necessary are prohibitively
with all of the light nuclei. Our results of scattering frofhi large. For a number of nuclei, however, it is still possible to
are better, as now our prediction for the cross section obeonstruct complete Bw-shell models for use in analyses of
tained using theg-folding potential is only marginally elastic scattering data. Those models still require core polar-
weaker than the data. The analyzing power is also well reization corrections and hence the use of the density matrices
produced out to 80°. in analyses of electron scattering data may not be as good a
For °Li, the medium maodification effects on the cross check on the SP wave functions as with thg$hell nuclei.
section are quite pronounced. In this case, it is essential tbherefore we have assumed HO functions wAtH® fm for
use the results frorg folding. Currently there are no data for all subsequent calculations of the proton scattering observ-
the spin observables or for form factors from electron scatables for nuclei withA=20.
tering for the exotic nuclei so that the proton cross section The results for the elastic scattering of 65 MeV protons
represents the best available test of putative structures. In thisom 2°Ne, Mg, 28Si, and 3?S are presented in Fig. 3. A
case, as for'lLi, the density profile was obtained directly complete @ w- (1s0d)- shell model calculation was per-
from the shell model ground state. Also, in the absence oformed for all nuclei. The results of oug-folding model
any electron scattering data, we used WS SP wave functiorealculations reproduce the cross-section data for the scatter-
appropriate for electron scattering frofBe. With such a ing from 2*Mg and 2Si well and at all scattering angles to
specification, the result obtained from tpdolding potential  80°. For ?°Ne, the description is accurate to 60° at least.
is remarkably good. However, for scattering front2S, the level of agreement
The final results shown in Fig. 1 are féfLi as the target.  with the cross-section data is less than satisfactory. Also, in
This nucleus has a halo distribution associated with the vergll cases, the level of agreement between the results of our
loosely bound valence neutron pair. To allow for this exten-calculations using thefolding model and the data is poorer.
sion in the density we use WS SP wave functions with theThis poor reproduction we find from oggfolding model to

do/dQ (mb/sr)
=

0 20 40 60 0 20 40 60 80

B. Medium mass nuclei(16<A<64)
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FIG. 4. As for Fig. 1 but for*°Ar and “°Ca. Data were taken
from Refs.[26—-28.

while “%°Ar has been taken as two proton hol@s the ds,
subshell with two extra core nucleongn the f, orbit) on
that doubly closed shell description. The agreement with data
for the scattering fronf°Ar is good to 60°. The differences
between the Ar and Ca results are consistent with observed
FIG. 3. As for Fig. 1 but for’®®™Ne, Mg, 2%Si, and®%S. Data  differences in the data sets and reflect the effects of surface
were taken from Refg26,27]. contributions revealed by a change of basic structure from
the closure of a major shell.
In the case of*°Ca, ourt-folding model results are quite
milar to those obtained recently in a momentum space

the *’S cross-section data cannot be due simply to the;

choice of o_scnlator Ien_gth. The cross-section data 8 framework [13], while our g-folding model results agree
ha\jg magmtudes considerably larger than t.hOSégsr (and quantitatively with those found using @amatrix in another

of "Ar, which we show nextfor small scattering angles and 1, mentum space calculatiphl]. These differences empha-
vice versa for Iarger scattering angles. It _is k.nown that thesgj, ¢ that one cannot neglect the importance of the medium in
150d-shell nuclei are deformed and thi6 is different from specifying the effective interaction, whether it is for scatter-
the others. That is evidenced B¥S not having the distinc- ing at 200 MeV[2] or at 65 MeV[34].

tive splitting of the giant dipole resonances that occur in' “The results of our calculations using tgeandt-folding
*Mg and *Si. The different deformation of’S might ex-  odels are compared with data for the case of scattering
plain the difference we see in the quality of reproduction ofqom the heavier calcium isotopes in Fig. 5. As with the
the scattering data. Certainly when a phenomenological oRghter nuclei, we again note that the results found using the
tical model analysis was used to fit the same scattering dat%ptical potentials specified in thgefolding model are in ex-

the parameters required_to fit tHéS data were quit_e differ- _cellent agreement with the data up to 70°. Again those re-
ent from those found with data off the neighboring nucleigjis gifer markedly from ones obtained using the optical
[26]. As with the results presented for the light nuclei, the potentials in the-folding model. Also, the trend in the ana-
differences between the results obtained usinggh@nd |y;ing power noted earlier is observed in the calcium iso-
t-folding models are far more significant in the analyzingiqnes. However, there are more pronounced minima in the
powers. In all cases, those results obtained witlgthelding ross sections, and the analyzing powers show a new mini-
models reproduce the data well. We also note that there is @ developing at small scattering angles.

definite trend in the size and shape of the data as one in-
creases the mass of the target. The data indicate a sharp rise

from 0 at 0° to a maximum near 1 followed by a fall and a 10
second peak of similar character. The first peak becomes 10 r
more forward peaked as the mass of the target increases (60° 10° I
for ®Li, 30° for 28Sj). This could be used as an indicator for
optimum SP wave functions, as small changes in the HO
parameter produce shifts in the position of this peak in the
analyzing power.

