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Elastic scattering of pions from the three-nucleon system

S. L. Collier and W. R. Gibbs
Department of Physics, New Mexico State University, Las Cruces, New Mexico 88003

~Received 15 October 1998!

We examine the scattering of charged pions from the trinucleon system at a pion energy of 180 MeV. The
motivation for this study is the structure seen in the experimental angular distribution of back-angle scattering
for p1-3He andp2-3H but for neitherp2-3He norp1-3H. We consider the addition of a double spin flip term
to an optical model treatment and find that, though the contribution of this term is non-negligible at large
angles for p1-3He and p2-3H, it does not reproduce the structure seen in the experiment.
@S0556-2813~99!02003-8#

PACS number~s!: 25.10.1s, 13.75.Gx, 21.45.1v, 25.80.Dj
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I. INTRODUCTION

The measurement of the differential cross section for
elastic scattering ofp6 from 3H and 3He has recently been
extended into the backward hemisphere by Matthewset al.
@1#. For all four cases, at an incident pion energy of 1
MeV, there is a slight dip in the cross section at;130° lab
~or 5.8 fm22 momentum transfer!, but for p2-3H and
p1-3He there is also a very distinctive rise in the cross s
tion at larger angles. Moreover, the authors stated that, du
the resolution of the spectrometer, the dip may be e
deeper and sharper. They compared experimental dat
scattering models by Kamalov, Tiator, and Bennhold@2# and
by Gibbs and Gibson@3#. Forp2-3H andp1-3He both mod-
els agree reasonably well with the cross section up to 13
but both fail to predict the distinctive rise in the cross sect
at large angles. Forp1-3H and p2-3He both models give
acceptable agreement at all angles. Figure 1 compares
experimental data@1,4# ~squares! to a theoretical curve from
Ref. @3# ~dashed line!.

One is thus led to consider mechanisms that would giv
significant rise in the cross section in the backward he
sphere for bothp2-3H and p1-3He, but not forp1-3H or
p2-3He. Similar rises in large-angle cross sections ha
been seen forp1 scattering from12C and 16O @5#. In the
three-nucleon case the dependence of this effect on
charge of the pion and on the target may give an indica
of the cause.

The pion kinetic energy,Tp5180 MeV, is near the peak
of theP33 resonance forp-nucleon scattering. At this energ
the elastic scattering cross sections are in the r
s(p1p)/s(p1n)'s(p2n)/s(p2p)'9. Therefore, we
expectp-nucleus scattering atTp5180 MeV to be domi-
nated by thep1-p and p2-n amplitudes. We use the con
vention that even-nucleon reactions refer top1-3He and
p2-3H reactions~which have two dominant scattering ce
ters!, and odd-nucleon reactions refer top2-3He andp1-3H
reactions~which only have one dominant scattering center
this energy!. We also use the nomenclature of Schiff@6#
where an ‘‘even’’ or an ‘‘odd’’ nucleon corresponds, respe
tively, to one of the like nucleons or to the unlike nucle
~the neutron in3He or the proton in3H).

Qualitatively we can understand the first dip~around 90°)
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as a minimum in the spin-independent amplitude due to
p-wave dominance of the pion-nucleon phase shifts. For
intuitive view, consider the single-scattering impulse a
proximation, where the basic dependence of the amplitud
given by the sum of the relevantpN amplitudes multiplied
by a form factor. Forp-nucleon scattering, the amplitud
consists of two incoherent terms: a non-spin-flip term,f (u),
and a spin-flip term,g(u). Near the peak of theP33 reso-
nance f (u); cos(u) ~plus an s-wave contribution which
shifts the minimum slightly away from 90°), andg(u)
; sin(u).

