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Existence of a nonlocality in the nucleont®O optical potential and its physical origin
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The cross section and polarization for nucleon elastic scatteringforhas a minimum at large angles and
low energies that cannot be fitted with phenomenological or microscopic local optical potentials. Inclusion of
exchange terms, e.g., knock-on and heavy-ion exchange, also failed to reproduce this minimum. However, it
has been well fitted previously with a parity dependgémtal) optical potential. It is shown here that this parity
dependence simulates, at least in part, the nonlocality due to channel coupling.
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The elastic cross section for neutron or proton scattering Since %0 could contain substantiat-particle clustering
from the nucleus of%0 exhibits a minimum near 120° at in its ground state, and since the nuclearparticle (Na)
incident energies between 10 and 60 MeV, which cannot becattering cross section has a strong minimum at backward
fitted by a local optical model, in spite of many attemptsangles, the possibility exists that the poor fit of'f@ scat-
[1].} Elaborate microscopic optical potentials, based on foldtering theory to experiment could be duedoclustering in
ing a nucleon-nucleofNN) G matrix over the ground state '°0. This a-clustering feature was also mentioned in a study
wave function of the nucleons in the target nucleus, that givg11] of 96 MeV elastic neutron-nucleysA) scattering as a
excellent parameter-free fits to the elastic cross sections argbssible mechanism for explaining the discrepancy between
polarizations for most nuclg2—4] also fail to fit the back- conventional theories and experiment of thé’C cross sec-
ward angular distribution for closed shell nuclei, such®  tion near 40°. However, for the case 0f'°0 scattering at
40Ca, and*®Ca. Explicit inclusion of the exchange or Fock low energies this clustering mechanism was ruled[®8} as
term for neutron-oxygefin-60) scattering was also consid- follows. The scattering of nucleons from a He nucleus was
ered[5], but the effect of these nonlocal Fock terms could beanalyzed with a parity dependent potential of the form of Eq.
simulated[5] by a smooth angular momentum independent(1), and large values for the potential” and W were
local potential, and also provided no better fit to the crosgound [13]. It could thus be possible that tHedependent
section than the optical model ones. These poor fits are illugsotentials for'®0O arise from a remnant of the parity depen-
trated in Fig. 1. dentN- « potentials, due ta-clustering in't0. TheV\® and

. . ]

However, a parity dependent potential was fofifithat  \p/@ potentials of Ref[13], with j=1,2, were folded over a
produced an excellent fit to the whole angular and energfarmonic oscillator distribution of particles in the nucleus
range of the differential cross section and polarization ofys 160, and the result is denoted ‘&f$ andV\/j’, j=1,2[12].

|foroton—oxygen(p—160) scattering. This potential is of the The result shows that neith@,(r) nor Wi(r) has a positive
orm

V(r) = Us(r) + (= DU,(r), (1) 1003

=N
o
!

where L is the orbital angular momentum of the incident
nucleon relative to the center of mass of the target nucleus,
and the potentials);=V;+iW;,j=1, 2, arecomplex functions

of the radial distance. These potentials were obtaingg]
phenomenologically by an “inversion” procedure especially
developed for such fit§7]. The existence of parity depen- 0.1
dence has been found previou$B;9] and has been found e,
necessary to fit the back-angle scattering cross sections for 0 20 40 60 80 100 120 140 160 180
a-particle neor(a-2Ne) collisions[10], but has not before Angle (deg)

been brought out in as clear a form as in the work of _ _ o _
Cooper and Mackintosfs,9]. FIG. 1. Various unsuccessful fits to the elastic differential cross

section for 20 MeV neutrons scattering froffO. The solid line
includes heavy-ion exchangglb]; the dashed line includes
The author is grateful to Dr. Daniel Horen for performing many knock-on exchangg5]; the circles represent the experimental re-
searches of optical potentials to fit tjel®0 data, achieving no sults of Petleet al.[1]; and the dotted line is a conventional optical
reasonable results. fit from Ref. [1].
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value at small distances, contrary to what is the case for thpling has a crucial effect on elastic scattering, even though
parity dependenp-1%0 potentials of Ref[6]. In spite of the  that study is focused mainly on the low energy resonances.
fact that the parity dependent potentiglgr) andW,(r) have  The theories mentioned above will ultimately lead to reliable
a large effect on the cross section, in that they shift the sednclusion of the various many-body effects on the optical
ond minimum to somewhat larger angles, the fit to the ex/nodel potential. Nevertheless, a parity dependence of the
perimental cross section is nevertheless inadequiere-  form of Eq.(1) is a simple phenomenological way to include
gardless of whether the strength of the imaginary centrafoupled channel effects, as will now be justified.

