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Ground-state correlations and final state interactions in the process3He„e,e8pp…n

C. Ciofi degli Atti and L. P. Kaptari*
Department of Physics, University of Perugia, and INFN, Sezione di Perugia, via A. Pascoli, Perugia, I-06100, Italy
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The two-proton emission process3He(e,e8pp)n is theoretically investigated using realistic three-nucleon
wave functions and taking the final state interaction into account by an approach which can be used when the
value of the three-nucleon invariant mass is either below or above the pion emission threshold. Various
kinematical conditions which enhance or minimize the effects of the final state interaction are thoroughly
analyzed.
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I. INTRODUCTION

The investigation of ground-state correlations~GSC! in
nuclei, in particular those which originate from the most p
culiar features of the nucleon-nucleon (NN) interaction, i.e.,
its strong short range repulsion and complex state dep
dence~spin, isospin, tensor, etc.!, is one of the most chal
lenging aspects of experimental and theoretical nuclear p
ics and, more generally, of hadronic physics. The results
sophisticated few- and many-body calculations in terms
realistic models of theNN interaction@1–3# show that the
complex structure of the latter generates a rich correla
structure of the nuclear ground-state wave function. The
perimental investigation of the nuclear wave function or, b
ter, of various density matrices,r(1),r(1,18),r(1,2), etc., is
therefore necessary in order to ascertain whether the pre
tion of the standard modelof nuclei ~structureless nonrela
tivistic nucleons interacting via the knownNN forces! is in-
deed justified in practice, or other phenomena, e
relativistic effects, many-body forces, medium modificati
of nucleon properties, and explicit subnucleonic degrees
freedom~quark and gluons!, have to be advocated in order
describe ground-state properties of nuclei at normal den
and temperature.

Unfortunately, whereas the one-body density mat
~charge density! is experimentally well known since man
years from elastic electron scattering~see, e.g., Ref.@4#!, the
present knowledge of those quantities which are more se
tive to GSC, e.g., the nondiagonal one-body and two-b
density matrices, which could in principle be investigated
nucleon ~N! emission processes like, e.g., theA(e,e8N)X
andA(e,e8NN)X reactions, is still too scarce. The reason
that the effects from final state interactions~FSI!, meson ex-
change currents~MEC!, and isobar configuration~IC! cre-
ation may mask the effects generated by GSC. In our vi
the present situation is such that the long-standing ques
whether FSI and other concurrent processes hinder the in
tigation of GSC, has not yet been clearly answered. Mo
over, due to the difficulty to treat consistently GSC, FS
MEC, etc., within the full complexity of the nuclear many
body approach, the answer was in the past merely dictate
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philosophical taste rather than by the results of solid cal
lations and unambiguous experimental data. A clear-cut
swer to the above question would require, from one si
realistic many-body calculations of bound and continuu
nuclear states, and, from the other side, a wise choice of
kinematics and of the type of process to be investigated
as to possibly minimize all those effects which compete w
GSC. In this respect, of particular usefulness is the tw
proton emission processA(e,e8pp)X, where MEC play a
minor role @with respect to the proton-neutron emissio
A(e,e8pn)X], since the virtual photon does not couple to t
exchanged neutral meson, and IC production is also s
pressed thanks to angular momentum and parity conserva
selection rules~see, e.g., Ref.@5,6#!.

The investigation of the two-nucleon emission proces
has considerably progressed during the last few years,
in the few-body systems and the complex nuclei domains
the latter case, extensive theoretical studies on
A(e,e8pp)X process have been performed~see, e.g., Refs
@7–9# and references therein!, aimed at developing variou
theoretical frameworks to treat GSC and FSI, together w
competing effects, such as MEC, and, at the same time,
perimental data have been obtained~see, e.g., Refs.@10,11#!,
which provided nontrivial evidence of GSC effects. Th
treatment of the two-nucleon emission process from fe
body systems, which represents the object of the presen
vestigation, has the nontrivial theoretical advantage that
act ground-state wave functions from variational or Fadde
type calculations~see, e.g., Refs.@1,12,13# and references
therein! can be used in the calculations, thus exploiting t
whole realistic picture of GSC; moreover, provided the fin
three-nucleon invariant massAs is below the pion produc-
tion threshold (As.2.95 GeV), accurate continuum wav
functions are also available@14#, so that a fully consisten
treatment of both GSC and FSI effects in the proc
3He(e,e8pp)n at low four-momentum transfer has been r
cently developed@1,14,30# Moreover, experimental data a
low momentum transfer (Q2;0.1 GeV/c2, Q25q22n2, n
;0.2 GeV) became available from NIKHEF@15#, which
made it possible to produce a significant comparison
tween theoretical predictions and experimental data.

In this paper we are interested in medium and high m
mentum transfer regions; the reason is twofold:~i! by in-
creasing the momentum transfer, one might be able to inv
tigate the momentum space wave function in a broa

,
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C. CIOFI DEGLI ATTI AND L. P. KAPTARI PHYSICAL REVIEW C66, 044004 ~2002!
kinematical region;~ii ! processes at high momentum trans
could provide crucial information on the origin and the ve
mechanism of hadronic rescattering in the medium@16#,
which has so far been investigated with simple three-b
wave functions. Realistic calculations at intermediate a
high values ofQ2 are therefore timely, also in view of run
ning experiments at TJLab covering a region of intermed
values ofQ2 (n;0.4–1 GeV,Q2;0.5–2 GeV/c2) @17#. It
should be reminded, at this point, that when the momen
transfer is such that the three-nucleon invariant mass
higher than the pion production threshold, Faddeev-like c
culations in the continuum cannot be performed, and the
cessity arises for developing a proper treatment of ela
rescattering effects, in presence of inelastic channels.
precisely the aim of this paper to present such a treatm
and to thoroughly analyze the possibility that by a prop
choice of the kinematics, the effects of FSI in the proc
3He(e,e8pp)n could be minimized. We would like to stres
that our aim is not that of a direct comparison with~still
lacking! experimental data in this region of momentu
transfer, since, as previously stated, that would requir
proper consideration of effects competing with GSC, b
rather to try to understand whether particular kinemati
conditions exist which could minimize the effects from FS
a necessary condition for a meaningful investigation of GS
Preliminary results of our calculations have already been
sented in Ref.@18#. Through this paper we shall be using th
three-body wave functions obtained by the Pisa gro
@13,19#.

Our paper is organized as follows: in Sec. II some gene
concepts concerning the kinematics of the process and
cross section will be recalled; our approach to the treatm
of FSI is illustrated in Sec. III, together with the results
calculations; the summary and conclusions are given in S
IV. Some useful formulas concerning two-nucleon corre
tions in nuclei are given in the Appendix.