In the approximation that the trinucleon system exists i
pures state~which we use throughout this paper!, the ampli-

FIG. 1. Comparison of experimental data from Refs.@1,4#
~squares! to a prediction from the optical model of Ref.@3# with
DSF term~solid line! and without DSF term~dashed line!.
1290 ©1999 The American Physical Society
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PRC 59 1291ELASTIC SCATTERING OF PIONS FROM THE THREE- . . .
tudeg(u) arises entirely from the interaction of the pion wi
the odd nucleon since, in first order, the spin-flip amplitud
cancel from the even nucleons. Forp2-3He this interaction
is strong, thus near 90° c.m. the minima inu f (u)u2 is sig-
nificantly filled in by ug(u)u2. For the even-nucleon interac
tion p1-3He, p1-p has the largest amplitude and the inte
action with the odd particle is weak so that the filling of t
minimum is considerably less. An analogous argument
lows for p6-3H.

It has been suggested@7# that the rise in the cross sectio
at large angles might be due to the interaction of the incid
pion with both of the like nucleons, flipping the spin of ea
so that the spin of the pair is conserved. That is, forp6-3He,
the incident pion sequentially induces a single spin flip
each proton, thereby leaving the final pair with spin 0. In
common optical model treatment, a potential is construc
from the single scattering amplitude of the type discus
previously, and then the nuclear amplitude is obtained fr
the solution with this potential in a wave equation. Thus
spin projection change is absent from this type of treatm
and must be calculated separately. For this reason do
spin flip ~DSF! scattering is not directly included in curren
optical models. The DSF, whose amplitude is coherent w
f (u), should clearly have more effect on the cross section
the even-nucleon reactions than of the odd-nucleon re
tions. As each spin-flip amplitude preferentially leads to sc
tering around 90°, the two scatterings will lead to a forwa
backward peaked angular distribution of the scatte
particles. The forward part will likely be much smaller tha
the amplitude from the first order optical potential, but
large angles the two contributions may be comparable.

Franco@8# has investigated multiple spin flip effects fo
p-4He scattering in the Glauber approximation. Howev
the Glauber approximation is not applicable in the lar
angle scattering region where the DSF is expected to b
significance.

We treat the DSF as a second order correction to
scattering model of Ref.@3# and calculate it in the distorte
wave impulse approximation~DWIA !. This calculation is
presented in Sec. III, after briefly reviewing the scatter
model of Ref.@3# in Sec. II. The results are discussed in S
IV, and conclusions are presented in Sec. V.

II. BASIC SCATTERING MODEL

In the case of moderately heavy nuclei the optical mo
can be extended to include, by direct calculation, a num
of effects including finite range and medium modification
the pion-nucleon scattering amplitudes@9#. The medium cor-
rections can be understood, in an approximate sense, in t
of a shift in the energy at which the phase shifts are to
evaluated and a transformation from the pion-nucleon to
pion-nucleus frame~the so-called ‘‘angle transform’’!. The
effect of the finite range of the pion-nucleon interaction
included by assuming plausible forms for the off-sh
t-matrix for thepN interaction. A number of studies of th
pion-nucleon interaction have attempted to determine
ranges~there is a different range for each spin-isospin par
wave!. For a recent analysis using local potentials see R
@10#. These ranges can also be treated as phenomenolo
and fitted to the data@11#.
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Another important element in pion scattering theory
due the possibility of true absorption of the pion, converti
its mass into energy, as opposed to the usual ‘‘optical mo
absorption’’ where the incident particle is simply remov
from the beam by inelastic scattering. A number of attem
have been made to include this effect from fundamen
@12,13#. In the present calculations we adopt the method u
in Ref. @3# of including an imaginary term in the potentia
proportional to the square of the density. Approximate valu
of the parameter can be estimated from fits to heavier nu
~see Refs.@11,14#!.