The results for the elastic scattering of 65 MeV protons
from “°Ar and “°Ca are displayed in Fig. 4. The analyzing 10° -
powers have small differences with the most notable being a i
small shift in the angles of structures. The differential cross 10° L
sections also are different with the position and size of the
prominent peak being the primary effect. FOAr, that fea-
ture occurs at 33° and has a value of 60 mb/sr. 46, the 0,,,(deg)
result is 44 mb/sr at 36°. For both these nuclei, a “packed”
model of their structure has been used in our analyses. Spe- FIG. 5. As for Fig. 1 but for*>***Ca. Data were taken from
cifically “°Ca has been taken as a doubly closed shell nucleugefs.[27,28.

do/dQ (mb/sr)
=

0 20 40 60 0 20 40 60 80
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FIG. 6. As for Fig. 1 but for*®*85%j and 52Cr. Data were taken FIG. 8. As for Fig. 1 but for"®60628{ji Data were taken from
from Refs.[27,28. Ref.[27].

The results for the Scattering froﬁ?y48'56|'i and 52Cr are did in our 200 MeV analysi@4]. Nevertheless, in every case,
displayed in Fig. 6. The agreement between the data for thée results obtained in ttgefolding model are in much better
scattering of 65 MeV protons from the titanium isotopes andgreement overall with the data, especially with the analyz-
the results from oumg-folding model calculations is quite ing powers, with the level of agreement being actually quite

good to 70°. That level of agreement is not observed in th&00d. _ _ _
case of scattering fron??Cr; the data are underpredicted  The trends in magnitudes and shape of the data with mass

above 45°. However, the Shape indicated by the data is b main and are enhanced with this set of nuclei. NOtably the
far better reproduced by thg-folding result than thet- irst minimum of the cross section becomes more pro-
folding one. This underprediction at large angles is observeounced as does the first minimum in the analyzing power.
in the scattering fron?*>%e and®°Co, displayed in Fig. 7,

and also in the scattering from the Ni isotopes, displayed in C. Heavy nuclei(A>64)

Fig. 8. In these cases, a completed)shell model calcula- For nuclei with mass in excess of 70, shell model calcu-
tion is not possible with the standard diagonalization techyations, even in restricted spaces, generally are not feasible.
niques; those are only calculable in an approximate fashiofpe increase in the number of valence nucleons and an in-
using Monte Carlo techniques. For the present calculationg,rease in the number of SP states that may be occupied cause
the model space in the shell model calculation was restrictegha dimension of the model space to become prohibitively
to close the @, orbit. This could cause the observed dis- large. Therefore, we have chosen a simple packing model to
crepancy with the data. Also, the choice for the oscillatorghecify the OBDME's. In that model, nuclear shells are filled
length might not be optimal. One could choose totsby a iy sequence from the lowest lying shells to the Fermi level.
best fit to the cross-section and analyzing power data, as Wgs the results of our calculations are not particularly sensi-
tive to the diffuseness in the nuclear density in this mass
region, this is not a bad approximation. A more important
feature is the choice of the oscillator length for the single-
nucleon bound-state functions. Again, we have cholsen
=AY8 fm for all shells. A more reasonable approach would
be to assume a different oscillator parameter for the protons
and neutrons. By that means, the proton and neutron total
distributions could be kept similar despite the neutron ex-
cesses.

The results for the scattering fron§%y, °°Zr, and
98.1%0\10 are displayed in Fig. 9. For the four cases presented,
the cross-section data are well reproduced by gtolding
‘ , , , , , model predictions to 50°. Thereafter, our results slightly un-
0 20 40 60 O 20 40 60 80 derestimate the data in the region of the minimum-&5°.

