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The coincidence cross section of the electron induced two-body breakup reaction 'He(e, e'p)d is

studied at various kinematic configurations. Nucleonic final-state interactions are treated exactly by
solving the Faddeev equations for the relevant scattering states. The essential kinematic parameter
in analyzing the results for the various kinematic regions is the missing momentum of the struck nu-

cleon. At missing momenta below 250 MeV/c the s-wave analysis gives an adequate description of
the experimental data. At missing momenta beyond 350 MeV/c a pure s-wave analysis is not
sufficient. Contributions from the d-state components in the trinucleon wave functions to the
disconnected graphs are considered.

I. INTRODUCTION

This paper describes some applications of the theoreti-
cal analysis presented in Ref. 1, herein called paper I.
Recent experimental studies at Saclay ' and at the Na-
tionaal Instituut voor Kernfysica en Hoge-Energiefysica
(NIKHEF), Amsterdam ' have provided detailed and in-

teresting data for the electron induced two-body breakup
reaction of He. With the objective to investigate the role
of nucleonic final-state interactions we have calculated
the two-body breakup cross sections at these various ex-
perimental kinematic situations, thereby using the solu-
tions of the Faddeev equations in order to construct the
wave functions for the three-nucleon bound state and the
half-off-shell NNN~Nd scattering state at the relevant
center of mass energies.

In presenting our results we distinguish kinematic
configurations with different values for the missing
momentum p = ~p~. —Q~ [see Eq. (65) in I]. In Sec. II
we discuss two-body breakup results taken at low missing
momenta (p (250 MeV/c). In addition to the theoreti-
cal descriptions of the various kinematic situations we
have carried out a systematic survey of the kinematic
phase space in order to examine the size of final-state
effects relative to the simple PWIA description. In Secs.
III and IV we present a detailed treatment of a kinematic
configuration studied at NIKHEF. The experimental
data were taken at missing mornenta between 200 MeV/e
and 500 Me V/c. At missing momenta beyond 350
MeV/c the s-wave analysis breaks down. This is dis-
cussed in Sec. III. A natural way to proceed is, of course,
to repeat the analysis with non-s-waves in the nucleon-
nucleon interaction taken into account. In Sec. IV we
carry out the two-body breakup analysis with d-state
components added to the disconnected contributions. Fi-
nally, in Sec. V we present results for the various nuclear
structure functions.

II. FINAL-STATE EFFECTS AT LOW MISSING
MOMENTUM

If the kinematics of an (e, e'p) experiment is such that
the knocked out proton has a low missing momentum, we
expect that at high momentum transfer the scattering
process is dominated by the PWIA. An example of such
a situation is shown in Fig. 1. The experimental data are
taken at Q =428 MeV/c, co=100 MeV, and E, =530
MeV. Our results are plotted together with the results
obtained by Laget, who calculated the cross section
from the first few terms of a diagrammatic expansion of
the full transition amplitude. Meson exchange currents
are also included in his calculations. The relative
proton-deuteron energy T d is 60 MeV, and ten partial
waves are used to include FSI. From Fig. 1 we see that
for small initial moment p the agreement with experi-
ment is good. At larger momenta the calculated results
are too high, indicating that the high-rnomenturn com-
ponents of the UPA-MT wave function contain too little
correlation. The Reid soft-core results of Laget in the
PWIA indeed show a steeper falloff. The importance
of the contributions of the PWIA and FSI amplitudes
can be very different depending on the kinematic
configuration. The PWIA amplitude, completely dom-
inant at low initial momentum of the probed nucleon,
falls off rapidly with increasing missing momentum p
For the FSI amplitude, we find a much slower falloff as a
function of the same momentum. Since it turns out that
the PWIA amplitude and the real part of the FSI ampli-
tude have opposite signs, the real part of the full arnpi-
tude, which results from a coherent sum of all diagrams
in Fig. 10 of I is considerably reduced at larger missing
momenta. Part of this cancellation is compensated by the
imaginary part of the connected amplitude. However,
the size of the imaginary part is generally smaller than
the size of the real part of the connected amplitude. Con-
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FIG. 1. P%IA dominated configuration studied at Saclay
(Ref. 2). The solid and the dashed curve represent the results
for the Born+FSI an/ the Born calculation. The dotted curve
shows the result for the Born+rescattering connected diagrams
(i.e., diagrams a+b in Fig. 10 of I). The remaining curves are
results from Laget (Ref. 6), representing a P%'IA (short-
dashed-dotted) and fu11 (long-dashed-dotted) calculation, the
latter including effects of meson-exchange currents.