The optical model contains a long known@15# correction
due to the fact that, since thet-matrix is used to describe
each individual scattering, no nucleon can be struck tw
successively. Thus, in a multiple scattering picture, there
be A scatterings the first time but onlyA21 for each subse-
quent order. If all scatterings are of the same strength,
correction can be made by solving a wave equation wit
potential having an overall strength ofA21, instead ofA,
and then multiplying the resultingt-matrix by the factor
A/(A21) ~the KMT factor!. For an optical model in which
there are only three nucleons involved, this effect is of co
siderably greater importance than for a heavier nucl
where this factor is close to unity. We do not attempt to
anything beyond what was used in Ref.@3#. The forward
cross section is normally the most reliably calculated in sc
tering theories and it was noted in Ref.@3# that a treatment of
this correction involving factors of the order described abo
was necessary to obtain agreement with the data at forw
angles.

We have carried out a search over variations of the s
tering parameters used in Table I of Ref.@3#. No substantial
rise in the backward direction was seen. In order to focus
the DSF contribution to the cross section, we have fixed
values at energy shift50 MeV, angle transform
parameter51, r2 coefficient58.8 fm4, and the off shell
ranges (s and p) at 600 MeV/c. For a discussion of the
corrections which come in for scattering of pions from fe
nucleons systems, see Ref.@18#.

For the KMT factor, the calculated value@Eq. ~A4! of
Ref. @3# # is used. We emphasize that a factor of this size
necessary in order to get agreement in the forward direct
If a factor of unity is used the cross section forward of 90°
shifted toward smaller angles. However, see the discus
in the conclusion on this point.

The spin-flip amplitude,g(u), is calculated in the dis-
torted wave Born approximation, where the distortion is d
to scattering from the even nucleons. The appropriate po
tial to use in calculating these distorted waves is unclear.
KMT treatment for the elastic scattering from two particl
indicates that the potential should contain a factor of 1
Using only the wave functions from this calculation, how
ever, no correction to the amplitude is ever made. Thus
not clear if a factor of 1/2, unity, or an intermediate val
should be used. The use of 1/2 gave favorable results w
calculating the odd-nucleon interaction cross sections in R
@3# and we use the same value here.

In calculating the DSF amplitude the distortion is taken
be from the odd nucleon and one of the even nucleons.
use a factor of unity here. This is consistent with the study
single charge exchange@16# ~in which the distortion is also
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1292 PRC 59S. L. COLLIER AND W. R. GIBBS
due to one strong and one weak interaction!, for which the
results were best when the full optical potential was use

III. DOUBLE SPIN FLIP CALCULATION

Let k andk8 be the pion’s initial and final center of mas
momenta, respectively, anduku5uk8u5k,k̂• k̂85cosu. Let
the two even nucleons have coordinatesr1 and r2 , spin op-
eratorss1 ands2, and wave functionx(r1 ,r2). The pion’s
initial and final distorted wave functions are the
C (1)(k,r1) and C (2)* (k8,r2). Assuming closure over the
intermediate states and plane wave propagation of the pio
the intermediate state, the double scattering amplitud
given by

F~k,k8!5
1

2p2E dr1 dr2 dqx* ~r1 ,r2!

3@ f 2~q,k2!C~2 !* ~k8,r2!#eiq•r2P~q!

3e2 iq•r1@ f 1~k1 ,q!C~1 !~k,r1!#x~r1 ,r2!, ~1!

where the pion propagator is

P~q!5
1

q22k2
, ~2!

the pion-nucleon spin flip amplitude is

f i~q1 ,q2!5 ilv~q1!v~q2!si•~q13q2!, ~3!

and the off-shell form factor is

v~q!5
a21k2

a21q2
. ~4!

The quantitya describes the range of the pion-nucleon
teraction, which we take to be 600 MeV/c, andl is derived
from the pN phase shifts@17#. Since f i is an operator in
nucleon spin space, we must compute the expectation v
of the operator

O5~s1•k13q!~s2•q3k2!. ~5!

For a pure singlet case@19#

^O&S5052~k13q!•~q3k2!

52q2@~k1•q̂!~k2•q̂!2k1•k2#. ~6!

We write

ux~r1 ,r2!u25r~r 1!r~r 2! ~7!

for the target in its ground state, so that the DSF scatte
amplitude is now
in
is

-

ue

g

F~k,k8!5
l2

2p2E dr1 dr2 dqq2v2~q!P~q!