II. KINEMATICS AND CROSS SECTION

We will consider the absorption of a virtual photong* by
a nucleon bound in3He, followed by two-nucleon emission
i.e., the process3He(e,e8N1N2)N3, whereN1 and N2 de-
note the nucleons which are detected. In the rest of this p
the photon four-momentum transfer will be denoted by

Q252q252~ke2ke8!
25q22n254eeee8 sin2

ue

2
, ~1!

where k[(e,k) is the four-momentum of the electron,q
5ke2ke8 , n5ee2ee8 , andue[ukeke8̂

.

The momenta of the bound nucleons, beforeg* absorp-
tion, will be denoted byk i , and afterg* absorption, bypi .
Momentum conservation requires that

(
i 51

3

k i50, (
i 51

3

pi5q, ~2!

and energy conservation that
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n1M35(
i 51

3

~MN
2 1pi

2!1/2, ~3!

where MN and M3 are the masses of the nucleon and t
three-nucleon system, respectively.

In one-photon exchange approximation, depicted in F
1, the cross section of the process, reads as follows:

d12s

dee8dVe8dp1dp2dp3

5sMott• (
a51

6

va•Wa•dS q2(
i 51

3

pi D
3dS n1M32(

i 51

3

~MN
2 1pi

2!1/2D , ~4!

whereva are well known kinematical factors, andWa the
response functions, which have the following general form:

Wa5 z^C f
(2)~p1 ,p2 ,p3!uÔa~q!uC i~k1 ,k2 ,k3!& z2. ~5!

In Eq. ~5! C f
(2)(p1 ,p2 ,p3) and C i(k1 ,k2 ,k3) are the con-

tinuum and ground-state wave functions of the three-bo
system, respectively, andÔa(q) is a quantity depending on
proper combinations of the components of the nucleon c
rent operatorĵ m ~see, e.g., Ref.@4#!. Two nucleon emission
originated byNN correlations can occur because of two d
ferent processes:

~i! In the initial state ‘‘1’’ and ‘‘2’’ are correlated and ‘‘3’’
is far apart;g* is absorbed either by 1 or 2 and all of th
three-nucleons are emitted in the continuum; if nucleon
was at rest in the initial state, one hask152k2 and, if FSI is
disregarded,p1(2)5k1(2)1q, p2(1)5k2(1) in the final state.

~ii ! In the initial state nucleons 1 and 2 are correlated a
3 is far apart;g* is absorbed byN3 and all of the three-
nucleons are emitted in the continuum. IfN3 was at rest
before interaction, and FSI is disregarded,N1 and N2 are
emitted back-to-back with momentak152k2 andp35q.

The above picture is distorted by FSI. The aim of th
paper is precisely to investigate the relevance of FSI effe
in both processes.

FIG. 1. The one photon exchange diagram for the two-nucl
~N! emission off 3He, 3He(e,e8N1N2)N3 . Q2 is the four-
momentum transfer andpi denotes the four-momentum of nucleo
Ni in the final state.N1 andN2 denote the detected nucleons.
4-2
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III. FINAL STATE INTERACTION IN THE TWO-NUCLEON
EMISSION PROCESS

We will now assume thatN1 and N2, the two detected
nucleons, are the two protons andN3 the neutron (n). The
two-nucleon emission process will thus be3H(e,e8p1p2)n
which, as explained, can originate from the two mechanis
described above.

A. Process 1: Absorption ofg* by the correlated pp pair

In this processg* is absorbed by proton 1~2! correlated
with proton 2~1!, and the neutron is the ‘‘spectator.’’

The various diagrams, in order of increasing complex
which contribute to the process are depicted in Fig. 2.

Let us introduce the following quantities:
~i! the relative momentumof the detected proton pair

prel5
p12p2

2
[t; ~6!

~ii ! the center-of-mass momentumof the pair

P5p11p2 . ~7!

In what follows, for ease of presentation, and also in orde
make the comparison with previous calculations more tra
parent, we will consider the effects of the FSI on the lon
tudinal response only. Let us first consider Figs. 2~a! and~b!,
i.e., the plane wave approximation plus thepp rescattering in
the final state. By changing the momentum variables fromp1
andp2 to P andprel , and integrating the cross section@Eq.
~4!# over P and the kinetic energy of the neutron, we obta

d8s

dee8dVe8dVpn
dpreldVprel

5K~Q2,n,pn ,prel!•RL~n,Q2,pn ,prel! ~8!

FIG. 2. Schematic representation of the various processes
tributing to the reaction3He(e,e8p1p2)n: ~a! denotes the plane
wave approximation~PWA!, ~b! the pp rescattering,~c! the three-
body rescattering.k1(p1),k2(p2), andkn(pn) denote the momenta
of proton 1, proton 2, and the neutron, respectively, in the ini
~final! state.
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RL~n,Q2,pn ,prel!5GE
p~Q2!2

•M (pp)~pn ,prel ,q!, ~9!

whereGE
p(Q2) is the proton electric form factor,K incorpo-

rates all kinematical variables, andM (pp)(pn ,prel ,q) is the
transition nuclear form factor which includes thepp rescat-
tering, viz.,

M (pp)~pn ,prel ,q!

5
1

2 (M (
Spp ,Spp

(
sn

uT(pp)~M,sn ,Spp ,Spp ,pn ,prel ,q!u2.

~10!

The scattering matrixT(pp)(M,sn ,Spp ,Spp ,pn ,prel ,q) has
the following form:

T(pp)~M,sn ,Spp ,Spp ,pn ,prel ,q!

5E d3rd3rC (1/2)M~r ,r!x (1/2)sn

3exp~2 ipnr!cSpp ,Spp

t(2) ~r !exp~ iqr /2!, ~11!

where C (1/2)M(r ,r) is the three-nucleon wave function
cSpp ,Spp

t (r ) the continuum two-proton wave function, an

x (1/2)sn
the neutron spinor. In the above and the followin

equations,r andr are the Jacobi coordinates:

r5r12r2 , r5r32
1

2
~r11r2!. ~12!

When pp rescattering is disregarded, i.e., only Fig. 2~a! is
considered, one has

p15k11q, p25k2 , pn5kn , ~13!

prel5krel1
q

2
, P5K1q, ~14!

where

krel5
k12k2

2
, K5k11k252kn ~15!

are the relative and center of mass~c.m.! momenta of thepp
pair before interaction. The two-proton continuum wa
function is simplycSpp ,Spp

t (r )5xSpp ,Spp
exp(iprelr ) and the

scattering amplitude becomes

T(pp)~M,sn ,Spp ,Spp ,pn ,prel ,q!

→T(PWA)~M,sn ,Spp ,Spp ,kn ,krel!