sequently the addition of fina-state effects gives rise to a
decrease of the cross section in most kinematic situations.

Recently an interesting kinematic situation has been
studied experimentally at NIKHEF, Amsterdam. The
results are shown in Fig. 2. This experiment is taken at
antiparallel kinematics, i.e., pIv Q= —1. This choice
eliminates the contribution to the cross section from the
nuclear structure functions 8'z and 8'1. The momentum
transfer is fixed at 380 MeV/c, but the energy transfer
varies from 10 MeV up till 80 MeV in the center of mass
frame. The incoming electron energy is 390 MeV. In
this kinematics, the pure PWIA result (not shown in the
figure) predicts a cross section, which underestimates the
experimental data by three orders of magnitude. This
can be easily understood, realizing that in a direct nu-
cleon knockout process at antiparallel kinematics the
probed missing momenta are larger than the momentum
transfer. Moreover, the dominant process in this kine-
matics is direct deuteron knockout (DDKO). Assuming
this mechanism, the missing momentum corresponds to
the initial momentum of the pair subsystem prior to the
knockout, which is equal to the size of the recoil momen-
tum of the outgoing nucleon. Indeed, the contributions
from the disconnected diagrams already lead to the
correct order of magnitude, but now the inAuence of FSI
is much more pronounced than it is in the previously dis-
cussed kinematic configurations. Moreover, the repro-
duction of the experimental data is quite satisfactory.
Both the UPA-MT and the local MT results are shown in
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Fig. 2. From this we see that the UPA result already
gives a very accurate description in this kinematic situa-
tion. Following Laget, one possible approximation to the
connected three-body amplitude is to keep only the
lowest order connected diagrams or rescattering ampli-
tudes. The calculated result is given by the dotted curve
in Fig. 2. It is clear that the approximation is poor in
this case of antiparallel kinematics and that it is neces-
sary to determine the complete multiple scattering series.

Realizing that the deuteron momentum distribution in-
side He is equal to the proton momentum distribution p2
of He, the Amsterdam group attempted to describe the
breakup process as direct deuteron knockout, treating the
deuteron as an elementary particle in the same way as is
done with the nucleon. Instead of Eq. (65) of I, they fac-
torized the cross section into p2 times some phenomeno-
logical electron-deuteron cross section a,d. In doing so
they just replaced the mass and the nucleon electromag-
netic form factors in the expression for o.,N [Eq. (3) of I]
by the equivalent deuteron numbers. The result yields a
remarkably good description of the data. However, such
a treatment is expected to underestimate the disconnect-
ed contribution, since the overlap with the 'So- I& com-
ponents of the trinucleon system is completely suppressed
in such a calculation. To see how large this contribution

FIG. 2. Coincidence data (Ref. 4) taken at fixed momentum
transfer in antipara11el kinematics. The short-dashed-dotted
and solid curve represent, respectively, a Born and Born+FSI
calculation with the local MT interaction. The short-dashed
(Born) and long-dashed (Born+FSI) curve are obtained with
the UPA separable expansion. The dotted curve shows the
cross section calculated with the Born and the lowest-order con-
nected diagrams, also determined with the UPA expansion.
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is, we have switched off the spin-isospin flip transitions in
the disconnected amplitudes. The results are plotted in
Fig. 3, together with the full Born result obtained with
the UPA-MT potential. From this we see that indeed the

FIG. 3. Kinematics and data are the same as in Fig. 2. The
solid curve shows the full UPA Born cross section. The dotted
curve describes the phenomenological o,zp2(d) calculation.
The dashed curve is a Born-type calculation, in which spin-
isospin flips are neglected.