3eiq•r2r~r 2!e2 iq•r1r~r 1!v~k1!v~k2!

3@~k1•q̂!~k2•q̂!2k1•k2#

3C~2 !* ~k8,r2!C~1 !~k,r1!. ~8!

As the momenta are operators on the distorted waves, we

k j[2 i¹j, ~9!

and define

c~k,r1![v~k1!C~1 !~k,r1!,

c~k8,r2![v~k2!C~2 !* ~k8,r2!. ~10!

We use a partial wave expansion for the pion wave funct

C~1 !~k,r1!54p(
lm

i lYlm~ k̂!Ylm* ~ r̂ 1!C l~kr1!, ~11!

so that, by use of a double Fourier transform and orthon
mality of the spherical harmonics,

c~k,r1!5
1

~2p!3

a21k2

a22¹1
2E dke2 i k•r1C~1 !~k,k! ~12!

5
2

p
~a21k2!4p(

lm
i lYlm~ k̂!Ylm* ~ r̂ 1!

3E dr dk
r 2k2 j l~kr 1! j l~kr !C l~kr !

a21k2
, ~13!

where we identify

c l~kri !5
2

p
~a21k2!E drdk

r 2k2 j l~kr i ! j l~kr !C l~kr !

a21k2

~14!

5E drr 2Gl~r ,r i !C l~kr !, ~15!

and where contour integration gives

Gl~r ,r 8![
2

p
~a21k2!E

0

`

dk
k2 j l~kr 8! j l~kr !

a21k2
~16!

52a~a21k2!hl
~1 !~ iar .! j l~ iar ,! ~17!

for r . the greater ofr and r 8. In a similar fashion

c~k8,r2!54p(
lm

~2 i ! lYlm~ k̂8!Ylm* ~ r̂ 2!c l~kr2!, ~18!

asC (2)* (k,r )5C (1)(2k,r ).
Thus Eq.~8! in the DWIA may be written
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F~k,k8!5
l2

2p2E dr1 dr2 dqq2v2~q!P~q!

3eiq•r2r~r 2!e2 iq•r1r~r 1!

3@¹1•¹22~ q̂•¹1!~ q̂•¹2!#

3c~k,r 1!c~k8,r 2!. ~19!

The DSF amplitude is twice the value given by Eq.~19!, as
the process may proceed in two time orders.

A. Evaluation: First technique

While Eq. ~19! may be calculated directly, it is more ea
ily evaluated by integration by parts onr1 and r2 . We find

F~k,k8!52
l2

2p2E dr1 dr2 dqq2v2~q!P~q!c~k,r 1!

3e2 iq•r1c~k8,r 2!e
iq•r2r8~r 1!r8~r 2!

3@ r̂ 1• r̂ 22~ q̂• r̂ 1!~ q̂• r̂ 2!#. ~20!

Let us consider each term in brackets separately, and l
themF1 andF2 , respectively.

The first term is calculated by expanding the wave fu
tions, exponentials, andr̂ 1• r̂ 2 in partial waves. We find

F1~k,k8!52
l2

2p2
~4p!3(

Ll
~2L11!

3~C1Ll
000!2PL~cosu!I L,L,l ,l~r 1 ,r 2!, ~21!

where

I L1 ,L2 ,l 1 ,l 2
~r 1 ,r 2!

[E dr1 dr2 r 1
2 r 2

2r8~r 1!r8~r 2!

3cL1
~kr1!cL2

~kr2!h l 1 ,l 2
~r 1 ,r 2!, ~22!

and

h l 1 ,l 2
~r 1 ,r 2![E

0

`

dqq4v2~q!P~q! j l 1
~qr1! j l 2

~qr2!

5
ip

2
k3 j l ,

~kr,!hl .

~1 !~kr.!

1
p

4
a~a213k2! j l ,

~ iar ,!hl .

~1 !~ iar .!

1
ip

4
a2~a21k2!@r , j l ,

8 ~ iar ,!hl .

