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Origin of anomalous values ofs„p1,p18p…/s„p2,p28p…
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Results of recoil-corrected continuum shell model calculations are presented for4He(p,p8p)3H. The ex-
tremely large values ofs(p1,p18p)/s(p2,p28p) are shown to be a result of neutron excitations which
couple to outgoing proton channels. The large ratio will occur in regions where neutron excitations increase
rapidly in a particular channel and, therefore, may be a signal for giant resonances.@S0556-2813~97!05011-5#

PACS number~s!: 25.80.Hp, 14.20.Gk, 24.30.Cz, 27.10.1h
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I. INTRODUCTION

Although often considered a simple nuclear system w
excited states,4He has exhibited unexpected behavior. F
instance, some measurements ofs(g,n)/s(g,p) cross sec-
tion ratios with both real and virtual photons showed sign
cant discrepancies with theoretical predictions@1#. Only the
addition of large isospin symmetry-breaking components
the NN interaction could reproduces(g,n)/s(g,p) ratios
different than unity@2#.

Efforts to investigate isospin-violating processes in4He
have uncovered another unexpected result. Exclusive m
surements of (p,p8p) have yielded (p1,p18p)/
(p2,p28p) cross section ratios ranging from 0.2 to 50@3,4#.
In a quasifree model of pion scattering in theD33 resonance
region, exclusive (p,p8p) cross sections should yield
(p1,p18p)/(p2,p28p) ratio of approximately 9. Indeed
quasifree codes@5# with distortion effects produce little
variation from this ratio of 9@3#.

A similar ratio of 40 was observed in16O atup535° for
Tp5240 MeV @6#. In Ref. @6# calculations for16O were per-
formed in theD-hole formalism with rescattering. Within th
flexibility of the model, this large ratio could not be ex
plained, and the authors concluded that another mecha
must be producing the effect. Some improvements to
quasifree calculations for4He were obtained in Ref.@4# by
adding a triton knockout amplitude to the proton knocko
amplitude,

Tf i;f~kt! f pp~kp ,2kt ,kp8 ,kp!

1f~kp! f pt~kp ,2kp ,kp8 ,kt!. ~1!

Allowing the two amplitude to beat against each other,
authors could improve the agreement with measured s
ratios at large proton-3H center-of-mass angles. This im
proved agreement was then assumed to be evidence fo
rect triton knockout. However, the large ratios at sma
proton-3H center-of-mass angles were unexplained.

In this paper the results of4He(p,p8p)3H calculations
with the recoil-corrected continuum shell model~RCCSM!
@7# are presented. The RCCSM has recently been applie
4He(e,e8N) and compared with virtually all available da
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@8#. The calculations demonstrated the importance of e
ploying a realistic model and, in fact, the same model,
both the initial and continuum states. A realisticNN effec-
tive interaction, translational invariance, antisymmetry, a
coupled spin and charge exchange channels place
RCCSM at the same level of phenomenology as bound-s
shell model calculations. Distortion of the outgoing nucle
does not require the ambiguity of an optical model, but
sults from the sameNN interaction that generates the boun
states. Tests of the appropriateness of the Michigan-th
Yukawa ~M3Y! interaction @9# included 3H(p,n)3He,
3H(p,p)3H, and 3He(n,n)3He cross section, analyzin
power, and polarization calculations, which agreed
tremely well with data up toEN570 MeV @2,10#.

II. THEORY

The RCCSM wave functions are expanded in harmo
oscillator basis functions of the form

fanl j
JBMB~j!5~12P34!/&

3uOsn/2~j1!Os2n/3~j2!xa
1/2Fnl j

3n/4~j3!t3&MB

JB ,

~2!

wherexa
1/2 is the 3H or 3He spin wave function. The oscil

lator constant is taken to ben50.36 fm22 to reproduce the
charge radius of3H. Only single-scattering events are co
sidered, and so one is interested in one-body matrix elem
of the form

K fanl j
JB ~j!I(

i
O~r i8 ,si8!If

a8n8 l 8 j 8

JB8 ~j!L , ~3!

wherer i8 is the position vector of particlei measured from
the four-particle center of mass as shown in Fig. 1. The cr
section for (p,p8p) with the triton and proton emerging in
definite spin states in the pion-4He center-of-mass system
~ACM! is given by

d3s

dVk8dVp8dvk8
5~2p!4

k8p8vp8vk8vBvk

kR~vk1vB!
uTf i u2, ~4!
2688 © 1997 The American Physical Society
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where

Tf i5K cp
~2 !~r !cmSmA

~2 ! ~j !U(
i

gtc~p i !Ucp
~1 !~r !cB~j!L ,

~5!

and R is the recoil factor@11vp8/vA1vpk8•p8/(p82vA)#.
This process is illustrated in Fig. 2~a! with the coordinate
system shown in Fig. 2~b!.

