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Exclusive electron scattering on He leading to the pd and ppn breakup is studied under full
treatment of the final-state interaction (FSI). Realistic NN forces are used. The importance of FSI
is demonstrated in several examples, among them deuteron knock-out data which are well described.
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I. INTRODUCTION

With the new high-duty cycle electron accelerators
coming up, coincidence experiments between the scat-
tered electron and nucleons resulting from the breakup
of a nuclear target will become feasible. Due to the larger
number of structure functions and their dependence on
more momentum variables one can expect to get more
information &om those exclusive processes than from
purely inclusive or even elastic processes. It should how-
ever be guaranteed that the final-state interaction (FSI)
is well under control in order to be sure to unambiguously
locate the efI'ects one would like to study, like meson-
exchange current (MEC), electromagnetic hadronic form
factors or properties of the target wave function. This is
possible in the deuteron and as we will show also in the
A = 3 system using realistic NN forces.

Already quite some time ago the importance of treating
the final-state interaction between the three final nucle-
ons and the consistency between the three-nucleon bound
state and the three-nucleon scattering state has been rec-
ognized. At that time, however, due to the lack of com-
putational power, the forces were quite simple, low rank
separable ones. The very first electrodisintegration cal-
culations of He and H were performed in [1], where the
ground state was solved by the Faddeev method, in the
final state however the interaction was kept only within
the spectator pair (the two nucleons, which have not ab-
sorbed the photon under single nucleon current assump-
tion). Very similar in nature and techniques is of course
the photodisintegration, where the first Faddeev calcula-
tions for the 3N continuum [2] appeared and where the
importance of the rescattering with the spectator nucle-
ons was emphasized. One step further was the work in [3],
where for the two- and three-body photodisintegrations
of He ( H) both ground state and 3N continuum were
treated consistently as solutions of the same 3N Hamilto-
nian. This exact treatment, though still with simple NN
forces, already allowed to ask detailed questions [4] like
the suppression of the isospin T =

2 in three-body pho-
todisintegration of He. Then the first calculation for
two-body electrodisintegration of He ( H) came up in
[5]. Although also the formalism for three-body disinte-

gration in the context of separable forces was formulated,
limitations of computer resources prevented their realiza-
tion. It then took quite some time that the three-body
electrodisintegration has been treated in [6], now using
simple s-wave local forces in an unitary pole expansion
(UPE) or only unitary pole approximation (UPA) form.
The conclusion again was that a proper description has to
take into account contributions from the complete multi-
ple scattering series, which strongly underlines the impor-
tance of FSI. Due to the lack of kinematically complete
ppn breakup data that calculation was applied to a set
of existing inclusive data, where the two-body and three-
body electrodisintegration processes are both involved.

Physically and formally closely related are pd radia-
tive capture processes, where a first configuration space
3N calculation based on solutions of the Faddeev equa-
tion for the 3N bound state and 3N scattering states
appeared [7] using the Reid NN force. Thereby as in
the following studies [8,9] the interest was in the sensi-
tivity of tensor analysing powers to properties of the 3N
bound state and to the NN forces. The treatment of the
initial-state interaction turned out to be very crucial and
also the inclusion of higher NN force components. In [8]
realistic NN forces and even 3N forces have been used in
a consistent 3N Faddeev treatment for both bound state
and continuum states. In [9] separable forces were em-
ployed but also an EST (Ernst-Shakin-Thaler) expansion
form of the Paris potential.

At very low energies nd capture has also been treated
[10] using a configuration space Faddeev method and re-
alistic 2N and 3N forces. The method of correlated or-
thogonal states [11] represents the continuum to some
extent and puts in short-range correlations. Although
the states are not proper solutions of the 3N Hamilto-
nian their use in studying inclusive response functions
clearly showed significant improvement over plane-wave
impulse approximation (PWIA) results and underlined
the importance of treating the correlations between the
three nucleons in the final state as consequently as in the
3N bound state.