5E d3rd3rC (1/2)M~r ,r!x (1/2)sn

3exp~2 iknr!xSpp ,Spp
exp~2 ikrelr !, ~16!

n-

l
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C. CIOFI DEGLI ATTI AND L. P. KAPTARI PHYSICAL REVIEW C66, 044004 ~2002!
which is nothing but the three-body wave function in m
mentum space.

The scattering amplitude which includes thepp rescatter-
ing has been calculated using the continuum wave func
for two interacting protons:

cSpp ,Spp

t ~r !54p(
lm

(
l 8S8Jf

^ lmSppSppuJfMJ& i
l 8Ylm*

3~ p̂rel!RlSl8S8

Jf ~r !Y
l 8S8

Jf MJ~ r̂ !, ~17!

where Ylm(p̂rel)@Y
l 8S8

Jf MJ( r̂ )# denotes the spherical~spin-

angular! harmonics, andR
lSl8S8

Jf (r ) is the scattering radia
wave function, solution of the Schro¨dinger equation in the
continuum, with asymptotic behavior,

R
lSl8S8

Jf ~r !ur→`→d l l 8dSS8 exp~ id l !
sin@ tr 2~ lp/2!1d l #

tr
,

~18!

where t[utu[uprelu. In the presence of a tensor interactio
the asymptotic ofR

lSl8S8

Jf (r ) is more complicated but, by a
unitary transformation, other radial wave functions may
introduced with asymptotic similar to Eq.~18! ~see, e.g., Ref.
@20#!.

Inserting Eq.~17! into Eq. ~11!, and using the complete
ness of the scattering wave functions, the amplitudeTpp in
Eq. ~10! can be expressed in the following way:

T(pp)~M,sn ,Spp ,Spp ,pn ,prel ,q!

5
2

pE t̃ 2d t̃d3rd3r exp~2 ipnr!

3(
$a%

^XMXLrM ru 1
2 M&^ j 12M12

1
2 s3uXMX&

3^ l 12m12Sppnu j 12M12&^ l fmfSppSppu j fM f&

3^ l f m̃fSppnu j fM f&Yl fmf
~ p̂rel!Yl 12m12

~ r̂ !Yl fm̃f
* ~ r̂ !

3exp~ iqr /2!Rl 12Spp

j 12 , t̃
~r !Rl fSpp

j f ,t
~r !~2 i ! l f I $a%

up̃relu~ uru!,

~19!

where$a% denotes the full set of quantum numbers char
terizing the ground-state partial configurations in the3He

wave function, andI $a%
up̃relu(uru) are the corresponding overlap

with the scattering state wave functions.
In what follows the so-calledsymmetric~sym! kinematics

@21#

pn50; p11p25q

will be considered, which corresponds, in plane wave
proximation~PWA!, to a ground-state configuration chara
terized by the two protons with equal and opposite mome
and the neutron with zero momentum. In the sym kinemat
the transition form factorM (pp)(pn ,prel ,q), wheng* inter-
04400
n

e

-

-

ta
s,

acts with proton 1~2!, will only depend uponprel5q/2
2p2(1) , i.e., for a fixed value ofuqu, will only depend upon
up2(1)u and the angle betweenq andp2(1) . In PWA, when the
angular momentum of the neutron is zero, also thepp pair
has relative angular momentum zero, so that the cross
tion is almost entirely determined by the square of the1S0
component of the three-body wave functionC(krel ,kn
50), which is shown in Fig. 3.

The calculated transition form factor is shown in Fig.
Calculations have been performed with three-body wa
function obtained in Ref.@19# using the Argonne v-18
~AV18! interaction@22#. Our results, which are in agreeme
with the ones of Ref.@21# ~where a different ground-stat
wave function has been used!, show that thepp rescattering
is very large and completely distorts the PWA results.

In order to investigate to what extent FSI depend upon
kinematics of the process, we have also considered thesu-
perparallel ~sp! kinematics, according to which one still ha
pn50, p11p25q, but all momenta are collinear, i.e., (qiz),

p1'5p2'50, p1z1p2z5uqu. ~20!

The results of calculations, which are presented in Fig.
look very different from the ones shown in Fig. 4. Concer
ing these differences, the following remarks are in order:

~i! As far as the PWA results are concerned, it can be s
that the transition matrix elements differ, at the same value
n, by more than one order of magnitude; the reason is
the relative momentumukrelu, at a given value ofn, is very
different in the two kinematics, withukrel

(sym)u@ukrel
(sp)u ~e.g., at

n50.2 GeV one hasukrel
(sp)u.0.45 fm21, whereasukrel

(sym)u
.2.2 fm21). Since in both kinematicsM PWA(kn ,krel) is en-
tirely determined by the1S0 three-body wave function
C(ukrelu,kn50), the value ofn at which this exhibits its
minimum is different in the two cases.

FIG. 3. The momentum space wave function of3He corre-
sponding to the configuration in which the neutron is at rest and
two protons are in the state1S0 of relative motion with momentum
krel5(k12k2)/2. Three-body wave function from Ref.@19#; AV18
interaction@22#.
4-4
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~ii ! In Fig. 4 thepp rescattering effects depend upon t
value of the relative momentum of the two protons in t
final state uprelu5up1usin(u12/2)Þukrelu. Unlike the PWA
case, one hasuprel

(sym)u<uprel
(sp)u @e.g., atn50.2 GeV one has

uqu.535 MeV/c, up2u.0.45 fm21, and uprelu.1.8 fm21,
in the sp kinematics, andup1u5up2u.2.2 fm21, u12
.105°, anduprelu5up1usin(u12/2).1.7 fm21 in the sym ki-
nematics#. Thus the two-proton relative energy in the fin
state is larger in the sp kinematics, which explains the ap

FIG. 4. The transition form factorM (pn,prel ,q) @Eq. ~10!#
calculated in the symmetric kinematics@21#: p11p25q, pn50,

up1u5up2u5A1
4 (n1M32Mn)22M p

2 , prel5q/22p2 , u12

52arccosuqu/2up2u. The dashed line corresponds to the plane wa
approximation~PWA! @plane waves for the three-nucleons, proce
~a! in Fig. 2#, whereas the full line includes thepp rescattering
@process~a! 1 process~b! in Fig. 2#. The value ofuqu corresponds
to ee52 GeV andue515° @cf. Eq. ~1!#, and the range of its varia
tion with n is 0.52<uqu<0.75 GeV/c. Three-body wave function
from Ref. @19#; AV18 interaction@22#.