~1 !~ iar .!

1r . j l ,
~ iar ,!hl .

~1 !8~ iar .!# ~23!

provided l ,,( l .13) wherer . is the greater ofr 1 and r 2
andl . is r .’s respective index. To calculate the second te
of Eq. ~20!, we write
el

-

q̂• r̂ei q̂• r̂54p(
lLM

i l j l~qr !~C1Ll
000!2YLM~ q̂!YLM* ~ r̂ !. ~24!

Expanding the functions as before, we find

F2~k,k8!5
l2

2p2
~4p!3 (

l 1l 2L
i l 22 l 1~2L11!

3~C1Ll 1
000 !2~C1Ll 2

000 !2PL~cosu!I L,L,l 1 ,l 2
~r 1 ,r 2!.

~25!

Thus we have

F~k,k8!532pl2(
L

~2L11!PL~cosu!

3H (
l 1Þ l 2

i l 22 l 1~C1Ll 1
000 !2~C1Ll 2

000 !2I L,L,l 1 ,l 2
~r 1 ,r 2!

1(
l

@~C1Ll
000!42~C1Ll

000!2#I L,L,l ,l~r 1 ,r 2!J .

~26!

We may further reduce this expression with Racah algeb

F~k,k8!532pl2(
L

~2L11!PL~cosu!

3$22~C1 L L21
0 0 0 !2~C1 L L11

0 0 0 !2I L,L,L21,L11

3~r 1 ,r 2!1@~C1 L L21
0 0 0 !42~C1 L L21

0 0 0 !2#

3I L,L,L21,L21~r 1 ,r 2!1@~C1 L L11
0 0 0 !4

2~C1 L L11
0 0 0 !2#I L,L,L11,L11~r 1 ,r 2!%. ~27!

As the first two indices on the integral term,I, are the indices
for the pion’s wave function, the angular momentum of t
pion is conserved as it must be for the elastic interaction w
a spin-zero system.

B. Evaluation: Second technique

Alternately, one may directly calculate Eq.~19!. This cal-
culation is straightforward, but lengthy. We use the covari
components of the operator“ in the spherical basis. Fors
5(21,0,1),

¹1•¹25(
s

~21!s¹s
~1!¹2s

~2! , ~28!
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~ q̂•¹1!~ q̂•¹2!

5A4p (
ss8

FC1 1 0
000 C1 1 0

ss80Y00~ q̂!

1
1

A5
(
M

~21!MC1 1 2
000 C1 1 2

ss8MY2M~ q̂!G¹2s
~1! ¹2s8

~2!

5
1

3
¹1•¹21A8p

15 (
ss8M

3~21!MC1 1 2
ss8MY2M~ q̂!¹2s

~1! ¹2s8
~2! . ~29!

Let FS(k,k8) be the contribution toF(k,k8) from Eq. ~28!
and letFD(k,k8) be the contribution from the second term
Eq. ~29!, so that

F~k,k8!5
2

3
FS~k,k8!1FD~k,k8!. ~30!

From Ref.@20# we have
a
Th
d
no
th
or
o

¹sYlm~ r̂ i!cl~kri !

5A l11

2l13
Cl1 l11

msm1sFl~r i !Yl11m1s~ r̂ i!

2A l

2l21
Cl1 l21

msm1sGl~r i !Yl21m1s~ r̂ i!,

Fl~r i ![
dcl~kri !

dri
2

l

r i
cl~kri !,

Gl~r i ![
dcl~kri !

dri
1

l11

r i
cl~kri !. ~31!

If we proceed in a manner similar to that in Sec. III A, w
find

FS~k,k8!532pl f
2(

l
Pl~cosu!

3E dr1dr2r 1
2r 2

2r~r 1!r~r 2!

3@~ l 11!h l 11,l 11~r 1 ,r 2!Fl~r 1!Fl~r 2!