A recent development is the Euclidean response
method [12] applied to inclusive responses. By path in-
tegral techniques one calculates the Laplace transform of
the response functions and compares them to the cor-
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responding Laplace transformed data. This is an ex-
act method and includes the full dynamics of the chosen
Hamiltonian. Related to that are first trials with Stielt-
jes transforms [13]or transformations by a Lorentz kernel
[14].

In this paper we extend our first study [15] on the pd
electrodisintegration of He to the full ppn breakup of

He using realistic NN forces with full inclusion of all
rescattering processes. To the best of our knowledge this
is the first time that this could be realized. Also in rela-
tion to [15] we succeeded now to include all relevant NN
force components, while in [15] we restricted ourselves to
the states So and Sq- Di. This has significant impor-
tance in certain observables. The progress in relation to
[6] is that we use realistic NN forces with all their com-
plexities, which is clearly needed for a good description
of most data, not of all however. For instance, the longi-
tudinal response in inclusive scattering can fairly well be
described by simple pure 8-wave forces, like the one used
in [6]. Trivially spin observables are the other extremes
where pure s-wave forces would fail totally. Also in re-
lation to the older work in the seventies and sixties the
use of realistic forces is a decisive step forward. These
forces are linked to field theoretical ingredients, whereas
the ad hoc chosen ansatze have no such connection. This
paper provides the technical tools to handle any sort of
NN forces, which certainly will be of great importance
in the years to come, where new concepts will enter into
the expressions of nuclear forces.

In relation to [6] there is also a formal step forward.
In [6] the final scattering state for the ppn breakup is
worked out separately and one faces the technical dif-
ficulties of rescattering singularities of second order in
the two-nucleon t matrix for the 3 to 3 scattering ampli-
tude. This can be totally avoided by rewriting the nu-
clear matrix element for ppn breakup and applying the
rescattering operations to the initial 3N bound state to-
gether with the current operator. In this matter pd as
well as ppn breakup can be treated on the same footing
and no additional technical problems arise by going from
the two-body to the three-body breakup. Short descrip-
tions have already been given in [16,17]. We stick to the
notation introduced in [18], where elastic electron scat-
tering on He has been treated and more heavily on the
notations used in [15]. Thus the description of the for-
malism in Sec. II can be rather brief, with the exception
of the way we incorporate the ppn breakup.

In Sec. III we supplement the results for pd breakup
already given in [15] by emphasizing the necessity for
choosing realistic NN forces and including higher par-
tial wave force components. As an application we com-
pare our results to some data taken at NIKHEF. We
strongly feel that there should be more data on the pd
breakup covering the whole angular distribution of the
ejected proton (deuteron) (and not just a few angles, as
exist up to now). Especially interesting would be to map
out the deuteron knockout peak, since there rescatter-
ing processes under the action of realistic forces are very
important. This would shed light on the issue, whether
that deuteron knockout peak area can be used as a tool
to "see" np correlations in the target.

For the full breakup there exist up to now no data in
so-called complete kinematics. Thus we show just some
examples illustrating interesting structures and the need
of a correct control of FSI. More extended studies are
in preparation, especially the search for breakup configu-
rations, where FSI is negligible and therefore dynamical
properties of the initial 3N bound state and of the current
operator can be more clearly seen. Trivially, a prerequi-
site to do that is, that one can control FSI for the full
breakup of He and this is one of the messages of this
paper.

There are data, however, on inclusive scattering, where
three-body breakup contributes. Unfortunately, the the-
oretical analysis of these data requires extensive numer-
ical calculations, since for every energy transfer of the
photon the Faddeev equations have to be solved. The
necessary numerical resources are not available to us in a
short time. We are working on that analysis of the inclu-
sive data and shall report on it in a forthcoming paper.

A brief summary and outlook is given in Sec. IV.