'So- I& amplitudes are also important and the agreement
with the phenomenological electron-deuteron description
can be considered fortuitous.

One of the crucial kinematic parameters in the analysis
is the missing momentum. Although it is only well
defined in a PWIA description, a similar parameter can
be introduced to explain the DDKO contribution. In
most experiments the missing momentum is varied in-
directly with the purpose to extract the momentum dis-
tribution of He from the measured cross section. How-
ever, such an analysis will yield rather unreliable infor-
mation due to the unknown size of final-state effects.
With the motivation to improve this situation we per-
formed a more systematic study of the relative size of
final-state effects as a function of the various kinematic
variables. Since the momentum distribution is essentially
a function of the missing momentum only, we found it in-
structive to fix this parameter at a number of values from
50 to 200 MeV. Figure 4 shows results as a function of
the momentum transfer. The center of mass energy s,
is fixed at values 30, 60, and 90 MeV. In Fig. 5 we show
the same results, but now as a function of the missing
momentum at values for Q of 300, 400, and 500 MeV/c.
All results shown in Figs. 4, 5, and 6 are calculated with
the UPA-MT interaction, using nonrelativistic kinemat-
ics for the outgoing proton and deuteron. Use of relativ-
istic kinematics will slightly affect the values along the
horizontal axis. It is obvious that final-state effects play a
more significant role at larger missing momentum.
Furthermore, final-state effects are less important at
higher momentum transfer or at higher center of mass
energy. The angle cosy =p g is taken as the fourth
kinematic variable to match the conditions of
momentum-energy conservation. For each curve this an-
gle roughly varies from antiparallel to parallel with
respect to the three-momentum transfer. In Fig. 4 the
point at the lowest Q values corresponds to y =180',
while the other end of each curve corresponds to y =0'.
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FIG. 4. Relative size of final-state elects versus momentum transfer at fixed missing momentum. The various curves are calculat-

ed at fixed center of mass energy s, =30, 60, or 90 Me&.
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FIG. 5. Relative size of final-state effects versus center of mass energy at fixed missing momentum. The various curves are calcu-
lated at fixed momentum transfer Q =300, 400, or 500 MeV/c.

In Fig. 5 the situation is just opposite. Here the point at
the largest s, value corresponds to y =180', and the
orientation gradually becomes parallel in going to lower
values for s, . For all combinations of Q and s,
which are examined in these kinematic setups, the corre-
sponding angle cosy =p N Q of the outgoing nucleon will

vary around the forward direction only. Consequently
the DDKO process is suppressed and the renormalizasa
tion of the PWIA cross section is entirely due to finalsa

state effects.
The relative cross sections tend to have a minimum at

the most off-parallel value of the angle y, indicating that
final-state effects are more important when the nuclear
structure functions Wz and O'I contribute to the cross
section. Moreover, final-state effects are least significant
in parallel kinematics. To investigate this in more detail
we fixed y at 0', 90', and 180', and varied Q and s,
simultaneously. The results are shown in Fig. 6. To get
an idea of the variation of the center of mass energy
s, , simply apply the quadratic relation s =E

3 2
c.m. d

+(Tp +Q) /3M~. It is interesting to see that the

parallel curves, labeled y =0', remain unaffected when
the missing momentum is increased. The shape of the an-
tiparallel curves, however, changes considerably, while
the normal curves gradually move away from the parallel
curves. We did not study the size of final-state effects at
missing momenta beyond 200 MeV, since in this kinemat-
ic region d-state components of the wave function can no
loger be ignored in the electromagnetic breakup analysis.
This will be discussed in the next section.