1 lh l 21,l 21~r 1 ,r 2!Gl~r 1!Gl~r 2!# ~32!

and
FD~k,k8!5232pA2

3
l f

2 (
l

~21! l Pl~cosu!E dr1dr2r 1
2r 2

2r~r 1!r~r 2!

3F ~2l 13!~ l 11!h l 11,l 11~r 1 ,r 2!Fl~r 1!Fl~r 2!Cl 11 l 11 2
0 0 0 H l l 11 1

2 1 l 11J
1 l ~2l 21!h l 21,l 21~r 1 ,r 2!Gl~r 1!Gl~r 2!Cl 21 l 21 2

0 0 0 H l l 21 1

2 1 l 21J
12Al ~ l 11!~2l 21!~2l 13!h l 21,l 11~r 1 ,r 2!Gl~r 1!Fl~r 2!Cl 21 l 11 2

0 0 0 H l l 21 1

2 1 l 11J G , ~33!
he
od.
sic

nes
in-
SF
eon
eri-

to

pli-
whereh l 1 ,l 2
(r 1 ,r 2) is as previously defined.

IV. RESULTS

We performed calculations with the density of3He taken
from the solution to the Faddeev equations@21#. The two
treatments presented in the previous section were evalu
and agree to within the expected numerical accuracy.
first method depends on the numerical calculation of the
rivatives of the three-body density while the second does
The derivative operators act on the pion wave function in
second method while the first method has a more direct f
to calculate, i.e., it is expressed as an expectation value
ted
e

e-
t.
e
m
f a

local operator. It is easier to see how to include t
d-function effect, discussed shortly, with the second meth

Figure 1 shows the results of adding the DSF to the ba
optical model for all four scattering cases. The dashed li
correspond to the optical model only and the solid lines
clude the DSF term. We see that the addition of the D
term is indeed significant at large angles for the even nucl
cases. However, it does not give the structure seen in exp
ment.

Figure 2 compares the scattering amplitude of the DSF
that of the basic optical model forp1-3He. The dashed line
representsf (u) from the optical model only, the solid line
the DSF amplitude, and the dash-dotted-line the DSF am
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tude with thed function removed~discussed below!. We see
that in the region of the first minimum both the real a
imaginary parts of the DSF amplitude are passing thro
zero, and thus have little effect in this region.

One may speculate that a cancellation between the
mechanisms might produce a minimum at 130° and that
present calculation does not have the correct phase. To c
this possibility, we introduced an arbitrary phase differen
between the two terms, but still found no case which ga
the characteristic minima.

The asymmetries are shown in Fig. 3. Since polarizat
phenomena are typically sensitive to small corrections,
might expect important corrections from the DSF; but
note that its addition has little effect since the asymmetry
only large around the minimum in the cross section wh
the DSF amplitude vanishes.

It has long been known that there is ad function in the
s-wave ~nucleon-nucleon! portion of the one-pion-exchang
potential~see, e.g., Ref.@24# for a discussion of thisd func-
tion and its removal!. This d function also exists in the
p-wave–p-wave part of pion double scattering@25,26#, espe-
cially visible in double charge exchange@19,14#.

If we refer back to Eq.~8!, we see that thed-function
piece of the DSF amplitude results from the monopole p
tion of the expression@(k1•q̂)(k2•q̂)2k1•k2#. In Sec. III B
we explicitly expanded this expression in terms of the“

operator. Thus from the second treatment it is easy to
that thed function should be removed from theFS(k,k8)
term only. To do so, we make the replacement

FIG. 2. Scattering amplitudes forp1-3He. The dashed line rep
resentsf (u) from the optical model, the solid line the double spi
flip mechanism~solid line!, and the dash-dotted line the DSF wi
the d-function removed.
h

o
e
ck

e
e

n
e

s
e

r-

ee

q2

q22k2
→F q2

q22k2
21G5

k2

q22k2
, ~34!

which is equivalent to replacingq4 with k2q2 in the integral
expression forh l 1 ,l 2

(r 1 ,r 2) in Eq. ~23!. The termFD(k,k8)
remains unchanged.