II. FORMALISM

The derivation of the exclusive inelastic scattering
cross section can be carried through along the lines dis-
played, for instance, by de Forest [19].We refer to [15,18]
for details of our notation and just quote the result for
the eightfold differential unpolarized ppn breakup cross
section

0 = oMott (vcWc + vTWT + vIWI
dk'dkodpgdp2dEi

+vs Ws + vxWx + VYWY) p3N

(1)

Wx =
2 ) 2Re(NON~) (2)

WY =
2 ) (—2)Re(N[~N&),

q2 f q2 g )
vX = — — + tan —

~

sing,
q2 ( q2 2)

q2
vY = — cosPsinP .

2

The momentum of the scattered electron is A.
"

(ko, k'), the directions of the two nucleons detected in
addition to the electron are denoted by p~ and p2, re-
spectively, and the nucleon kinetic energies by E;. Aside
from the Mott cross section and the phase-space factor
given below we see six structure functions TV going to-
gether with kinematical factors v. It has been shown
quite generally that for heavier targets and further &ag-
mentations the number six is not surpassed [20]. The
first four terms have well-known analytical forms, as dis-
played in our notation in [15], and the last two are
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The summation in (2) and (3) is over magnetic quan-
tum numbers. The nonrelativistic phase-space factor is

calculated in one shot, just using diferent quadratures
at the end.

The final scattering state is Faddeev decomposed

P3N- P P
IJ ~ I'

(6) = (1 + P&2P23 + Pg3P23) g—:(1 + P)Q, (io)

where p3 ——Q —pq —p2 and lp2I is determined kinemati-
cally.

One avoids kinematical singularities by representing
the breakup cross section along the kinematically allowed
locus in the E2 —Eq plane and measured by the arclength
S along that locus (on which all events have to lie). Then

where @ obeys the Faddeev equation

1p=y+G t( )Pq.

Here Go is the free 3N propagator, t~ ~ the oE-shell
NN t-operator and P composed of a NN scattering state
and a momentum eigenstate of the third nucleon:

M~l» illP2I

(Ii P2P3 I2 + li P1P3 I2)1/2 dE]
l~. I' IJ 1I'

y = y( —) Ig(—)Ig (12)

This is a well known and usual device in the treatment
of nd breakup [21].

Now to the central quantity, the nuclear matrix ele-
ment

N" —= (C(. )„P'~j "IC' .„„P).

Here 4„«and 4'b „„pare fully antisymmetric scattering
and bound-state solutions of the 3N Schrodinger equa-
tion, respectively, and j„the hadronic current operator,
which in this paper is taken to be composed of single nu-

cleon contributions only. In the laboratory system P = 0
and the total 6nal nuclear momentum is P' = Q, the
photon momentum. Then analogously to pd breakup de-
scribed in [15] we can write for the full breakup

N" = 3(e:- m], m2, m3lj" (Q)lob „„dm),

where m and mim2m3 are magnetic spin quantum num-
bers of the initial and final states, p and q standard Jacobi
momenta [22] describing the asymptotic relative motion
of the three outgoing nucleons, and j~(Q) the current
operator for one singled out nucleon as given in [15].

We shall now show that the full breakup process can
be handled in the same manner as the pd breakup, not
requiring care as in [6]. In fact both processes can be

I

It is important to note that the two-body scattering state
is antisymmetrized as indicated by the subscript a. In
case of pd breakup that scattering state is just replaced
by the deuteron wave function. For notational simplicity
we dropped the magnetic quantum numbers and also the
isospin identifications of the nucleons.

Let us now insert (10) and (11) into (9):

N" = 3(4 I(1+P)j"(Q) I@bo d)

+38 IP«.(1+P)j"(Q) I+b--d)

where

Pv/IAS 3(&p I (1 + P)j"(Q) I
@bo d) (i4)

IA) = Ip)-IW .