FIG. 5. The transition form factorM (pn,prel ,q) @Eq. ~10!# cal-
culated in the superparallel kinematics (p1'5p2'50, p1z1p2z

5uqu, with qiz). The dashed line corresponds to the plane wa
approximation~PWA! @plane waves for the three-nucleons, proce
~a! in Fig. 2#, whereas the full line includes thepp rescattering
@process~a! 1 process~b! in Fig. 2#. The value ofuqu corresponds
to ee52 GeV andue515° @cf. Eq. ~1!# and the range of its varia
tion with n is 0.52<uqu<1.0 GeV/c. Three-body wave function
from Ref. @19#; AV18 interaction@22#.
04400
r-

ent smaller effects of FSI in Fig. 5. In this respect, it shou
however, be pointed out that at values ofn.0.7–0.8 GeV,
i.e., at large values ofp2z>1 fm21, where correlation ef-
fects are more relevant, the momentum transferuqu and the
relative momentum of the proton pair become very large, a
the Schro¨dinger equation cannot in principle be applied
describe thepp interaction in the continuum~e.g., in the sp
kinematics, when uqu>1 GeV/c, up2u.0.5 GeV/c, up1u
.1.5 GeV/c, uprelu.1 GeV/c). To treat the case of high
energies, a Glauber-type calculation is in progress and
be reported elsewhere@24#. Thus it appears that in the s
kinematics considered in Fig. 5, there exists only a small
of n.0.4–0.5 GeV where two-nucleon correlations could
investigated treating thepp rescattering within the Schro¨-
dinger equation.

The next contribution to be considered is the proto
neutron rescattering@Fig. 2~c!#. This has been found in Ref
@21# to provide very small effects, as also recently found
Ref. @18#. This point will be discussed in detail in the ne
section.

B. Process 2: Absorption ofg* by the neutron

1. Plane wave approximation and the pp rescattering

We will now consider the process3He(e,e8p1p2)n, in
which g* interacts with the neutron and the two protons a
emitted and detected. We will consider two extreme case
this process, viz.,~i! in the initial state the neutron is a par
ner of a correlated proton-neutron pair, with the second p
ton far apart from the pair;~ii ! in the initial state the neutron
is at rest, far apart from the two correlated protons. Proc
~ii ! has been considered in Ref.@14# for the case of both a
neutron and a proton at rest in the initial state. We will co
pare our results with the ones of Ref.@14#, considering only
the case of the neutron at rest. The various mechanism
order of increasing complexity, which contribute to th
above process, are depicted in Fig. 6.

When the final state rescattering between the two prot
is taken into account@the process of Fig. 6~a! plus the pro-
cess of Fig. 6~b!#, but the interaction of the hit neutron wit
the emitted proton-proton pair is disregarded, one haspn
5kn1q, and the cross section@Eq. ~4!# integrated overP
and the kinetic energy of the neutron exhibits the same st
ture of Eq.~8!, with RL given by

RL~n,Q2,pn ,prel!5GE
n~Q2!2

•M (pp)~pn ,prel ,q! ~21!

which differs from Eq.~9! in two respects:~i! the proton
electric form factor is replaced by the neutron oneGE

n(Q2);
~ii ! M (pp)(pn ,prel ,q) includes the rescatteringbetween the
two spectator protonsand not between the active and reco
ing protons; this means thatTpp has the following form:

Tpp~M,sn ,Spp ,Spp ,kn ,prel!

5E d3r exp~2 iknr!x (1/2)sn
I M,Spp ,Spp

t,pp ~r!, ~22!

e
s

e
s
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wherekn5pn2q52(p11p2), andI t is theoverlap integral
between the three-nucleon ground-state wave function
the two-proton continuum state, i.e.,

I M,Spp ,Spp

t,pp ~r!5E cSpp ,Spp

t(2) ~r !C (1/2)M~r ,r!d3r . ~23!

We reiterate that in the process analyzed in the previous
tion, thepp rescattering occurred between the protons of
active pair which absorbed the virtual photon, whereas
this caseg* is absorbed by the neutron and thepp rescat-
tering involves the twospectatorprotons. Within the PWA,
i.e., when only process of Fig. 6~a! contributes to the reac
tion, one hascSpp ,Spp

t (r )5xSpp ,Spp
exp(itr ) so that

I N2N3

t,PWA~r!5E C (1/2)M~r ,r!xSpp ,Spp
exp~2 i tr !d3r

~24!

and

TPWA~M,sn ,Spp ,Spp ,kn ,krel!

5E d3rd3rC (1/2)M~r ,r!x (1/2)sn

3exp~2 iknr!xSpp ,Spp
exp~2 ikrelr !, ~25!

which, as in process 1, is nothing but the three-nucleon w
function in momentum space.

It is interesting to point out that the integral of the tran
tion form factor~22! over the direction ofprel is related to
the neutron spectral functionP1(kn ,E* ) @23#,

FIG. 6. Schematic representation of the various processes
tributing to the reaction3He(e,e8p1p2)n wheng* is absorbed by
the neutron, and the two protons are emitted in the continuum~a!
denotes the plane wave approximation~PWA!, ~b! the pp rescatter-
ing, ~c! the three-body rescattering. The sum of contributions~a!
and ~b! is referred to by some authors as theplane wave impulse
approximation~PWIA!; in Ref. @14# PWIA is used, on the contrary
to denote our~symmetrized! PWA approximation. In the rest of this
paper we shall be using the term PWA to denote process~a!, and the
term pp rescatteringto denote process~b!. Note, moreover, that in
Ref. @14# our pp rescattering contribution is called ‘‘tG0.’’
04400
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P1~kn ,E* !5
upreluMN

~2p!4 (M,Spp ,Spp ,sn

E dV tU E d3rd3r

3exp~2 iknr!x (1/2)sn
cSppSpp

t(2) ~r !

3C (1/2)M~r ,r!U2

, ~26!

by the following relation:

E P1~kn ,prel!dVprel
5P1~kn ,E* !, ~27!

where

P1~kn ,prel!5
MNuprelu

2
M pp~kn ,prel! ~28!

will be called here the vector spectral function, and

E* 5
prel

2

M
5

~p12p2!2

4M
~29!

is the ‘‘excitation energy’’ of the spectatorpp pair, which is
related to theneutron removal energy Eby the relationE
5E31E* , whereE3 is the ~positive! binding energy of the
three-nucleon system~cf. Ref. @23#!.

The cross section for the two-proton emission process
then be written in the following form:

d8s

dee8dVe8dVpn
dpreldVprel

5K~Q2,n,pn ,prel!•2
GE

n~Q2!

MNuprelu
P1~kn ,prel!. ~30!

By integrating overVprel
, one obtains the cross section fo

the semi-inclusive process3He(e,e8n)pp,

d6s

dee8dVe8dVndprel

5KGE
n~Q2!2

•P1~kn ,E* !. ~31!

The neutron spectral function calculated with and witho
the pp rescattering@23# is shown in Fig. 7. It can be see
that at kn>1.5 fm21 there are regions, peaked atE*
.kn

2/4M , where thepp rescattering does not play any rol
sinceE* 5prel

2 /M , at the peaks we have the following rela
tion betweenuknu and uprelu:

uknu.2uprelu. ~32!