As seen in Fig. 2, this correction essentially reverses
sign of the real part of the scattering amplitude, while hav
a small effect on the imaginary part. However, it is t
imaginary portion of the scattering amplitude that domina
the cross section at large angles where the DSF is of sig
cance. Thus thed-function correction has a minimal effec
on the scattering cross section, decreasing it by less tha
percent. In principle this correction should also be made
the basic optical model, akin to the Lorentz-Lorenz effe
@25,27# at resonance energies. However, such a considera
is beyond the scope of this paper.

It is known that the Faddeev densities, while represent
the exact solution to the three-nucleon system expresse
terms of nucleon degrees of freedom, do not provide a co
pletely accurate description of the electron-scattering cr
sections. The problem is clearer at high momentum tran
near the first zero of the angular distribution@28#. The dif-
ference is often ascribed to meson exchange currents@29#.
However, in order to explore the sensitivity of the results
the density used, we also performed calculations using

FIG. 3. Asymmetries forp1 3He andp2 3He scattering from
the optical model only~dashed line! and with the DSF term~solid
line!. The data are from Refs.@22# and @23#. For p1 there are
additional data points at forward angles which are negative~not
shown!.



f
e

he
in

o
n
d
ca
an
rg
en
i

c
a

su
m

n
s

a
ei
c

the
scat-

e
y,
a is
ate
asic
An

the

ons

ular
s of
s-

ext
ring
ys-

f
ical

e
on
ork

he
ty
een
such

1296 PRC 59S. L. COLLIER AND W. R. GIBBS
charge densities of Ref.@30# corrected for the finite size o
the proton using the proton charge parametrization from R
@31#. The two densities are compared in Fig. 4. Only t
proton density was changed, the neutron density remain
that of the Faddeev calculations.

Figure 5 shows the comparison of the results
p1-3He scattering for the case in which the electro
scattering density was adjusted to have the same rms ra
as the Faddeev density. The introduction of the electron s
tering density at most shifts the cross section downward,
has little effect on the shape of the cross section at la
scattering angles. For the calculation in which the two d
sities were used in their unmodified form the difference
even less. Thus it seems unlikely that the minimum is
form-factor effect, at least within the span of currently a
cepted functions. One can find a fit to the data by allowing
arbitrary form factor variation@32# but the density which
results appears to be unphysical, having essentially no
port for small values of the radial variable, i.e., it has a co
plete hole in the center.

V. CONCLUSIONS

We find that the double-spin-flip correction gives a no
negligible contribution to the large angle scattering cro
section in the case ofp1-3He. It should be included in any
serious attempt to explain quantitatively the back-angle d
on the three-nucleon system, and perhaps on other nucl
well. However, because of the shape and phase of this

FIG. 4. Comparison of the Faddeev~solid line! and electron
scattering densities~dashed line!.
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herent contribution, it does not appear that it can explain
dip and subsequent rise seen in the case of two strong
ters.

As one possible direction for further work to explain th
effect, we observe that if the KMT factor is set to unit
while the agreement of the forward cross section with dat
completely ruined, there is a slight dip at the appropri
back angle. This suggests than an improvement to the b
optical model may lead to the resolution of this issue.
approach which may offer hope is that of Garcilazo@33#, but
such a treatment involves a complete reformulation of
scattering theory.

The single energy shift used in the present calculati
might also cause problems. In Ref.@9# it was found that the
shift in energy was dependent on the pion-nucleus ang
momentum which is an alternate expression of the result
earlier work in which it was a function of momentum tran
fer @34#.

These two observations lead one to think that the n
appropriate step might be a reexamination of the scatte
theory to provide a more detailed representation of the ph
ics.
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FIG. 5. Comparison of the results of the optical model with t
Faddeev density~solid line! and the electron scattering densi
~dashed line!. The radius for the electron scattering density has b
rescaled the same rms value as the Faddeev density. If no
rescaling is done, the difference is considerably less.
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