Then let us look into all rescattering processes:

N,".'...~c
—= 3(&ol«o(1+ P)j"(Q) l@b--d)

+3(NIP~Go(1+ P)j"(Q) l@b d) . (16)

Its physical content can be nicely displayed by iterating
(11), which leads to the multiple rescattering series

In the first term we separate the part with no interaction
in the final state:

N,"."..".~t = 3(AI«o(1+ P)j"(Q) l@b--d)
+3(4ol(1+ &Go)P~Go(1+ P)j"(Q) l@baund)

+3(/pl(l + &Go)(P&Go)(P&Go)(l + P)j (Q)ICb d) +
= ~(&pl(1 + P)tGp(1 + P)j"(Q) I@bo~~d)

+3(&pl(1+ P)(«P)«. (1+P)j"(Q)I+b--d)
+3(&ol(1+P)(«oP)(«oP)«p(1+ P)~"(Q) l@b--d) + " .

We see the various orders of rescattering in the NN t
operator, which can easily be visualized in diagrams and
at the time we can read ofF the appropriate Faddeev-like
integral equation, which sums up the infinite series:

with

IU") = «.(1+P)~"(Q)I+b--d)
+tGpPIU") .

N,"..'.". —= 3(4.I(1+P) IU") This is the same integral equation we encountered in the
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pd breakup of sHe in [15] in the form of Eq. (37). For pd
breakup the rescattering matrix element, however, is

N,",',", „=3(/pe]P]U") (21)

thus just a different quadrature (note we changed the
normalization of the Faddeev component in Eq. (10)
in comparison to [15]) and also we separated a factor 3
&om the current operator in [15]. The kernel in (20) is
the saine we face in the way we treat nd scattering [23].
Only the driving term is diferent.

We solve (20) in a partial wave decomposition and
in momentum space, which leads to coupled two-
dimensional integral equations. For details we refer to
[22,23]. Any type of NN interaction can be used.

III. R.ESULTS

A. pd breakup ef He

The initial He bound state is always based on a 34
channel Faddeev calculation. If not otherwise stated we
use the Bonn B NN force [24]. As in [15] we stick to a
nonrelativistic treatment including kinematics. Thus the
internal energies for the 6nal states are for pd breakup

Tpd = ~ +~3He Cd )6 N
(22)

where es„and eq are the (negative) binding energies of
He and the deuteron, respectively, and for ppn breakup

T3N = ~ — .M + ~3H. .
N

They depend on the energy w and the momentum Q of
the virtual photon. For the kinematical conditions used
in this paper the deviations &om the relativistic forms
are smaller than 1%%.

In [15] we compared PWIA and its antisymmetrized
form, called PWIAS, to the full calculation in case of the
pd breakup for various lQl's and T„~'s We found .that
PWIA was acceptable only in the QFS nucleon knock-
out area and its quality for a given T„d improved with

increasing lQl. Here we would like to add a short com-
ment. As shown in Eq. (22) of [15] the single nucleon
current operator has the momentum space representation
in three-particle space

2.5 —.

kp=367. 1 MeV 8 =85.0 kp'=260. 0 MeV
@=461.0 MeV/c T~~=66.6 MeV

so1 3 3

]max= &

]max=2

current operator the He bound state wave function en-
ters as 4s„(p, q —sQ). While in PWIA q is fixed as
qo[= s (p~ —zpg], it is an integration variable for the

rescattering term N~. In the first case qo —sQ is just
the missing momentum pg for the proton knockout. If
l s Q] is smaller than qo, where T„d, fixes qo (see Eq. (39)
in [15]),then pq g 0 and Ngw&&s is smaller than its max-
imal value reached at pg = 0. With increasing Q, fixed

qo, and for parallel kinematics (qo ll Q), one reaches the
maximum of Np~&AS and then it drops monotonously.
In the rescattering term it is more complicated. It is ob-
vious &om the driving term in (20) or Eq. (37) in [15],
the q dependence is also present in the kinetic energies of
the propagator Go, which occurs in addition inside t. For
large q's, such that the kinetic energy of relative motion
(3/4m)q ~ is bigger than the available total energy T„d,
Go and t drop quickly with q. In that case the &ee prop-
agation is exponentially damped in con6guration space.
Strong contributions arise, if that kinetic energy is close
to Tzg. Furthermore also the argument q —sQ is 43H
should be small. As an example, for T„d ——30 MeV and

lQl = 100 M /c t e ]ql value around
l

—Ql fit to Tzd,

and one has strong rescattering, whereas for lQl = 500
MeV/c the lq] values around

l s Ql suppress Go and t and
rescattering is much weaker.