III. FINAL-STATE EFFECTS AT HIGH MISSING
MOM ENTA

As shown in the previous section, the exact s-wave for-
malism is reasonably capable to give an adequate descrip-
tion of experimental data taken at low missing momenta.
We now turn to the discussion of the experimental data
in the region of high missing momenta. Recently, such a
kinematic configuration has been investigated experimensa
tally at NIKHEF, Amsterdam. Two-body breakup data

3for He were taken at constant energy-momentum
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FIG. 6 R 1G. 6. Relative size of final-state effects versus momentum transfer at fixed missing momentum. The various curves are calculataa

ed at fixed angle y =0, 90', or 180 .
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transfer co=113 MeV, Q =250 MeV/c, and incoming
electron energy E, =390 MeV. The corresponding rela-
tive center of mass kinetic energy is about 93 MeV. In a
P%'IA-type analysis, variation of the photon-nucleon an-
gle 0, from parallel to antiparallel implies that the nu-

QsN

cleonic missing momentum is sampled from 200 MeV/c
up to about 500 MeV/c. But in analogy with the previ-
ously discussed antiparallel kinematic experiment, the
deuteron can also be regarded as the knocked out parti-
cle. In that case the corresponding missing momentum
would vary from 440 MeV/c down to 260 MeV/c. For
experimental reasons the deuteron has been detected
rather than the proton in the high missing momentum re-
gion. This modification in measuring procedure corre-
sponds to changing the reaction plane angle P of Eq. (11)
of I from 180' to O'. In the calculation this affects the
sign of the nuclear structure function O'I. The experi-
mental data are shown in Fig. 7, together with the results
obtained with the local s-wave MT potential. The UPA
results are also plotted. At low missing nucleon momen-
ta the analysis fairly well describes the experimental data.
In this kinematic interval the Born term is purely deter-
mined by the PWIA contribution. The local analysis is
slightly below the UPA results which agrees with the
momentum distribution p2 (see Fig. 11 of I).

However, at high missing nucleon momenta the situa-
tion changes considerably. The disconnected cross sec-
tion, fully determined by the direct deuteron knockout

process, overestimates the data by roughly one order of
magnitude. Moreover, it shows a steep increase in ap-
proaching antiparallel kinematics in agreement with the
momentum distribution, but in contrast with the behav-
ior of the experimental points. Inclusion of final-state
effects results in a dramatic reduction of the cross sec-
tion, which now is below the experimental data by about
one order of magnitude. On the level of transition ampli-
tudes the Born amplitude is almost canceled by the real
part of the connected amplitude. Moreover, the imagi-
nary part of the connected amplitude is of the same order
of magnitude as the real part of the full amplitude. In
should be noted that the result is completely stable
against any reasonable variation of the numerical integra-
tion parameters. Since the result is so sensitive for the in-
clusion of final-state effects one may ask what happens if
we keep only the first rescattering diagrams in the con-
nected amplitude. As expected a large deviation is found
from the full result (see Fig. 7). It is clear that any trun-
cation of the multiple scattering series leads to totally un-
reliable results in these types of kinematic configurations.
Moreover, in view of the destructive interference occur-
ring in this kinematic region a proper treatment of the
non-s-wave components in the NN interaction has to be
done before reaching any definite conclusions.

The above calculations are in apparent disagreement
with Laget. Already his Born description is consider-
ably lower than we find. This is surprising, since in par-
ticular one might not expect that incorporating d-state
components in the Born graph would decrease the cross
section. This discrepancy is at least partially due to
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FIG. 7. Coincidence cross section taken at constant energy-
momentum transfer at high missing momenta. The various
curves are the same as in Fig. 2. Experimental data are taken at
NIKHEF (Ref. 5).

FIG. 8. Same kinematics as in Fig. 7. Solid line represents
original Born calculation with UPA-MT interaction. Dashed
line represents modified Born calculation with factorized trinu-
cleon wave function (see text for explanation). The dotted curve
is the Born-type result obtained by Laget using the Paris poten-
tial.
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Laget's factorization approximation of the trinucleon
wave function. To see how reasonable such an approxi-
mation is we have applied it also to our case. It consists
of projecting out the 1=0 component of the trinucleon
wave function.