potential W\'®(r) is artificially increased, or whether the forgétjogz-g]msievlgr(;?lc:ziog (())f f%?ﬁﬂgm Sr()l:)pslgn%f"\éis Ifceitrl-
spread of thex-particle distribution is artificially reduced to Y g purp plicitly

) . ; exhibiting the corresponding nonlocal optical potentials in
smaller distances in an attempt to shift the second cross Sefie elastic channel. It consists of between six and ten chan-

tion minimum to the larger angles where it occurs experie|s coupled to each other and to the elastic channel. The
mentally. _ o diagonal potentials are of a Gaussian form, and the coupling
What physical processes give rise to théependence of potentials are described as derivatives of Woods-Saxon po-
Eg. (1), found in Ref.[6]? It is known that this type of tentials restricted to the surface of the nucleus. All potentials
dependence does occur as a result of heavyc@ncore  are real. A basis set of positive energy Sturmian functions
exchange in the resonating group mofi4] description of  [27] was used to expand the wave functions in all channels,
heavy-ion scattering, but its effect is large only when thesince such a basis enables one to avoid the use of the com-
mass difference between the projectile and target nuclei iplicated projection operators and permits one to calculate the
small. This is not the case for O scattering, and indeed, optical potential that replaces the effect of channel coupling
explicit inclusion of heavy-ion exchange for'%0 scattering [27,25. Three-dimensional plots of the resulting nonlocal
at the low incident energies envisaged hé26—60 Me\j  optical potentials indeed revealed hrdependence and the
did not lead to an improved fit to the experimental ddts. ~ imaginary parts exhibited a positiveemissive “collar”
It is the purpose of the present paper to show that a proceg$ound the main negativ@bsorptive pieces. The latter oc-
that can give rise to potentials of the form of Ed) is  Curin the radial region where the coupling between channels

virtual excitation of states of the target nucleus during theS 1argest(at the nuclear surface in the toy exampléhe

scattering process. This dynamic polarization of the targeEMiSSive collar is due to the reinjection of flux into the elas-
gp y P 9 tic channel(a portion of that flux had been previously di-

nucleus by the incident nucleon is described by the occur- . : . ;
rence of coupled channels in the Schrédinger equation. Thi$S"ted Into the inelastic channgls reduction of the absorp-
' ion from the incident channel in the presence of coupling to

I:n:jhz gﬁaz?j (t)??r:ea tf/gg;eg:?lg Egt;vsizgliguzgnilinCcOeutF;:gl%ther c_hannels was also ob_serveq in deuteron-.nucleus elastic
X _ hy _ scattering calculation$28], in which the coupling to and

meLchamsms no_rmally held respon_S|bIe for giving rise toamong breakup channels was explicitly included.

(-)~-type potentials, such as heavy-ion exchange, and possi- A method developed by Fiedeldey and collaborafag

bly a-particle clustering, were ruled out for this'°0 case. o obtain local potentials equivalent to nonlocal ofe&P),

As is well known [16], optical potentials which are sych that the nodes of the nonlocal and local wave functions
equivalent to coupling tevirtual) excited states are nonlocal, coincide(but not their magnitudgswas applied to the toy-
and the local equivalent potentialsEP) which are equiva- model channel-coupling ca$80]. In this method the LEPs
lent to the nonlocal ones are both angular momentum andre obtained from radial derivatives of the Wronskian of two
energy dependent. The calculation of the polarization potenndependent solution@n the elastic channgbf the coupled
tials [17] involves complicated projection operators, and isequations for each incident angular momentunseveral of
difficult to carry out other than in special cagés]. Aclosed the resulting LEP$30] are reproduced here in Figs. 2 and 3.
form expression for the polarization potential due to virtualThey oscillate around an average smooth potential, and the
Coulomb excitation of low-lying 2 states for scattering of maxima for a particular value df fall on top of the minima
heavy ions has been given befdd9], and aL dependence for the neighborind-. This shows that the radial dependence
of such a potential has also been foy2€). A direct calcu-  of the LEPs is very well approximated by parity dependent
lation of the elastic scattering in the presence of channetxpression of the form of E@l) for the low values ot.. The
coupling to giant quadrupole resonances did produce signifidescription of the LEPs in terms of E@l) is not perfect,
cant corrections to the scattering at large angles in nucldiowever, because the deviation of the LEPs from the average
such as'®0, 4°Ca, and®*Mg [21], as well as in’%%b[22],  potential is more pronounced for the high valuesLothan
that resulted in improved fits. A calculation of the polariza-for the low values. In other words, the parity dependent po-
tion potential inn-1%0 scattering by means of dispersion re- tentialsU; and U, should themselves be dependent. An-
lations [23] also provided improved fits to the data. Theseother shortcoming of the toy model is that it does not include
results give an indication that the source of the parity depenthe coupling between exchange amplitudes that account for
dence found in Ref[6] might be due to channel coupling. the Pauli exclusion principle. These also have non-negligible
However, coupled channel calculations are difficult to per-effects [21,25. Nevertheless, the indication from the toy
form, because there are too many excited states which pamodel, together with the excellent fits obtained in R6f, is
ticipate in the scattering that should be, but cannot be, inthat the parity dependence given by Et) should be a vi-
cluded. Procedures that replace the left-out channels by amble first approximation to coupled channel effects.
appropriate complex potential are being develofia425. The imaginary components of the LEPs shown in the fig-
Particularly the work of Ref[25] shows that channel cou- ures have positive values in certain radial regions, a feature