While in [15] we restricted the NN force to act in the
Anal state only for So and S»- D», we now include all
NN force components for total NN angular momenta
up to j = 2. The j = 3 contributions turned out to be
negligible under the kinematical conditions used in this
paper.

We display two examples, where we compare calcu-
lations using the NN force in the anal 3N continuum
only in the states So and S»- D», up to j = 1, and
up to j = 2. The first example shown in Fig. 1 is
for the proton-knockout condition and the data are &om
[25,26]. We see that the inclusion of the j = 2 contribu-

(pq]~ "(Q) lp 'q ') = ~(p'p') ~[q
' —(q —-',—Q)]1"(q, Q),

(24)

where p and q are standard Jacobi momenta. It is the mo-
mentum shift q + q

' = (q ——Q) of the nucleon absorb-

ing the virtual photon, which causes the Q dependence
in the nuclear matrix elements NPvv&&s for PWIAS (see

Eq. (33) in [15]) and Np. containing the remaining com-
plete rescattering process (see Eq. (36) in [15]). In both
matrix elements due to the action of that single nucleon

0.0
20 30 40 50 60

eN i«g)

FIG. 1. The quasifree proton knockout peak in pd breakup
for the Tl configuration of [26]. Rescattering is treated fully
and the NN force Bonn H is kept diferent from zero in the
states So, S~- D~, up to j~~x = 1 and up to jmax1 3 3

respectively. 8~ is the proton laboratory angle. The data are
from [26].
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+
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e, [deg]

FIG. 4. The HR configuration of [26] for the pd breakup.
Comparison of PWIA, PWIAS, and partial sums of increasing
orders in t. The convergence toward the full solution is very
slow.

FIG. 2. The full angular proton distribution of pd breakup
for the HR configuration of [26]. Rescattering is treated fully
and the NN force Bonn B is kept different from zero in the
states So, S&- Dz, up to j „= 1 and up to j „= 2,
respectively. The data are from [26].

even there viewed at on a linear scale low order predic-
tions in t are unsatisfactory. Finally this example serves
to demonstrate the importance for using realistic NN
forces. In Fig. 5 we see that the Bonn B and Paris pre-
dictions agree very well among themselves and quite well
with the data, whereas MT I-III is totally off (except in
the very peak area).

Let us now regard the deuteron knockout peak. There
is the expectation [27] that one can learn from that pro-
cess about np correlations in He. Clearly a prerequisite
is that FSI is negligible, otherwise one mixes correlations
from the 3N bound and continuum states. We therefore
investigated again under which conditions FSI loses im-
portance. This is illustrated in Figs. 6(a)—6(c). The full
treatment of FSI shows the deuteron knockout peak but
deviates even at 600 MeV/c strongly from the PWIAS
prediction. Therefore, under these conditions an analy-
sis of the deuteron knock-out peak area by PWIAS alone,
would lead to inaccurate predictions about He proper-
ties. This issue deserves further investigation. The case

]Q[ = 600 MeV/c also points to the necessity to properly
include higher NN force components, here j = 2.

tions are negligible and the j = 1 contributions on top of
Si-sDi lead to changes of only up to 3%. The remain-

ing discrepancy to the data is likely caused by neglecting
all relativistic efFects (see [15]). In the second example
displayed in Fig. 2 the experimental data [26] are more
in the slopes and outside of the QFS peak area Here t. he

j = 2 contributions are very significant, up to 19% in the
peak area up to 120% around 0„=240'. In this example
the agreement with the data is good.