The pN t matrix for a particular isospin channel and
the pN center-of-mass system~2c.m.! can be written as

tc5u1~Ec!1u2~Ec!kc
2cosuc1n~Ec!2kc

2sinuc~ i s•n̂!,
~6!

where n̂5kc3kc8/kc
2. The center-of-mass energy and m

mentum,Ec andkc , are determined in a frozen nucleon a
proximation. The termkccosuc is approximated byk2

2q2/2, and the term 2kc
2sinuc ( i n̂•s) is approximated by

(k/kc)(2 iq)3(k1k8)•s. The factorg in Eq. ~5! is the
usual factor to transformtc from the 2 c.m. to the ACM. The
momentum transferq is taken to bep2p8 and operates on
the nuclear coordinates, whilek and k8 operate on the in-

FIG. 1. RCCSM coordinates.

FIG. 2. ~a! A schematic of the reaction withk andk8 represent-
ing the incoming and outgoing pion,p8 the outgoing proton,B the
index for 4He, andA the index for3H. ~b! The coordinate system
employed.
coming and outgoing pion coordinates. With these appro
mations, the (p,p8p) cross section may be calculated wi
the same form factors as the (e,e8p) cross sections in Ref
@10#.

The p-3H wave function with outgoing fluxn f with final
conditionsf 5$aJAMAms% takes the form@10#

c f
~2 !5~2p!23/2~4p/pf !( ~ i ! lYlml

* ~ p̂!e2 is l

3~2 i /2!Cmlmsm
l1/2j CMAmMB

JAjJB Cc
JBMB~2 ! , ~7!

where the sum is overlml jmJBMB and

cc
JBMB~2 !

5(
c8

r 21u
c8

JB~2 !
~r !ua8JA8 l 8 j 8JBMB&. ~8!

The radial functionu
c8

JB(2)
(r ) has the asymptotic form

u
c8

JB~2 !
~r !5u

c8

JB~1 !*→~nc /nc8!
1/2~Oc8dc8c2I c8Scc8

* !.
~9!

The indexc stands foraJAl j with JA and j coupled toJB ,
whereJA is the angular momentum of a possible core statl
and j are the nucleon orbital angular momentum and to
angular momentum, respectively,pf is the nucleon momen
tum in the nucleon-nucleus center-of-mass frame, anda rep-
resents other quantum number necessary to distinguish
states.

The channel statesuaJAl j (JB)& are linear combinations o
the basis states in Eq.~2!. A matrix element of a single-
particle operator has four matrix elements for each of
four operatorsO1 , O2 , O3 , andO4 , ^DuOi uD&, ^EuOi uD&,
^DuOi uE&, and ^EuOi uE&, whereuD& and uE& represent the
direct and exchange parts of the basis states. When a pr
takes the position of particle number 4 in both initial a
final states, the termŝDuO4uD&1^EuO3uE& may be associ-
ated with a quasifree calculation in that they look like
proton making a transition between single-particle orb
The other direct terms and the exchange terms are large,
one can see their effect by comparing the4He(e,e8) calcu-
lations of Ref.@11#, which omitted them and bear no relatio
to the data, and the calculations of Ref.@10# which included
them and agree with the data. The triton knockout amplitu
of Eq. ~1! was calculated as one would for elastic scatter
from a triton and then the recoil of the triton represented
a distorted wave for the relativep-3H motion. It is more
difficult to identify terms with this amplitude. It is easier t
identify terms which would be missing from the trito
knockout amplitude, and these are the exchange terms
channel coupling terms, both of which are large.

The channel wave functions exhibit coupling through t
indexc8, which runs over all channels allowed to connect
the channelc, including the charge exchange channels. T
charge exchange strength is determined by the effectiveNN
interaction. This means that neutron excitations contribute
proton knockout. Neutron excitations also contribute to p
ton knockout through the neutrons in the recoiling3H, as in
the triton knockout model, in terms such as (^Du1^Eu)uO1
1O2(uD&1uE&).
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III. RESULTS

The inclusive calculations atup
lab530°, 40°, 60°, and 80°

are shown in Fig. 3 along with the data of Refs.@3# and@12#.
The 30° excitation function was calculated previously in R
@12# by including only thê DuO4uD&1^EuO3uE& terms and
employing a pion distorting potential calculated with the e
ergy shift method of Ref.@13#. As pointed out in Ref.@3#, the
energy shift method gives a rather poor elastic cross sec
when compared with the measured elastic cross section.
pointed out in Refs.@3# and @4# is that different pion poten-

FIG. 4. Calculated elastic cross section and the data of Ref.@15#.