1

To(p, q) =
—,
' d cos0 P(p, q, 8 )

and approximating the wave function by

uo(p)XO(q) 4T(p q)

with

uo(p) = To(p, q =0),

pp Qo p Tp pg
Xo(q) =

pp ~op

The results for the electromagnetic breakup cross section
are shown in Fig. 8. In the low missing momentum
branch the factorization leads to fair results, however at
high missing momenta this prescription is inadequate, re-
sulting indeed in a decrease of the Born cross section by
about a factor of 2.5 at the antiparallel point.

For this specific kinematic situation we performed two
additional calculations. First we studied the dependence
on the input parameters of the electromagnetic current.
Figure 9 shows the various curves, where the result from

Fig. 7 obtained with the relativistic current from Eq. (23)
of I serves as a reference. Use of the current with the
more convenient o.„ term leads to an almost indistin-
guishable result, while the nonrelativistic reduction of the
current up to O(1/Mz) gives a reasonable result. Furth-
ermore, note the flat behavior of the dotted line, which
indicates that keeping the longitudinal component of the
current instead of the charge component leads to entirely
different predictions. We also mention the tendency of
all curves to approach the same point at (anti)parallel ki-
nematics, where the contribution from the structure func-

Wsand Wl 'h s

Finally we studied the convergence properties of the
UPE separable expansion method for the electromagnetic
two-body breakup cross section observable. The results
are summarized in Fig. 10. The kinematics for which the
curves are calculated corresponds to the /=0 branch of
Fig. 7, and the experimental data are omitted. The re-
sults are self-explanatory and in accordance with the pri-
or results on the bound state and scattering parameters.
At low missing momenta the convergence properties are
satisfactory. At high missing momenta the UPE calcula-
tions also converge, but not precisely to the local result.
Probably, this difference, which persists if one calculates
the cross sections for different combinations of the re-
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FIG. 9. Sensitivity study of various electromagnetic com-
ponents in a kinematic situation equivalent to the high momen-

.um region in Fig. 7. The solid line is the same as in Fig. 7. The
dashed line is obtained with the current from Eq. (24) of I. The
nonrelativistic reductions are shown by the long-dashed —dotted
[O(1)] and short-dashed —dotted [O(1/Miv)] curves. Elimina-
tion of the charge components results in the dotted curve.
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FIG. 10. Convergence properties of UPE in electromagnetic
two-body breakup analysis. Kinematic situation is equivalent to
the high missing momentum region in Fig. 7. The upper curves
are Born results, while the lower curves include final-state
effects. Crosses represent results from a calculation with the lo-

cal MT interaction. The dashed curve corresponds to a UPA
calculation. The long-dashed —dotted curve is also UPA, but ob-

tained with the singlet parameter s set to 0 (see Appendix B of
I}. The dotted and solid curve are due to the (1111)-UPE and
(2222)-UPE combinations.
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tained UPE eigenvalues, must be ascribed to a slightly
different behavior of the high momentum components in
the scattering wave function. Somehow the electromag-
netic observable is more sensitive to these components
than the Nd scattering parameters, at least in the con-
sidered kinematic configuration.

IV. ANALYSIS WITH d WAVES IN
THE DISCONNECTED GRAPHS

In the previous section we demonstrated that the s-
wave analysis is not capable to describe the two-body
breakup data at large missing momenta. It is expected
that inclusion of non-s-waves components in the
nucleon-nucleon interaction will improve the agreement
with the data. To get some insight about their impor-
tance we studied their contribution to the Born graphs.
Inclusion of Anal-state interactions in the connected
graphs will be discussed in a forthcoming paper. For the
two nucleon interaction we have taken the Reid soft-core
(RSC) potential acting in the S,- D, and 'So channels.