We would also like to use the kinematics of Fig. 2 to
demonstrate again the importance of FSI. As is seen in
Fig. 3 neither PWIA nor PWIAS is useful. In the peak
area PWIA equals PWIAS and is ofF by 95% and out-
side both deviate from the correct treatment by orders
of magnitudes. It is also instructive to see the very slow
convergence of the multiple scattering series in that ex-
ample. We display in Fig. 4 the predictions for PWIA,
PWIAS, the partial sums of 1st, 2nd, . . ., order in t for the
multiple scattering series and the full solution. It is only
in the peak area that the curves are close together. But

kp ——390.0 MeV 8,=39.7' kp' ——277.0 MeV
Q=250.2 MeV/c Tp~=96. 4 MeV10

1P -6„
kp=390 0 MeV Pe
Q= 250.2 MeV/c

kp' ——277.0 MeV
Tpd 96.4 MeV

III Sp, S,
Jmax=2
Jmax= 2

n B
n B

n B j „=2
1Q
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1 Q

h ~10

'l p
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~ ~ ~ ~ ~ ~ ~ ~ ~ 0
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~ ~ ~

p
—10

10 -"
0 1 20 1 80 240 300 .'l60

[«g]
60 —11

0 60 120 180 240 300
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.') 60

FIG. 3. The full angular proton distribution of pd breakup
for the HR configuration of [26]. Comparison of PWIA,
PWIAS, and the full treatment of rescattering. The Bonn
B potential has been kept in the 6nal state up to j „=2.

FIG. 5. The HR configuration of [26]. Comparison of Paris
and Bonn B predictions to the one based on the MT I-III NN
force model.
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As is well known, PWIA is totally off in the deuteron
knock-out peak area since the photon in the single nu-
cleon current approximation is not hooked to the con-
stituents of the final deuteron. It is the part of PWIAS to 1P -9

1P -9„

kp= 390.0 MeV
Q=250. 2 MeV/c

8,=39.7' k'p ——277.0 MeV
Tp& ——96.4 MeV

(&~~~f II'~~R(&) l&~) (25)

(see Eq. (33) of [15]), which generates the deuteron

4P

b pg

C:

-10
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Full Paris

3
Sp, SI
Jmax
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-11

0 30 60
ed [deg]

90 120
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//

/
/
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Q

E
1 p

—10
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30 50
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I ~ I
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. Q=500.0 MeV/c

~ ~
~ ~

70 90

kp' ——250. 1 MeV
Tpd 90 0 MeV

70 90

kp'=266. 1 MeV
Tpd=90. 0 MeV

FIG. 7. The HR configuration of [26], now as a function of
the deuteron scattering angle. Comparison of MT I-III, Bonn
B, and Paris predictions taking FSI fully into account.

knockout, since there the photon is absorbed by the nu-
cleons inside the final deuteron. One may ask, whether
that expression (25) is useful to study properties of the

He wave function, especially, the np correlations therein.
We shall investigate that question in a forthcoming pa-
per. Here we are satisfied to say that, under the con-
ditions of a single nucleon current operator, the lql's at
which FSI is possibly small, are rather high [see the exam-
ple of Fig. 6(c)], so that relativistic effects (not included
here) might already be appreciable. Therefore strictly
spoken, the question of importance or unimportance of
FSI has to be investigated again in a relativistic context.