The positions of the peaks have been originally interpreted
arising from atwo-nucleon correlation~2NC! configuration,
where proton 1~2! is correlated with the neutron with mo
menta satisfying the following relations:k2(1)50, k1(2).
2kn @26#; moreover, the energy dependence around
peaks can be related to the motion of the third parti

n-
4-6
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GROUND-STATE CORRELATIONS AND FINAL STATE . . . PHYSICAL REVIEW C 66, 044004 ~2002!
k2(1)Þ0, or, equivalently, to the center-of-mass motion
the correlated pair@27#. The existence of the region wher
pp rescattering is vanishing is a general feature of any sp
tral function, independent of the two-nucleon interaction a
of the method to generate the wave function. This is illu
trated in Fig. 8, where the spectral function corresponding
the variational three-body wave function of Ref.@19# ob-

FIG. 7. The neutron spectral function in3He (k[uknu) corre-
sponding to the three-body channel3He→(pp)2n. The dot-
dashed line represents the PWA, whereas the full line includes
proton-proton rescattering. Three-nucleon wave function from R
@23#; Reid soft core interaction@25# adapted from. Ref.@23#.

FIG. 8. The same as in Fig. 7 but with the three-body wa
function from Ref.@19# and the AV18 interaction@22#. The E de-
pendence of the spectral function is shown for three values of
neutron momentum. The dashed line represents the PWA res
whereas the full line includes thepp rescattering.
04400
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tained with the AV18 interaction@22#, is shown for several
values ofk[uknu. It can be seen that for values ofkn which
satisfy relation~32!, FSI effects generated bypp rescattering
are negligible.

Relation~32! does not necessarily imply a 2NC config
ration, i.e.,k2(1)50, k1(2).2kn , for it holds also ifk2(1)
Þ0, k1(2)Þ2kn . The analysis of the vector spectral fun
tion P1(uknu,uprelu,u) should tell us what are the dominan
configurations in the three-body wave function. To this e
we have plotted the vector spectral functionvs u in corre-
spondence of two values ofuprelu: uprelu50.75 fm21 (E*
5uprelu2/M.23 MeV) and uprelu51.1 fm21 (E*
5uprelu2/M.50 MeV) and various values ofkn . The

FIG. 9. Top panel. Dashed line: the transition form fact
M pp(kn ,prel)[(2/MNuprelu)P1(kn ,prel) @see Eq.~28!# plotted vs
the angleu betweenkn andprel for various values ofkn[uknu and
uprelu50.75 fm21 ~the corresponding ‘‘excitation energy’’ of thepp
pair is E* 5uprelu2/MN.23 MeV). Dot-dashed line: the sam
quantity in the PWA, i.e., disregarding thepp rescattering. Three-
body wave function from Ref.@19#; AV18 interaction@22#. Bottom
panel: The same as in the top panel foruprelu51.1 fm21 (E*
5uprelu2/MN.50 MeV).
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re-sults, which are shown in Fig. 9, deserve the followi
comments:

~i! The constant behavior ofP1 at kn50 can easily be
understood by considering that, as previously discussed,
the angle independent1S0 pp wave function contributes.

~ii ! Equation~32!, i.e., the relationuknu52uprelu, would
correspond touknu.1.5 fm21, whenuprelu50.75 fm21, and
to uknu.2.2 fm21, when uprelu51.1 fm21. It can be seen
that whenuknu52uprelu pp rescattering effects almost disa
pear, but they become extremely large when such a rela
is not satisfied, except whenuknu>2uprelu and u.0°,180°.

~iii ! When uknu52uprelu, the valueu50°(180°) ~super-
parallel kinematics!, corresponds to uk1(2)u50, kn5
2k2(1) , i.e., to the 2NC configuration~see the Appendix!.
The results presented in Fig. 9 clearly show that such a c
figuration is the dominant one; as a matter of fact, far fro
such a configuration~e.g., atu590°, when three-nucleon
configurations are important!, the vector spectral function i
sensibly smaller. Thus the most probable configuration in
three-nucleon wave function, whenuknu52uprelu, is indeed
the 2NC configuration, when one nucleon of thepp pair is
almost at rest and the second one has momentum al
equal and opposite to the momentum of the neutron.

~iv! When uknuÞ2uprelu andu.0°,180°, we still stay in
the superparallel kinematics but not in the two-nucleon c
relation region, for nowuk2(1)uÞ0, knÞ2k1(2) ; however, it
can be seen that foruknu.2uprelu, when the violation of the
condition uknu52uprelu is very mild, pp rescattering effects
are still very small; note, moreover, that if the FSI can on
be described by thepp rescattering, the cross section shou
be the same at both angles, a behavior which deserves
perimental investigation.

Thus the study of the vector spectral function atuknu
.2uprelu, u.0° or 180°, which could be undertaken b
measuring the (e,e82p) process in the superparallel kine
matics, would allow one to obtain information on the thre
nucleon wave function in momentum space, provided
rescattering of the two protons with the outgoing neutr
does not appreciably distort the process. The full calcula
of the transition matrix element at low momentum trans
has been undertaken in Ref.@14# within a consistent Faddee
approach to bound and continuum states of the three-nuc
system. The process considered in Ref.@14# is the absorption
of g* by a neutron~proton! at rest with the two protons
~proton-neutron! emitted back to back with equal momen
p152p2[p and the neutron with momentumpn5q emitted
in a direction perpendicular top. Thanks to the fully consis-
tent treatment of bound and continuum state wave functio
the calculation presented in Ref.@14# represents the state o
the art of the description of process 2 at low moment
transfer. In order to extend the theoretical description of
two-nucleon emission processes to the high momen
transfer region, where three-body continuum Faddeev-
wave functions are not yet available, we have developed
approach to the three-body rescattering, to be presente
the next subsection, based upon the eikonal approxima
which not only allows one to calculate the high momentu
transfer processes, but can also easily be extended to
plex nuclei.
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C. Three-body rescattering

We have considered the three-body rescattering of
neutron with the interactingpp pair within an extended
Glauber-type approach@28# based on the following assump
tion:

x (1/2)sn
exp~2 ipnr3!CSppSpp

prel ~r1 ,r2!

→Ĝ~r1 ,r2 ,r3!x (1/2)sn
exp~2 ipnr3!CSppSpp

prel ~r1 ,r2!,

~33!

where the Glauber operatorĜ is @29#

Ĝ~r1 ,r2 ,r3!5)
i 51

2

@12u~zi2z3!G~bi2b3!#, ~34!

with bi andzi being the transverse and the longitudinal c
ordinates of the nucleon, andG(b) the profile function of the
elastic nucleon-nucleon scattering amplitude; for the lat
the standard high-energy parametrization, viz.,

G~b!5
sNN

tot ~12 iaNN!