044608-2



EXISTENCE OF A NONLOCALITY IN THE NUCLEON-.. PHYSICAL REVIEW C 69, 044608(2004)

0 g high, the more so the further away from a closed shell the

> -10 v ":>-:::P""'" nucleus resides. Hence the oscillations in the LEPs should

2 20 " ’.,7(" average themselves away more readily for these cases. Fur-

B =301 e —a—L=0 ther, since there are a larger number of excited states avail-

:_'u 40 a-"" —v—L=1 able to absorb flux from the incident channel, the nuclei

2 -507 : : : : : , away from shell closures become less transparent, and the
4 probability of flux returning to the elastic channel should

< decrease. These points deserve further study, as indicated

[)]

= below.

a A gqualitative justification for the parity dependence in the

L . . .

- channel-coupling nonlocality will now be attempted. The

2 LEPs illustrated in Figs. 2 and 3 are based on a complicated

E expression involving the derivative of the Wronskian,

W, (r)=v,du /dr—u,dv, /dr, of two independent solutions
u (r) ando(r) of the coupled equations in the elastic chan-

FIG. 2. Angular momentum dependent local equivalent poten-nel for each incident angular momentumas given by Eq.

tials derived in Ref[30] from a “toy” coupled channels calculation (6) of Ref. [30]' .Of course, if there are n.o nonlocal potentlals
for L=0 and 1. The maxima for the=0 case occur near the € Wronskian is a constantand there is no LEP. However, in
minima of theL=1 case, showing that these LEPs can be WeIIthe prgsence Of_ a nonlocal potenti&l(r,r') in the
represented by the parity dependent Eg. Schrédinger equation
. . d®> L(L+1) ) <
that also occurs for the potentialg, andW, obtained[6] for (— St ——= V() - k0> u(r)=- J K(r,r")u (r")dr’
p-180 scattering. This is a good indication that the effects of dr r 0
channel coupling are present, and hence provide further sup- 2)
port for the channel-coupling source for the nonlocality. The
LEP potentials shown in Figs. 2 and 3 are different from zergne finds
only in the surface region, between 2 and 8 fm, because the w
cpupling potentials in the toy model vanish oytside thallt.re- dwi(r) :f K(r,r)[o (Nu (r") = u (Do (rH]dr’. (3)
gion. Since there are no imaginary potentials explicitly dr 0
resent in the toy model, the imaginary parts of the LEP )

Sotentials also va)r/ﬂsh outside of thg sunyafe region. If one now assumes t_hat the kerriélis peaked near the

It could be asked how general is E@) for the various surface of the interaction, so that for low valueslothe

nuclear scattering situations, and why is not a term of thigunctions u and v can be roughly approximated by their

form needed for all optical potentials? A rigorous answer tg?SYMPIotic expressions
u (r) ~sin(kgr + @), v (r) ~codker + &), (4)

this question has as yet not been given, although a qualitative

answer is provided below. It can be argued that in the case of

nuclei away from closed shells, the excited states occur awhere ¢ =—(7/2)L+ 5, then the square bracket in E@)

much lower energies above the ground state than for thbecomes of thé.-independent form~sin{ky(r’ —r)}. In the

“magic” nuclei, and their energy density is generally veryabove, §, is the elastic scattering phase shift for partial
wavel. In this case thé& dependence adW (r)/dr hinges

Radial Distance (fm)