Trivially, in the deuteron knockout peak an oversimpli-
fied description of the deuteron itself should not be used.
This is demonstrated again for the HR configuration of
[26]. Now that cross section is presented in Fig. 7 as
function of the deuteron scattering angle. We compare
the full Paris and Bonn B predictions (j = 2) to the
one of the pure 8-wave force MT I-III. The lack of d-wave
admixture in the case of MT I-III, both in the deuteron
and the 3N scattering process, yields a totally diferent
result.
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FIG. 6. The deuteron knockout peak for 6xed T„d, and
increasing [Ql's. The PWIAS predictions approach the full
treatment for increasing lQ['s, but FSI remains quantitatively
important for the shape and height of the peak. PWIA is
totally off. The j „=2 NN force contributions are very
significant in all three cases: [Ql = 400 MeV/c (a), [Ql = 500
MeV/c (b), and lQ[ = 600 MeV/c (c).
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FIG. 8. Data [26], now as a function of missing momentum
P and emphasizing deuteron knockout are compared to the
Paris, Bonn B, and MT I-III predictions. FSI is taken fully
into account.
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FIG. 9. The pd breakup cross section for one point in Fig.
8 (P = 85 MeV/c) as a function of the deuteron scattering
angle. Comparison of PWIA, PWIAS, and partial sums of
various orders in t of the multiple scattering series to the full
treatment. That series is strongly diverging. The curves refer
to Bonn B, j „=1.

FIG. 10. The p n p breakup cross section along the
arc-length S of the kinematically allowed locus in the EI —E2
plane. One of the proton directions (particle 1) coincides with
the one of the photon. Particle 2 is the neutron. Comparison
of PWIAS and partial sums of the multiple scattering series
in various orders of t to the full solution (j „=2).

Experimental data [26] taken with p~ ~~ q, thus empha-
sizing deuteron knockout are compared to the full Paris,
Bonn B, and MT calculations in Fig. 8. Again the re-
alistic NN force predictions are much closer to the data
than for MT I-III. Also the j „=1 results alone (not
shown) are not sufIicient and worse than MT I-III. As
already emphasized, PWIAS (not shown) is highly insuf-
ficient and lies above the full treatment by factors be-
tween 3 and 14. In Fig. 9 we display for one point along
the curve in Fig. 8 (P = 85 MeV/c corresponding to
T„d, = 35.8 MeV) the angular distribution of the knocked
out deuteron. One sees the expected deuteron peak. At
the same time we demonstrate the strong divergence of
the multiple scattering series.

the higher orders are very important for larger S, where
the available energy is more equally distributed over the
three particles than for very small S, where the proton
carries away nearly all the energy. At the larger S values
only the 5th order approaches gradually the full result.
A second example in Fig. 11 corresponds to a coplanar
space star configuration. The three nucleons in their c.m.
system have equal energies and mutual angles of 120 . In
this case we show the laboratory cross section as function
of the c.m. angle for particle 1 with respect to the photon
direction. Here rescattering is always very important and
the partial sum even of 5th order in t is not sufficient. A
full solution of the 3N continuum Faddeev equations is
required.

Due to the lack of data let us only illustrate the

B.ppn breakup of ~He

Let us now regard the complete breakup of He. We
display only kinematically complete experiments, where
in addition to the scattered electron two nucleons are de-
tected at certain angles. Then the energies of the nucle-
ons are kinematically correlated on a locus. We display
the eight-fold. differential cross section for fixed angles
of the electron and the two nucleons as a function the
arclength S along that kinematical locus in the energy
plane of the two detected nucleons.

First we would like to demonstrate in two examples
properties of the multiple scattering series. In the first
one in Fig. 10 one of the protons is ejected parallel to
q and we see a proton knockout peak at small S values.
Note that here the direction of the knocked out proton is
fixed and the S dependence stands for the energy distri-
bution over the two relative Inotions of the three nucle-
ons. We see that PWIAS is totally oK everywhere. The
curves denoted by 1st, 2nd, . . ., order in t are the partial
sums of the multiple scattering series up to that order.
While for small S values the first order in t is quite good,
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partial sums of the multiple scattering series in various orders
of t to the full solution (j = 2).
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FIG. 12. The pn p breakup cross section along S for PWIA

and PWIAS in comparison to a full calculation based on Bonn
B (g „=2). Along S the collinearity condition is valid at
the point marked by an arrow.

complete breakup process by two more examples, where
along S one encounters specific breakup configurations
known very well in the context of nd breakup studies
[28]: Fig. 12 includes the condition for collinearity (in
the c.m. system one nucleon is at rest) and Fig. 13 in-
cludes one FSI peak, where FSI in this contempt has a dif-
ferent meaning than elsewhere in the paper and denotes
the final-state interaction between two outgoing nucleons
which travel in the same direction and with the same en-
ergy. In all cases FSI is in general very important and
the simple PWIAS of Eq. (14) alone is far off. All these
predictions are based on the Bonn B NN force, which is
included in the final state up to j = 2.