0, (deg) While thet-folding model results give similar shapes for the
- cross sections, the second minimum at 35° is an order of

FIG. 7. As for Fig. 1 but fo**%Fe and®°Co. Data were taken magnitude deeper than that observed and also as predicted by

from Ref.[27]. the g-folding model result. The differences between the two

do/dQ (mby/sr)
S
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FIG. 9. As for Fig. 1 but oy, °zr, and °81°Mo. Data were

H 6 16 166,16
taken from Ref[27]. FIG. 11. As for Fig. 1 but for®%Gd, %Dy, and ¥r. Data

were taken from Ref429-31].

models are far more striking in the comparisons of the aNA152,1545 1, gata. The same level of agreement is achieved in

lyzing powers. Theay-folding results are in very good agree- .
ment with the data to 50°. The results obtained with thetﬁfo%?ﬁlyzég%ﬂg\g;:z b?'thvéeigr;h: g?;?n:t?g [;fsfglrfnfégmbg_]e
t-folding model definitely are not. The latter do not repro-g 9 '

tween theg- andt-folding models is observed in the analyz-

duce the shape or the magnitude of the data. It is interestinﬁ]] ower as was the case with the results in the mass-90
to note that the region in which the analyzing power is un'reggign

derestimated by thg-folding results is also that in which the __We show comparisons of our model predictions with data

cross section is underestimated. Since the analyzing powerfgr the scattering from nuclei ranging betwed#Gd and

scaled by the cross section, an improvement in the level ofgg ,, ;. )
agreement in the cross section in this region may also pro- oH.f in Figs. 11 and 12. The level of agreement in the cross
duce an improvement in the analyzing power. section betwe_en the data and @éol'dlng quel resul'ts is
Our g-folding model results are compared with data for 29ain very high. The results obtal_ned using tHelding .
the scattering of 65 MeV protons from8Sn and model have a tendency to underestimate the data, especially

144,152,156 m in Fig. 10. For these cases, the first two minimaat the minima above 40°, and do not predict the locations of

n the ross-secton et are very well reproduced by tW°%¢ T, Neverieless, the siape of e rosececton
g-folding model results as is the third minimum in the 9 y P | 9

not reflected in the comparisons of analyzing powers. The

10*
10°
10° +
10*
£ = 10t
R (™
) Z
Ka) L
E}E/ £ 10
4
3 % 10" r
© = 2 |
o _8 10 :
10° t
10* t
10° ¢
10° ¢
0
0., (deg)
FIG. 10. As for Fig. 1 but fort*®sn and'#+1%215%6m_ Data were FIG. 12. As for Fig. 1 but for"*1%b and 1"818Hf. Data were

taken from Refs[25,27,29. taken from Refs[31,32.
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taken from Refs[30,32. 0 2'0 4‘0 6'0 0 2'0 4‘0 6‘0 30

0., (deg)
FIG. 15. The analyzing powe&, from the elastic scattering of
5 MeV protons fromt?C, 0, “°Ca, %8Ni, *°zr, 1!8sn, 1%4Sm,

g-folding model predictions are results that generally reflect

the data, although there might be some suggestion from th

comparisons with the low angle data that larger oscillato 20 .

lengths are preferable. Theolding model ones reproduce ar_ld 8Pb'. The datadoty are compared with the resu".s of our
microscopic model calculations for the cases when medium effects

neither the magnitudes nor the shapes of the data. . ; )
. 218 19 are included(solid curve$ or are ignored(dashed curvgs Data
The data for the scattering froitP>!*W and **Os are | " 1aven from Refd25-27,29

compared with oug- andt-folding model predictions in Fig.
13. The level of agreement with the cross-section and anaude. However, the slight differences in the positions of the
lyzing power data for the scattering from the W isotopes is asninima between the cross-section data and our predictions
observed for the cases discussed already. The results for teaggest that the choice of oscillator wave functions is less
scattering from%2Os are a little perplexing. The data sug- than optimal. Yet the comparison with the analyzing power
gest a somewhat weaker cross section than those for the elatata is remarkably good in tracking the shape and positions
tic scattering from neighboring nuclei. Yet the shape andf the minima. It is clear once more that the effects of the
magnitude of the analyzing power is similar. Qg#folding  nuclear medium in defining the effectin¢A optical poten-
results overestimate the cross section by 60—-70% at lowial are quite important. While théfolding model results
scattering angles. track the positions of the maxima and minima in the analyz-

We compare the results of our microscopic optical modeing powers to some extent, they fail to reproduce the ob-
calculations with the data for scattering from nuclei wkh served magnitudes. This is also reflected in the cross sec-
>200 in Fig. 14. All the data, for both the cross section andtions, where the positions of the minima also are not
analyzing power, show similar structure, with which axr  reproduced.
folding model results agree well in both shape and magni-

D. Mass dependences of spin observables

In Figs. 15 and 16 we display the analyzing powers and
spin rotations(R) for the scattering of 65 MeV polarized
protons from a set of eight nuclei ranging froffC to 2°%Pb.