The electromagnetic breakup amplitude derived in the
s-wave analysis of I can be straightforwardly generalized
to an expression with higher partial waves in the NN in-
teraction. We briefly discuss the structure of the ampli-
tude and point out the differences with the description
presented in Ref. 1. The nuclear current matrix element
corresponding to the electromagnetic transition of the
trinucleon bound state to the Nd outgoing scattering

state is given by

W„=—,
' g g 5(E, +E~ Mr co—)—

2 z zJr Jd'.v

X A '(d, jd, qf, s~,Jr )

(d,jd', qf, s~,Jr ), (2)

where the energies are determined in the lab frame using
relativistic kinematics. The various nuclear structure
functions are derived from W„„according to Eqs. (14)
and (15) of I. Similarly as in the s-wave analysis we
evaluate the transition amplitude in the rnomenturn rep-
resentation. Using the complete set of three-nucleon
momentum spin-isospin states from Eqs. (A5), we obtain

where the polarizations of the three-nucleon state, the
deuteron, and the outgoing nucleon are denoted by Jz,
jd, and sz, respectively. We assume that the nuclear
current operator Jz consists of one-body current contri-

P
butions only, for which we take the on shell form given
by Eq. (23) of I. Explicit expressions for the matrix ele-
ments of the one-nucleon current are summarized in Eq.
(28) of I.

The nuclear structure tensor takes the form

3

~„(d,j~,qf, sN, Jr')=v'3 y y f dp, dq,
—

I&d, jd', qf, sg lpiq|P&) ~t„(n; pi, q |P1 Jr'),
n=1 Pl

where R„ is given by

~„(tt;pi, qi, ~i, Jr' ) = g f "p'I"'dq'I"'1& pique| I
j„lp'I"'q'I" Pr ) i 1& p'I"'q'I"'~r

l &rJt ) .
p~

(3)

(4)

The general form of the scattering wave function is, of
course, much more elaborate than the pure s-wave form.
However, in this work we only study the effect of d-wave
admixture in the Born-type terms for which the outgoing
scattering state is just the product of the deuteron state
and a plane wave for the spectator particle. Explicit ex-
pressions for both the Born part of the scattering state
and the wave function coefBcients for the trinucleon
bound state can be found in the Appendix. To include s-
wave final-state effects we just take the result for the con-
nected graphs from Eq. (80) of I. We only need to decou-
ple the deuteron spin and the nucleon spin according to

(Fst)(d jz gz q gz )

""(d,qf pf)&SfSfl~~s~s~sg ) .
Sf,Sf

Momentum conservation at the electromagnetic vertex
results in two delta functions for the three-momenta,
which are removed by the integration of the variables

S„=S„+i(S„'o'+S„o'++S„+o), (6)

where we have used the convenient definitions for o.+—and
S„—,

p", "' and q&'"'. The momenta p', "' and q', "' are related to
the remaining integration variables p, and q& according
to Eq. (69) of I. The one-nucleon currents are evaluated
for nucleon rnomenta k„ in the lab frame and its explicit
spin structure is given by

j„(k„,o „,t„')=S„(k„,t„')+iS„(k„,t„') o „.
Dependence on the isospin tz is only present in the elec-
tromagnetic form factors. Like in the s-wave analysis we
have to evaluate the matrix elements of the one-nucleon
spin and isospin operators in three-nucleon Hilbert space.
However, due to the spin-orbit coupling the various com-
ponents of the spin operator interfere, and we prefer to
take all amplitudes together. The evaluation becomes
simpler if we write the one-nucleon current as
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TABLE I. Faddeev components and their quantum numbers.
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FIG. 11. Two-body momentum distribution p2, calculated
with the RSC interaction active in the 'So and 'S, -'D, two-

body channels. The solid line represents the full result. The
dashed line corresponds to a calculation with the RSC potential
confined to only the s-wave channels. For comparison the MT
result is also plotted (dotted curve).

and

Explicit values for the matrix elements of o' are listed in

Appendix D of I; the calculation of the matrix elements
of o —+ is, of course, completely equivalent. Once all the
spin-isospin coefficients in three-nucleon space are known
we can carry out the sum over the 16 spin-isospin states
PT in Eq. (4). It should be noted that this way of evaluat-

ing the spin stucture allows the direct calculations of nu-
clear polarization phenomena by simply isolating the

10

20
ggl

—7

40
lab

60 80 100 120 140
I I I I

e,e'p)d

250 MeV/c

1'l3 MeV

390 MeV
10

CV

I
'