0- A i on theL dependence of the nonlocal kerngl For ex-
-10{ Real /:/ ‘A\!..==“ amplle, the Hartree-Fock expressi(_)n.for the exchange non-
2 -20] /:’ As locality K(r,r’)sc_@a(_r)v(r,r')@_a(r’) is m_dependent of the
2 3] ...ﬁ' — value ofL of the incident particle, and indeed, a search for
i P :::t;g anL dependence in the equivalent LEP foi'®O scatter-
- e ing proved fruitlesg31]. In the above®,(r) is the wave
501 . : : : : . function of a target particle in bound staeandv(r,r’) is
the interaction potential between the two indistinguishable
51 Imag. Suy, particles within the target.
- o-numl*v u I v““n We now show that the nonlocal potentiélhas a parity
% -5 " ./ v um dependent component if it represents the effect of channel
2 10, /[ coupling. In this case the optical potential for the elastic
@ .5 v\' /v channel(call it No. 1) is given by[27]
v
20— Ky(r,r) & 2 Vi(NGiir (1,1 Vi (1), (5)
2 3 4 5 6 7 8 1

Radial Distance (fm)

FIG. 3. LEPs similar to those in Fig. 1 f&r=7 and 8.

wherei andi’ denote virtually excited inelastic states and
Gii(r,r') is the matrix channel Green’s functi¢@5,27. If
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one particular inelastic excitatioren is dominant then the ()" Potl of Cooper

sum in Eq.(5) reduces to one term only, ar@,, can be 0.5

approximated by the conventional single-channel Green's L=3 °

function oc(1/k,)FL(K.f <)GL/(Kyr~). HereF and G are the s ""“-"‘-i\~
0.0 o o) ]

regular and irregular solutions of the uncoupled equations in
the inelastic channeh with wave numberk’ and angular

Im SME(J)
-

momentumL’. The latter tracks with., differing from it by ° _:_j - t+ 312
the angular momentum of the excited state. For the present 051 . . K
qualitative discussion we will sdt’=L. Further, assuming L L N L=0 .

low values ofL, so that in the surface region where the el

coupling potentiaVy,, is large,F andG can be approximated 10 05 0.0 05 10

by their asymptotic expressiorig (r) ~sin(k'r +¢/), G.(r) Re SME(J)

~cogk'r+¢{) one can show
FIG. 4. TheSmatrix elements fon-1%0 scattering at 20 MeV,

dW{ (1) r - , calculated with a parity dependent optical potential of the form of
ar % V() = | Via(r)sinky(r =r")] Eq. (1), based on an approximation to the potentials shown in Fig.
0 4 of Ref.[6], as is described in the Appendix. The latter fit elastic

. , R e o , p-160 scattering at 22.7 MeV, and includelaindependent spin
Xsinky(r —r’)]dr'+ > Via(r')sinfky(r —r’)] orbit potential.
0

1(” order to produce the cross section fit shown in Fig. 6 the

Xsinky(r —r’)]dr'+ (—)Léf Via(r') range ofV; had to be decreased slightly, as is described in

0 the Appendix. It could have been of interest to seek further

) ) changes in the potentials, so as to improve the fit to the
Xsinky(r +17) + 25, ]sinko(r ~ r’)]dr’}. (6)  minimum at 120° as well. However, in view of the excellent
fits obtained in Ref[6] to p-1%0 scattering, such a search

The parity dependence in the last term of E&).arises from  @Ppears to be superfluous, and would detr_act _from the main
the occurrence of @,=—(mL+24, in the argument of the point of the present study, namely, the realization that under
n n

first sin function in that term. Thus, the parity dependence of€t@in circumstances channel coupling can be simulated by

H _\L
dW (r)/dr is due to theL dependence of the Green’s func- potentials of the( )- type. .
tion in Eq. (5), and hence the corresponding LEP will also 1 ne large differences of th&matrix elements of the two
acquire a parity dependence. potentials, Figs. 4 and 5, imply that the radial wave functions

An interesting question is whether an inelastic or transfeShould also be quite different. Hence, the)- dependent
cross section, calculated by means of the distorted wayvBelarization potentials of Re{6] might serve as a first ap-
Born approximation DWBA), is strongly affected by the pro'X|mat|0n tc_) include the effec_t of channel coupllr_1g in the
type of optical model potential used to describe the elasti@ptical potential. However, in view of the substantial effect
channel: 2a conventional local potential that fits only the that channel coupling has on the elastic cross sectipas

forward part of the elastic cross section, orbparity depen-  ticularly of “magic nuclei’) and hence on the optical model
dent potential of the form of Eq(l), that fits the whole potentials, it is likely that inelastic or rearrangement reac-

angular distribution, or xa formalism based on coupled _tions might aI;o involve virtual ex_citation processes. Hence,
channel calculations? The answer cannot be given withouf'Stéad of using.-dependent optical potentials in DWBA
actually comparing the results of two such DWBA calcula-Calculations for the inelastic or rearrangement processes for a

tions, which is beyond the aim of the present investigationnucleus such as0, a better approximation would be to