4pb0
2

expS 2
b2

2b0
2D , ~35!

has been used, wheresNN
tot is the total nucleon-nucleon (NN)

cross section andaNN the ratio of the imaginary to the rea
part of the NN scattering amplitude. Within such an ap
proach, the full distorted transition matrix element assum
the following form:

MD~pm ,prel!

5
1

2 (M (
Spp ,Spp

(
sn

uTD~M,sn ,Spp ,Spp ,pm ,prel!u2,

~36!

where

pm5pn2q52~p11p2! ~37!

is themissing momentum, which coincides with the neutron
momentum before interaction when the three-body resca
ing is disregarded. The distorted scattering matrixTD has the
form

TD~M,sn ,Spp ,Spp ,pn ,prel!

5
2

pE t̃ 2d t̃d3rd3r exp~2 ipmr!VM,sn ,Spp ,Spp

t̃ ,prel ~r ,r!,

~38!

with
4-8
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VM,sn ,Spp ,Spp

t̃ ,t ~r ,r!

5(
$a%

^XMXLrM ru 1
2 M&^ j 12M12

1
2 snuXMX&

3^ l fmfSppSppu j fM f&Yl fmf
~ p̂rel!YLrMr

~ r̂!I $a%
u t̃u ~ uru!

3@Rl fSpp

j f ,t
~r !Rl 12Spp

j 12 , t̃
~r !#@Yl 12S

j 12M12~ r̂ !Yl fSf
* j f M f~ r̂ !#Ĝ~r ,r!,

~39!

and the response is given by Eq.~21!, with M pp(pn ,prel)
replaced byMD(pn ,prel) @31#.

Some details of our numerical calculations of the thr
body rescattering transition form factor, Eq.~38!, are now in
order. It can be seen that the dependence
TD(M,sn ,Spp ,Spp ,pn ,prel) uponprel is entirely governed

by the quantityVM,sn ,Spp ,Spp

t̃ ,t (r ,r). Since the main compo

nent of the 3He ground-state wave function corresponds
the relative motion of thepp pair in the 1So wave, the two
protons in the final state are mostly in states with spinS
50 and even values of the relative angular momenta; t

VM,sn ,Spp ,Spp

t̃ ,t (r ,r) is almost symmetric under the exchan

t↔2t. This symmetry can be slightly violated due to th
contribution of the highest partialpp waves in the3He wave
function @29#.

The quantitiessNN
NN , aNN and b0 in Eq. ~35! depend in

principle on the total energy of the interacting nucleons@28#,
however, at high values ofupnu (upnu>0.7 GeV/c, which
implies high values of the momentum transferuqu), they be-
come energy independent and the ‘‘asymptotic’’ valu
s tot(NN);44 mb, aNN.20.4 can be used, withb0 deter-
mined bysNN

NN andaNN from unitarity requirements@28#.
The transition form factorMD(pn ,prel) is shown Figs.

10–12, where it is compared withM PWA andM pp. The three
figures correspond to three different kinematical conditio
namely the following:

~i! Figure 10 shows the results obtained in the superp
allel kinematics (u15180°) anduprelu50.75 fm21, vs uPu
5up11p2u5upn2qu. Let us, first of all, discuss the resul
obtained within the PWA and the PWA pluspp rescattering
~dashed and dot-dashed curves, respectively!, which obvi-
ously coincide with the results presented in Fig. 9~top panel,
u15180°), sincepn5kn1q andP5pmis52kn . The arrow
denotes the 2NC kinematics, whenk152kn , k250 (p1
1pn5q, p250) anduknu52uprelu. In agreement with Fig. 9
we see that thepp rescattering has large effects at low valu
of uPu5uknu, but gives negligible contributions whenuPu
5uknu>2uprelu51.5 fm21. The full line in Fig. 10 includes
the effects fromn2pp rescattering~whenpmÞ2kn); these
effects are very large at small values ofuPu, but becomes
negligible atuPu>2uprelu. One could be tempted to compa
the results shown in Fig. 10 with the ones presented in Fig
In this respect one should first of all stress that in the s
kinematics used in Fig. 5, theneutronis at rest~both in the
initial and final states!, which means that the transition ma
trix element is mainly governed by the1S0 wave function of
04400
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5.

the two-proton relative motion. In the process considered
Fig. 10, wheng* couples to the neutron, none of the nucl
ons are at rest, except nucleon 2 in the particular kinema
denoted by the arrow which represents the absorption ofg*
by a neutron of a correlatednp pair, with the spectatorpro-
ton at rest both in the initial and the final states. In this ca
the transition matrix element gets contributions from high
angular momentum states, whose main effect is to fill in
diffraction minimum, without significantly affecting the re
gions left and right to it; consequently, in these regions,
value of M (P,uprelu,u1) corresponding to the arrow in Fig
10 ~i.e., to a spectator nucleon at rest!, can qualitatively be
compared with the results shown in Fig. 5 atp2z52p1z
51.5 fm21; in this case one finds indeed that the relati
momentum of thenp pair is uprelu.0.75 fm21. Thus in Fig.
5 the region where FSI effects are small, correspond to
2NC region where, moreover, the conditions for the valid
of the Schro¨dinger approach are satisfied. Note that, even
ally, according to our Glauber calculation, as well as to

FIG. 10. The transition form factor M (uPu,uprelu,u1)
5M (pn,prel ,q) @Eq. ~10!#, plotted vs the two-nucleon center-o
mass ~or missing! momentum uPu5up11p2u5upmu5uq2pnu for
fixed values of the relative momentumuprelu and the angleu1 be-
tweenq andprel . The dashed and dot-dashed lines represent, a
Fig. 9, the PWA@Eq. ~16!# and the PWA pluspp rescattering@Eq.
~10!#, respectively, whereas the full line includes also then2(pp)
rescattering according to Eq.~36!. The arrow and the momentum
vector balance, which refer to the dashed and the dot-dashed l
denote the point where Eq.~32! is satisfied, i.e.,uknu52uprelu
51.5 fm21, k1.2kn , k2.0; whenu150°, the behavior of the
dashed and dot-dashed lines is exactly the same, with the a
denoting in this case the configuration withuknu52uprelu, k2.
2kn , k1.0. The inclusion of then2(pp) rescattering destroys in
principle theu150° –180° symmetry, but, as explained in the te
the asymmetry generated by our calculation is very mild. ForuPu
.1.5 fm21, the ground-state momentum balance is always sim
to the 2NC configuration (uknu.uk1u, uk2u!uk1u), whereas foruPu
,1.5 fm21, the configuration is far from the 2NC one. Thre
nucleon wave function from@19#; AV18 interaction@22#.
4-9
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C. CIOFI DEGLI ATTI AND L. P. KAPTARI PHYSICAL REVIEW C66, 044004 ~2002!
calculation of Ref.@21#, the curves shown in Fig. 5 ar
slightly affected by thepn rescattering; thus the dashed lin
in Fig. 5 includes effectively both the PWA andpp rescat-
tering results shown in Fig. 10.