I

He(e, e'p)d

Q =279 MeV/c

MeV

eV

—10

]0
Ld
O

o
~~ 10

U

HH

\

\

t

\

hIH

~ 'Ir

'~

p . . (MeV/c)
missing

I ) I i I i I i I i I

200 250 300 350 400 450 500

4— 9

Ld
~-„10

b

10

300
I

400

/
l

I
l

~/

I

500 600

p . . (MeV/c)
missing

'~

FIG. 12. Coincidence cross section at fixed energy-
momentum transfer. Experimental data are from Ref. 5. The
solid (long-dashed) curve corresponds to a Born+FSI (Born)
calculation with d-wave XX components present in the discon-
nected graphs. The dotted curve represents the PWIA result.
The short-dashed —dotted (short-dashed) curve shows the
Born+FSI (Born) result obtained with the same interaction
(RSC), but keeping only the 'So and S, components of the
two-body T matrix.

FIG. 13. PWIA dominated kinematics at high missing mo-
menta. Data are from Saclay (Ref. 9). The solid, dashed, and
dotted curves represent the Born+FSI, Born, and PWIA result,
with d-wave XX components present in the bound state and
disconnected final states. For comparison the pure s-wave re-
sult for a Born+FSI calculation is shown by the long-dashed
curve. The long-dashed —dotted curve corresponds to a calcula-
tion by Laget (Ref. 7) including FSI and MEC effects.
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various amplitudes which correspond to the initial and
final polarization quantum numbers.

Let us turn to the results. The momentum distribution

pz of He obtained with the RSC-potential is displayed in
Fig. 11. The figure clearly shows that the d-state com-
ponent dominates the structure at missing momenta
beyond 300 MeV/c. The result for the electromagnetic
two-body breakup is presented in Fig. 12. The kinemat-
ics is the same as in Fig. 7. All results are calculated with
the RSC potential as NN input. A result designated as s
wave is obtained from the electromagnetic code after
truncating the full T matrix in the coupled S&- D& chan-
nels to the s-wave 3S, channel. It is obvious that in-
clusion of d waves in the disconnected graphs does not
remedy the s-wave failure at high missing momenta. Ad-
dition of pure s-wave connected amplitudes only slightly
improves the situation. But it is encouraging to see that
the slope of this curve is in better agreement with the flat
behavior of the experimental data at the highest missing
momenta. We also examined the validity of the factori-
zation assumption for the trinucleon wave function as
employed by Laget for simplifying reasons. This pro-
cedure essentially implies in this case that only the com-
ponents v= 1, 2, and 3 of the wave function are selected
(see Table I). At high missing momenta this approxima-
tion suffers from the same flaw as already encountered in
the pure s-wave analysis. The results are qualitatively the
same as in Fig. 8 and we conclude that also for the five-
channel trinucleon wave function the factorization as-
sumption is not an adequate approximation to describe
the coincidence two-body breakup data for missing
deuteron momenta beyond 250 MeV/c in (near) antipar-
allel kinematics.

As a final example we present results for a rather
different kinematics studied experimentally at Saclay.
The momentum-transfer parameters, Q =279 MeV/c and
co=200 MeV are fixed in such a way that only the high
missing momentum region is probed. Furthermore, the
kinematic arrangement is such that direct nucleon
knockout is the dominant process, except at angles close
to antiparallel kinematics. The results are displayed in
Fig. 13. Indeed, a PWIA calculation including d-state
components gives an adequate reproduction of the data.
Extending this result with the remaining set of diagrams
improves the situation considerably, except at the highest
missing momenta. This shortcoming is similar as en-
countered in the discussion of the Amsterdam kinematic
situations.
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structure functions requires a so-called out-of-plane mea-
surement, in which the electron scattering plane and the
hadronic scattering plane no longer coincide. Until now,
such an experiment has not been done for the trinucleon
system, but in view of possible future experiments it is in-
teresting to see the structure of the various 8' functions.
Therefore we have studied two kinematic situations, in
which the laboratory angle y, was varied from paral-