In view of upcoming experiments aiming at the mea-
surement of the electric neutron form factor G~, we re-
gard now the configuration, where one of the final nu-
cleon momenta, like in Fig. 10, is parallel to Q. This
nucleon can be either a proton or a neutron. The angle

I I I 1 I i I 1 I I I I ~

30 60 90 120 150 180
S [Me V]

FIG. 14. Comparison of p n p and n p p breakup in PWIA
and PWIAS approximations. The particles 1, p, or n, have the
direction of the photon and carry essentially all the available
energy for small S values. At the largest S values the particle
2, proton or neutron, takes over the dominant role (for further
explanations see text).

of a second nucleon is arbitrarily fixed. We first com-
pare PWIA to PWIAS in Fig. 14. In the peak area for
small S symmetrization plays no role and PWIA is suf-
ficient. The cross section is overwhelmingly determined
by R'T, which again results mainly &om the transversal
spin current. The nucleons numbered 1, 2, and 3 are cho-
sen as p n p and n p p, respectively. Since the magnetic
form factor of the proton is larger in magnitude than for
the neutron the proton peak height is larger, too. With
increasing S the available energy is shared more equall

e ween nucleons 1 and 2 and toward the largest S-values
particle 2 takes over most of the energy. This is shown in
Fig. 15. In this case the part going with P in Eq. (14)
takes over the role of the first one and PWIAS separates
from PWIA. Since for the sequence pnp the second nu-
cleon is a neutron and for npp a proton the curve for
pnp is lower than for npp. This is due to the different
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FIG. 16. Comparison of p n p and n p p breakup in PWIAS
to the full treatments. Note the strong rescattering eKects for
nearly all S values.

magnitudes of the magnetic form factors.
Let us now switch on the full 6nal-state interaction.

The e6'ects of FSI are dramatic for nearly all S values.
This is shown in Fig. 16. In a forthcoming paper we
shall investigate the question of FSI further by looking
into incomplete conditions, where only the electron and
one knocked out nucleon is detected.

forces in all relevant partial wave states beyond l = 0.
Data which completely map out the angular distribu-
tion of the ejected proton and especially of the deuteron
in their respective peak areas would be very useful to
test the rescattering processes and the current operator.
The important role of the FSI is illustrated also for the
breakup in some examples. The important step forward
achieved in the present work is, that the role of the FSI
can be checked theoretically, at least under all kinemati-
cal conditions, where relativity plays a minor role. More
work and applications thereof are in progress. This also
opens the door to analyze the existing data for photo-
disintegration of He, pd capture reactions, and inclusive
scattering on He taking FSI fully into account. For pd
capture reactions and inclusive scattering equally precise
studies are already being pursued as has been mentioned
in the Introduction. Especially, the renewed study of
FSI corrections for y scaling will be interesting and will
support or modify the results gained up to now for mo-
mentum distributions of nucleons in light nuclei. Having
all the nuclear matrix elements N" including FSI at ones
disposal, predictions will also be possible for the excit-
ing issues of reactions with polarized electrons and He

( H) targets. Steps in those directions are being done
presently.

IV. SUMMARY AND OUTLOOK ACKNOWLEDGMENTS

We demonstrated that the final-state interaction be-
tween the three nucleons in electron induced pd and ppn

He breakup can be treated fully by solving Faddeev-
like integral equations. Any realistic NN force can be
used. As an example we employed the Bonn B and
Paris potentials. For deuteron knockout we found good
agreement to some NIKHEF data, though only the most
simple nonrelativistic single nucleon current operator has
been used. Thereby it was important to use realistic NN
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