~ii ! Figure 11 displays the same as in Fig. 10, but foru1
590°. The dashed and dot-dashed lines are of course
same as in Fig. 9. In particular, atuknu51.5 fm21, corre-
sponding to the conditionuknu52uprelu, then2pp rescatter-
ing is small. Note that in this case, in spite of the fulfillme

FIG. 11. The same as in Fig. 10 but foru1590° ~cf. Fig. 9, as
far as the dashed and dot-dashed lines are concerned!. The arrow
and the momentum vector balance correspond to the point w
Eq. ~32! is satisfied (uknu52uprelu51.5 fm21), but sinceu1Þ0°
(180°), we do not stay now in thetwo nucleon correlationregion,
but rather in thethree-nucleon correlationregion, for uk2u.uk1u
.uknu/A2.1.1 fm21 ~cf. the Appendix!. Three-nucleon wave func
tion from Ref.@19#; AV18 interaction@22#.

FIG. 12. The transition form factor M (uPu,uprelu,u1)
5M (pn,prel ,q) @Eq. ~10!#, plotted vs uprelu for pn5q, u1590°.
The process corresponds to the absorption ofg* by a neutron at res
followed by the emission of two protons with momentap152p2

~back-to-backprotons!. Three-nucleon wave function from Re
@19#; AV18 interaction@22#.
04400
he

of the above condition, we are not in the two-nucleon cor
lation region but rather in the three-nucleon correlation
gion, for, as shown in the figure, the momenta of the thr
nucleons in the ground state are of comparable sizeuk1

u.uk2u.uknu/A2, u12.90°). Note that in the PWA the tran
sition form factor both in process 1~interaction ofg* with a
proton of a correlatedpp pair shown in Figs. 4 and 5! and
process 2~the interaction ofg* with the neutron we are
discussing!, represent the same quantity, namely, the thr
body wave function in momentum space@cf. Eqs.~16! and
~25!#; therefore the results presented in Figs. 10 and 11
uPu5uknu50 have to coincide with the ones given in Fig.
at the corresponding value ofprel5krel , as indeed is the
case.

~iii ! Figure 12 refers to the particular case when the n
tron is at rest in the ground state, so that, after absorbingg* ,
it leaves the system with momentumpn5q, and the two
protons are emitted back to back in the lab system w
up1u5up2u andu1590°. This is the kinematics also consid
ered in Ref.@14#. Since, as already pointed out@cf. Sec. III B,
Eq. ~25!#, in PWA both process 1 and process 2 are descri
by the same transition form factor, which is nothing but t
momentum space three-body wave function, the dashed l
in Figs. 4 and 12 represent the same quantity. As a matte
fact, since in Fig. 12uprelu5up2u, we see that at the highes
values of uprelu the dashed lines in Fig. 4 and 12 are
agreement; note, however, that, due to the effect of the h
angular momentum states, the dashed line in Fig. 12 sh
not exhibit the diffraction minimum seen in Fig. 4. It can b
seen, as expected from the behavior of the neutron spe
function, that thepp rescattering is very large since th
ground-state configuration corresponds to zero neutron
mentum and largepp relative momentum. The fact that th
pp rescattering is large, would not representper sea serious
obstacle in the investigation of the three-body spectral fu
tion, for, as also stressed in Ref.@14#, the calculation of the
pp rescattering is well under control since many years~see,
e.g., Ref.@23#!; unfortunately, also the full rescattering e
fects are very large, with the results that this kinematics
not the optimal one to investigate the three-body wave fu
tion. The results presented in Fig. 12 can qualitatively
compared with the results of Faddeev-like calculations
Ref. @14#, bearing in mind that the latter are restricted to lo
momentum transfer, i.e., toAs<3M1mp , which means
that unlike our case, for a given value of the thre
momentum transferuqu, there is an upper limit to the valu
of uprelu. As far as the PWA andpp rescattering results ar
concerned, there is en excellent agreement between ou
sults and the plane wave impulse approximation antisym
trized ~PWIAS! and ‘‘tG0’’ results of Ref.@14#, respectively,
which is not surprising in view of the similarity of the wav
functions and the treatment of the two-nucleon spectator
cattering adopted in the two calculations; as for the thr
body rescattering contribution, there also appear to be a
isfactory agreement between our eikonal-type calculat
and the Faddeev results, provided the values of the th
momentum transfer is large enough; at low values of
momentum transfer the eikonal-type approach cannot be
plied and a consistent treatment of bound and continu

re
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GROUND-STATE CORRELATIONS AND FINAL STATE . . . PHYSICAL REVIEW C 66, 044004 ~2002!
three-nucleon states within the Schro¨dinger approach is nec
essary. It should be stressed that in Ref.@14# the effect of the
three-body rescattering on the process in whichg* is ab-
sorbed by a proton at rest and the proton and the neutron
emitted back to back with equal momentapn52p2[p, has
been found to be very small, so that this process would
well suited for the investigation of the three-nucleon wa
function, being the calculation of thep2n rescattering well
under control, as previously pointed out; it should, moreov
be emphasized that within such a kinematics the effect op
andr meson exchange contributions on the transverse t
sition form factor was also found to be very small@14#.
However, the sp kinematics atupmu>2uprelu we have consid-
ered seems to be very promising, in view of the smallnes
both the spectator pair and the three-body rescattering
tributions.