FIG. 3. Inclusive excitation functions. The thick lines are t
calculations for4He(p1,p18); the thin lines are for He(p2,p28).
The histograms represent the data of Refs.@3# and @12#.
.
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tials, which compare equally well with elastic data, can g
inelastic cross sections which differ by factors of 2. T
cross sections in Fig. 3 were calculated with the elastic
rameters l51, b̄05(20.067,0.031), c̄05(0.105,0.168),
B05(0.,0.074), andC05(1.829,0), in the notation of

FIG. 5. Exclusive excitations functions, averaged over labo
tory proton angles offp

lab5180° andup
lab530°, 45°, 60°, 75°, and

90°. The thin lines are the calculations for4He(p1,p18p)3H; the
thick lines are for4He(p2,p28p)3H. The histograms represent th
data of Ref.@12#.

FIG. 6. Top panels are cross sections integrated over 2
,Ex,25.0 MeV. Open~solid! circles arep1 (p2) data of Ref.
@3#; solid ~dashed! lines are calculations forp1 (p2). Bottom pan-
els are the ratio ofp1 to p2. Squares are data of Ref.@3#; thick
solid lines are complete RCCSM calculations; dashed lines o
neutron form factors; dotted lines omit channels corresponding
n13He from the wave function.
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FIG. 7. Top panels are cross sections integrated over 25,Ex,30 MeV. Open~solid! circles arep1 (p2) data of Ref.@3#; solid ~dashed!
lines are calculations forp1 (p2). Bottom panels are the ratio ofp1 to p2. Squares are data of Ref.@3#; thick solid lines are complete
RCCSM calculations; dashed lines omit neutron form factors; dotted lines omit channels corresponding ton13He from the wave function.
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Stricker, McManus, and Carr@14#. The parameters are a re
sult of a ten-parameter fit to elastic scattering ofp1 from
4He with Tp ranging from 50 to 180 MeV, and the resultin
elastic cross section is shown in Fig. 4 along with the data
Ref. @15#. Many sets of parameters produced ax2 as good as
those employed here, and the pion-distorting potential
mains an ambiguous element of all calculations in this pa
A characteristic of the potentials attempted is that if a r
sonable fit is obtained for the 30° data in Fig. 3, the 80° cr
sections are small, as in the figure.

Plotted in Fig. 5 are the exclusive (p,p8p) excitation
functions. The cross sections are laboratory cross sect
averaged over laboratory proton angles offp

lab5180° and
f

-
r.
-
s

ns

up
lab530°, 45°, 60°, 75°, and 90°. The calculated 30° exci

tion function shows a weakness in the resonance region
one would not expect from the inclusive results in Fig.
This may be due to a normalization difference between
inclusive measurements of Ref.@12# at 30° and those of Ref
@3# at 40°, 60°, and 80°, or it may be that the experimen
proton spectrum is more sharply peaked in plane than
calculated spectrum. The calculated spectrum becomes m
in plane with increasing excitation energy and, hence,
rising behavior of the calculated exclusive excitation fun
tions.

Angular distributions for the outgoing proton are show
in the upper panels of Figs. 6–9 as a function of the pro
FIG. 8. Top panels are cross sections integrated over 30,Ex,40 MeV. Open~solid! circles arep1 (p2) data of Ref.@3#; solid ~dashed!
lines are calculations forp1 (p2). Bottom panels are the ratio ofp1 to p2. Squares are data of Ref.@3#; thick solid lines are complete
RCCSM calculations; dashed lines omit neutron form factors; dotted lines omit channels corresponding ton13He from the wave function;
thin lines omitJB8521 channels.
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FIG. 9. Top panels are cross sections integrated over 40,Ex,45 MeV. Open~solid! circles arep1 (p2) data of Ref.@3#; solid ~dashed!
lines are calculations forp1 (p2). Bottom panels are the ratio ofp1 to p2. Squares are data of Ref.@3#; thick solid lines are complete
RCCSM calculations; dashed lines omit neutron form factors; dotted lines omit channels corresponding ton13He from the wave function.
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angle up
c.m.* measured in the center of mass of the fo

nucleon system. Angles are measured from the velocity v
tor of the four-nucleon system with the positive directi
counterclockwise. The experimental cross sections
shown as open circles forp1 and the solid circles forp2.
The calculated cross sections ared2s/dVk8dVpc.m.

which
are believed to correspond to the experimental cross sect
The solid lines in the upper panels correspond top1 and the
dashed lines top2. As in the excitation function calculation
of Fig. 5, the low excitation energy cross sections are
small. The squares in the lower panels are the ratios ofp1 to
p2. The most drastic deviations from the quasifree value
9 appear in Fig. 8 atup530° where the cross sections we
integrated over the 30,Ex,40 MeV region and continue in
Fig. 9 where the cross sections were integrated over the
,Ex,45 MeV region. The thick solid lines in the bottom
panels are the calculatedp1 to p2 ratios, and they do a
good job of reproducing the experimental values. These
culated ratios are not sensitive to the pion-distorting pot
tials as were the cross sections.