However, a rough indication of what might be the difference 05+ .

between two DWBA calculations, one based on a local opti- s Local Opt. Mod.

cal model and the other on @)- optical model, can be ; L=3'____—__,._ 3
obtained by comparing the behavior withof the respective ——— !|
elastic scattering>matrix elements, since the latter give an 0.0 o '

indication of the behavior of the corresponding radial wave
functions. This comparison is illustrated in Figs. 4 and 5 for
the case oh-1%0 scattering at 20 MeV. The corresponding

Im SME(J)
J |
-
n
o

054 " 4

elastic cross sections are compared with the data in Fig. 6. - :

The L-dependent potential gives the back-angle cross section @ J=1+05 H

minimum at the right place, while the optical model result . —&=J=L-05

miss_es this angle completely. Tl_ledependent potential was ) ‘91_0 05 0.0 05 10
obtained as follows. The potentidlly andU, were read off Re SME(J)

from Fig. 4 of Ref.[6] for the 27.3 MeV curves. These val-
ues were then fitted by means of combinations of Gaussian FIG. 5. Same as Fig. 4 calculated with a conventional local
and Woods-Saxon potentials as described in the Appendix. laptical potential taken from Ref32].
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TABLE |. Fit parameters for the parity dependent potentials.
100
A Xe w B X a
g 10 MeV fm fm MeV fm fm
€ A -60 0 2078 0
% 14 Wy 14.49 0 1.305 -5.56 4685 0571
g V, 6.98 0 0.841 -3.03 2,716  0.382
041 W, 4.026 -0.10 0.937 0
Vso -2.941 1.052 1.259 0
0 20 40 60 80 100 120 140 160 W,, 0429 2152 0728 -2.726 1340 0.257

Angle (deg)

FIG. 6. Comparison of theoretical and experimental elastic dif-three-body systems, such as nucleon-deuteron scattering
ferential cross sections far-1°0 scattering aE x5 =20 MeV. The  where discrepancies betweah initio theory and experiment
solid curve is calculated using the-dependent potential as de- stjl| exist [34].
scribed in the caption of Fig. 4, and the dotted line is the result of a

f.olnvem'on‘?' 'O‘t’a' tﬁgca' tp.Ote’I“'a' oi Re[fz]' The Same 4p°t‘3”'5 APPENDIX: PARAMETRIZATION OF THE PARITY
rfsspfcat(x,zcse © e malix elements shown i Figs. & and >, DEPENDENT POTENTIALS OF COOPER

The potentials defined in EqQl) are approximated by the

) . sum of two analytic function& andF, asV(r)=G+F. These
carry out coupled channel calculations explicitly for SUChfunctions are defined as

processes. This observation should also be relevant for de-
scribing the emission of nucleons by impact of high energy G(r;Axc,W) = A exp (r — x)%2w?] (A1)
electrons on target nucl¢B3].

In conclusion, it was shown that channel couplifa
virtual nuclear polarization during the scattering progess B
cannot be ruled out as a contributor to the form of &g for F(r;B,xp,a) = 1+ —/al’
the representation of the nonlocal optical potential*%d. eXii(r = xo)/a]
Conversely, when the need for an optical potential of theTable I lists the values of the parameters for E¢sl) and
form of Eq. (1) is established for a particular case, then the(A2), obtained by fitting the 22.7 MeWp-%0 potential
use of the distorted wave Born approximation to calculatecurves shown in Fig. 4 of Ref6].
inelastic or rearrangement scattering is suspect for this case. The parameters used for the calculation of the 20 MeV
Although the arguments were confined to the scattering ofi-1%0 scattering cross sections shown in Fig. 6, and for the
nucleons on®O, they may also have implications for the Smatrix elements shown in Figs. 4 and 5, use the parameters
optical potential describing atomic collisions. It would be listed in Table I, with only one modification: the value wf
interesting if the considerations presented here would alsfor V; was changed from 2.078 fm to 1.90 fm. The spin orbit
have implications for the representation of two- and threepotentials used in the solution of the Schrodinger equation
body potentials between nucleons, used in the calculation ddre given by(1/k)dV,/dr.

and

(A2)
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