IV. SUMMARY AND CONCLUSIONS

In this paper we have investigated the effects of the fi
state interaction~FSI! in the process3He(e,e82p)n using
realistic three-nucleon wave functions which, being the ex
solution of the Schro¨dinger equation, incorporate all types
correlations generated by modernNN potentials. We have
taken into account FSI effects, treating the three-nucleon
cattering within an improved eikonal approximation, whi
allows one to consider the two-nucleon emission processe
high momentum transfer, also whenAs>3M1mp , i.e.,
above the kinematical boundary imposed by Faddeev-
calculations. We reiterate once again that our aim was
stricted to the development of a theoretical approach for
treatment of FSI effects in two-nucleon emission proces
off the three-body system, and to the investigation of
effects produced by FSI in various kinematical regions.
did not discuss, other final state effects, e.g., MEC, wh
clearly have to be taken into account when theoretical p
dictions are compared with experimental data. We have b
guided by the idea that if a kinematical region could
found, where the effects of FSI are minimized, this wou
represent a crucial advance towards the investigation of b
GSC and current operators. Basically we have conside
two different mechanisms leading to the two-proton emiss
process:

~i! Mechanism 1, in which g* is absorbed by a correlate
pp pair. This mechanism, which is the one usually cons
ered in the case of complex nuclei, has been previously a
lyzed in Ref. @21# within a particular kinematics, the s
called symmetric kinematics, according to whichp11p2
5q, pn50. In PWA, such a kinematics selects the groun
state wave function configuration in whichk1.2k2 , kn
50 @the two-nucleon correlation~2NC! configuration#. Our
calculations confirm the results of Ref.@21#, namely that the
FSI due to then2(pp) rescattering is very small, wherea
the pp rescattering is extremely large, and fully distorts t
direct link between the ground-state wave function and
cross section, which holds in PWA~cf. Fig. 4!. Thus the
symmetric kinematic does not appear extremely usefu
investigate the three-nucleon wave function. A more intere
ing kinematics is the superparallel kinematics (p1'5p2'
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50,p1z1p2z5uqu,qiz) which, as demonstrated in Fig. 5
shows that, particularly at high values of the momenta of
detected protons, the effects from the FSI are strongly
duced.

~ii ! Mechanism 2, in whichg* is absorbed by the neutron
and the two protons are detected. We have shown that if
pp rescattering is taken into account and the one between
neutron and the protons disregarded, the cross section
pends upon thevector spectral functionP1(kn ,prel)
5(MNuprelu/2)M pp(kn ,prel). This spectral function, unlike
the usual one~see, e.g., Ref.@23#!, depends not only upon
uknu anduprelu5A2ME* , but also upon the angleu between
them. By analyzing the behavior ofP1(kn ,prel) ~cf. Fig. 9!
we have demonstrated that~i! when the relation uknu
.2uprelu holds, the FSI due topp rescattering is very small
and~ii ! the dominant configuration in the ground-state wa
function is the 2NC one, in whichk1.2k2 , kn50 @Eq.
~28!#; we have also found that whenu.0°(180°), the small-
ness ofpp rescattering actually extends to a wide regi
characterized byuknu.2uprelu, where the 2NC configuration
is still the dominant one~cf. the Appendix!. Such a picture is
not in principle withstanding when the three-nucleonn
2(pp) rescattering is taken into account, since in this ca
the concept of neutron momentum before interactionkn has
to be abandoned in favor of the concept ofmissing momen-
tum pm5pn2q52(p11p2), which equalskn only when
the three-body rescattering is disregarded. However, our c
sideration of the three-body rescattering, clearly show tha
the case of the superparallel kinematics, both the three-b
and two-body rescattering are negligible whenupmu
>2uprelu, which means that in this regionupmu.uknu. The
three-body rescattering is on the contrary very relevant w
upmu,2uprelu, both in the case of the superparallel kinem
ics, and particularly when the two protons are detected w
their relative momentum perpendicular to the direction oq
~cf. Fig. 11!. Within mechanism 2 we have, as in Ref.@14#,
also considered the process in whichg* is absorbed by a
neutron at rest and the two protons are emitted back to b
in the direction perpendicular to the direction of the mome
tum transferq, which meanspm50. In this case, the effect
from the FSI appear to be very different from the ones c
sidered in the two previous cases, namely, unlike the s
metric kinematics~cf. Figs. 4 and 5!, where only the FSI
between the two active protons played a substantial r
here both the pp rescattering and the three-bodyn2(pp)
rescattering are very large~cf. Fig. 12!.

We can summarize the main results we have obtaine
the following way:

~i! If g* is absorbed by a correlated proton pair, with t
spectator neutron at rest and the two protons detected
their relative momentum perpendicular to the direction oq
~symmetric kinematics!, the leading FSI is thepp rescatter-
ing, with then2(pp) rescattering playing only a minor role
In such a case, however, thepp rescattering fully destroys
the direct link between the ground-state wave function a
the cross section, occurring in the PWA; if the protons,
the contrary, are detected with their relative momentum p
allel to q ~superparallel kinematics!, the effects of thepp
4-11
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rescattering is appreciably suppressed, particularly at h
values of the momenta of the detected protons.

~ii ! If g* is absorbed by an uncorrelated neutron at r
and the two correlated protons are emitted back to back w
p152p2 , prel5p1'q, both the pp and then2(pp) rescat-
tering are very large.

~iii ! If g* is absorbed by a neutron and the two proto
are detected in the superparallel kinematics, one has the
lowing situation: if upmu,2uprelu both the pp and then
2(pp) rescattering are large; if, on the contrary,upmu
>2uprelu they are both small and the cross section can
directly linked to the three-body wave function in mome
tum space.

In conclusion it appears that the superparallel kinema
with upmu>2uprelu could represent a powerful tool to inve
tigate the structure of the three-body wave function in m
mentum space. Experimental data in this kinematical reg
would be therefore highly desirable.
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APPENDIX: BASIC CONFIGURATIONS
IN THE VECTOR SPECTRAL FUNCTION

Let us investigate the basic configuration in the vec
spectral function. To this end, we will first consider the thre
k,
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body wave function in momentum space or, in other wor
the vector spectral function in the plane wave approximati
when the momenta of the three-nucleons satisfy the rela

k11k21kn50, ~A1!

i.e.,

k1(2)52
1

2
kn6krel , ~A2!

wherekrel5(k12k2)/2 is the relative momentum. One thu
has

uk1(2)u5Akrel
2 1

kn
2

4
7ukreluuknucosu. ~A3!

The above relation illustrates that:
~i! If uknu52ukrelu, uk1u50, kn52k2, whenu50°, and

uk2u50, kn52k1, when u5180°, which represents th
two-nucleon correlation~2NC! configuration. It should be
pointed out that the scalar conditionuknu52ukrelu alone does
not suffice to uniquely specify the ground-state configu
tion, in particular the 2NC configuration. As a matter of fa
when uknu52ukrelu but u590°, one has uk1u5uk2u
5A2ukrelu which represents a typical three-nucleon corre
tion ~3NC! configuration, for all of the three-nucleons hav
comparable and high momenta. However, it can be seen f
Fig. 9 that such a three-nucleon configuration is stron
suppressed, andP(kn ,E) is mainly governed by the 2NC
configuration.

~ii ! If uknuÞ2ukrelu, we do not stay in the 2NC configu
ration, but it can easily be checked that ifuknu.2ukrelu and
u.0°(180°), uknu is still comparable withuk2(1)u@uk1(2)u.

The above picture is distorted by thepp rescattering, but,
as demonstrated in Fig. 9, only for~i! uknu,2ukrelu and ~ii !
uknu.2ukrelu, u.90°.
on
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