The curves represent the same model predictions as given in
the preceding figures. One can see from Fig. 15 that the
structure of the measured analyzing power changes in a con-
sistent way as the mass of the target increases. Indeed, the
depth of the first minimum and the sharp rise between this
and the next maximum become more pronounced with target
mass to'*8Sn. As the target mass increases, the magnitude of
this minimum and of the following maximum is greatly sup-
pressed. The absolute value of those minima and maxima
approaches unity for the heaviest nuclei. As noted in the
discussions of individual results, thgefolding calculations
predict observed analyzing powers very well and at scatter-
ing angles for which the cross-section daigually of mag-
nitude>1 mb/sr) also are well reproduced.

There is a limited set of measuremeh®s] of the spin
rotations for the elastic scattering of 65 MeV polarized pro-

FIG. 14. As for Fig. 1 but for’%%Pb, 2°Bi, 2°Th, and?%®.  tons from nuclei. These are displayed in Fig. 16. For the
Data were taken from Ref§27,33. lightest four nuclei presented, the comparison between the

do/dQ (mb/sr)
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do/dQ(mb/sr)

0, (deg)
FIG. 16. As for Fig. 15 but for the spin rotatidR. Data were
taken from Ref[25].

. i . 9, ,,(deg)
g-folding modgl results and data_ is quite good. Those results FIG. 17. The differential cross sectioftep), analyzing powers
from thet-folding model calpulatlons do not match observa- (middle), and spin rotatior(bottom) from the elastic scattering of
tion as adequately. The differences betweenghandt- gg ey protons fronPeNi and 2°%Pb. The datddots are compared
folding models are far more pronounced with the scatteringyih the results of our microscopic model calculations when differ-
from the heavier targets. While tigefolding model results g oscillator lengths for the bound-state wave functions are used.
again give reasonable agreement with the datat-tbieling  The solid lines represent te= AL choice displayed previously
model results fail to reproduce both shapes and magnitudegt.97 fm for 58Ni, 2.43 fm for 2°8Pb), while the dashed curves
Indeed, that model predicts a maximum-aR0° in the spin  represent fitted values fdr (1.87 fm for %8Ni, 2.35 fm for 2°%Pb).
rotation for the scattering from®Zr and 1'83n; the data in- Data were taken from Ref§25,27.
dicate a minimum at that angle and such is predicted by the
g-folding model. While there are no data for the scatteringorbits. The improvement in the results with the new SP wave
from 5%Sm, that difference between the models is also apfunctions is very evident. There is much better agreement
parent. Also, by this mass, the first minimum has almosbetween the calculation and experiment for both nuclei, al-
disappeared. In the case of scattering fré#Pb, the result though the position of the minima in the cross section for the
obtained from theg-folding model reflects the shape of the scattering from*®Ni is greater than observation. Using these
data, although it overestimates the observed magnitudeew sets of wave functions, one observes now much better
above 30°. A possible improvement to this result is to use &greement with the data for both spin observables. In the

different set of SP wave functions, as is discussed below. case of?%®Pb, the significant improvement in the spin rota-
tion has been achieved with only a 3% decrease in the oscil-

E. Effect of varying the oscillator length lator length.

For the descriptions of the scattering for all nuclei up to
and including?®Ne we have used SP wave functions which
have been set by fits to electron scattering data. For heavier Optical potentials for the elastic scattering of 65 MeV
targets, SP wave functions of HO form with=A® fm  protons from nuclei have been obtained by folding medium-
have been used. In general, this choice has produced vedependent effectivélN interactions with a specification of
good results in comparison with data, but it is instructive tothe ground state for each nucleus, and also with SP wave
investigate the sensitivity of our calculations to variations infunctions of either WS or HO form. Those optical potentials
that choice. For this example, we compare the results of tware complex and nonlocal and the scattering phase shifts and
g-folding calculations with scattering data frodfNi and S matrices, from which predictions of the measured quanti-
208 in Fig. 17. Therein, the solid line shows the results ofties were obtained, result by solving the relevant nonlocal
our calculations made using the standard value, that is, 1.93chralinger equations.
fm and 2.43 fm for®®Ni and 2°®Pb, respectively. The dashed  We have obtained good to excellent agreement with scat-
lines display the results obtained when the oscillator lengthering data from targets ranging frofiLi to 2°8 using the
was chosen to give a much better fit to the cross-section dataptical potentials so defined. The framework by which the
Note that these choices are predicated on the simple structuresults were obtained is entirely parameter free; no adjust-
models assumed for both nuclei. Specific shell effects arenent of any part of the input was necessary. Thus the non-
expected to have some effect on the predictions of croseelativistic mean-field theory fopA scattering based upon
sections. The revised parameters are 1.87 fm and 2.35 fm fahe infinite matterg matrices is reliable for proton energies
%8Ni and 2%%PD, respectively. Those lengths were used for alldown to 65 MeV. This gives encouragement for these tech-

IV. CONCLUSIONS



2260 DORTMANS, AMOS, KARATAGLIDIS, AND RAYNAL PRC 58
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