The dashed lines are the RCCSM calculations with
neutron form factors set to zero, i.e., no charge excha
coupling terms and no contribution from neutrons in3H.
These values are near the quasifree value of 9. Setting
neutron form factors to zero affects thep1 cross sections
only modestly, but produces a large effect on thep2 cross
sections. This is, of course, because thep2n elementary
amplitude is 3 times thep2p in the D33 resonance region.

The form factors may be broken down in a different ma
ner by eliminating from the final proton wave functions a
channels that correspond to a neutron coupled to3He. Then
the only neutrons that contribute to the proton knockout a
plitude are those that remain in3H. This is equivalent to
eliminating charge exchange coupling from the wave fu
tions, but not from the Hamiltonian that produced the wa
functions.

The resulting calculated ratios are shown as the do
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lines in the bottom panels of Figs. 6–9. These lines d
reasonable job of reproducing the small ratios at la
angles, but not the large ratios at small angles, as did
triton knockout model. In the context of the RCCSM, o
would not call this evidence for direct triton knockout, b
the effect of recoil terms. These are the same recoil te
which give (1e/2,2e/2) for the~proton, neutron! E1 effec-
tive charge. It is, then, the charge exchange channels w
boost thep1/p2 ratio to high values. The process may b
thought of as ap2 hitting a neutron and then the neutro
initiating possible collision sequences that result in knock
out a proton. The possibility of charge exchange produc
the largep1 to p2 ratios was mentioned in Ref.@4#.

It is difficult to analyze the ratio beyond verification of it

FIG. 10. Solid lines are proton form factors; dashed lines
neutron form factors times a factor of 3.
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charge exchange origin. All channels withl less than 4 con-
tribute to some extent. However, the extremely large valu
the 30,Ex,40 MeV region occurs primarily with the add
tion of the JB521 channels. This is demonstrated in th
bottom panel of Fig. 8 with the thin solid line which omi
the JB521 channels. The magnitudes of theJB521, l 52,
and j 53/2 neutron and proton form factors

^cc

JB8 i( i j 2(qri8)Y2( r̂ i8)icg.s.&, for Ex525, 30, and 36 MeV
are plotted in Fig. 10. Here one can see the rapid increas
the neutron form factors at theEx530 MeV region. It may
be that largep1/p2 ratios are a signal of regions of in
creased neutron excitations in a particular channel and, th
fore, a signal for giant resonances. In fact, the region of la
p1/p2 ratios in 16O is nearEx530 MeV where theE2
strength has been observe via16O(g,n0)15O @16#.

IV. CONCLUSION

The primary conclusion of this article is that neutron e
citations which couple to the outgoing proton channels
responsible for the extremely large (p1,p18p)/(p2,p28p)
ratio in the 30,Ex,45 MeV region. However, three add
. C

ris

e

in

in

re-
e

-
e

tional points can be made. First, agreement with the exp
mentalp1/p2 ratio was obtained with RCCSM wave func
tions that also reproduce3H(p,n)3He, 3H(p,p)3H, and
3He(n,n)3He cross section, analyzing power, and polariz
tion data and most of the4He(e,e8X) data. It was not nec-
essary to invoke any other mechanism other than single s
tering with a simplepN t matrix. Therefore, one model i
able to provide a connection among many data sets ov
large range of continuum nucleon energy. Second,
p1/p2 ratio becomes large in regions of increasing neut
excitations and may be a signal for giant resonance exc
tion. Third, measurement of thep1/p2 ratio has provided
tighter restrictions on the charge exchange coupling in
continuum wave functions than electron scattering da
where the neutron couples to the probe only through
anomalous magnetic moment. The charge exchange cha
was introduced into the calculations of Ref.@17# via a Lane
model in order to improve agreement with4He(e,e8p) data,
and yet provided a larger contribution than the RCCSM p
dicted. Thep1/p2 ratios provide an opportunity to test th
wave functions employed in this and other calculations.
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