~N'

lel to antiparallel. For the momentum transfer Q we took
the values 259 MeV/c and 518 MeV/c. The energy
transfer co was chosen in such a way that the missing
momentum p was approximately zero at parallel kine-
matics. The corresponding values for co are 43 MeV and
148 MeV. The largest values of the missing momentum
occur at antiparallel kinematics. For the considered ki-
nematic situations these maximum values for the missing
momenta are 345 MeV/e and 690 MeV/c, respectively.
In view of these values an s-wave analysis is sufficiently
accurate for the Q =259 MeV/c kinematics, whereas d
waves must be included in the analysis of the Q=518
MeV/c kinematics. Of course, the latter can only be
done for the disconnected contributions. The results for
the nuclear structure functions are shown in Figs. 14 and
15. To calculate their contribution to the cross section
one has to multiply the W functions with the appropriate
electron-photon factor according to Eq. (13) of I. The
pure s-wave result is calculated with the UPA-MT in-
teraction, while the mixed s+d-wave result is obtained
with the RSC potential. The figures clearly show that

V. NUCLEAR STRUCTURE FUNCTIONS 10 I i I

60 120 0 60 120
The contributions to the two-body breakup cross sec-

tion come from the various nuclear structure functions
W~ (j= C, T,S,I). In the special case of parallel kinemat-
ics the cross section is completely determined by 8'& and
8'z, which can be separated experimentally by the per-
formance of two measurements with fixed momentum-
energy transfer at different values of the electron energy
Eo and the scattering angle 8, . For arbitrary kinematics
the functions 8's and 8'I also contribute to the cross sec-
tion. The experimental separation of these additional

FIG. 14. Nuclear structure functions of the unpolarized
'He(e, e'p)d reaction calculated with the UPA-MT interaction.
The left-hand part of the figure shows 8'& and 8'&. The dashed
(dotted) curve and the solid (dashed-dotted) curve represent the
Born and the Born+FSI results, respectively, for 8'&(8', ).
Similarly on the right-hand part, results are shown for Wz and
~s.
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8'c and WT form the dominant contributions. However,
8'I can be comparable in size with 8'& and 8'T at off-

parallel kinematics. Note that 8'I does not have a
definite sign. 8'z appears to be small relative to 8'i.
Furthermore, the renormalization due to final-state
effects is evidently larger for Wc and Wt, both containing
the charge component of the nuclear current, than it is
for O'T and Wz, which are purely composed of the trans-
verse parts of the nuclear current.

VI. SUMMARY AND CONCLUSIONS

In this paper we have presented a study of the effects of
final-state interactions in the two-body electrodisintegra-
tion of He. The required half-off-shell continuum trinu-
cleon wave functions are calculated exactly by solving the
Faddeev equations. Local s-wave spin-dependent SN po-
tentials are used as input. Furthermore, the method of
separable expansions of the two-nucleon T matrix are ex-
plored in the calculations of the electromagnetic matrix
elements. In the kinematic regions considered the FSI
are shown to play an important role and clearly cannot
be neglected in the calculation of the amplitudes. Also in
the longitudinal/transverse components of the structure
functions separately, effects of FSI can be substantial, '

which may have consequences in the discussion of possi-
ble medium modifications of the nucleon current. We
have found that exact continuum wave functions must be
used to account properly for the final-state interaction
effects. In particular, approximations like the lowest or-
der rescattering contributions in general fail to describe
these effects in a correct way.

Two major conclusions can be drawn with respect to
the studied kinematic configurations. At low missing
momenta the renormalization of the nuclear structure

FIG. 15. Nuclear structure functions of the unpolarized
'He(e, e'p)d reaction calculated with the s+d-wave RSC poten-
tial. The meaning of the various curves is similar to Fig. 14.

functions due to final-state effects leads to satisfactory re-
sults. In particular the antiparallel kinematic setup stud-
ied at NIKHEF, Amsterdam, nicely illustrates how the
experimental data are well reproduced by a purely nu-
cleonic analysis with exact three-body dynamics. In con-
trast, at high missing momenta an analysis with XX in-
teractions only present in the s-wave channel is totally in-
capable to describe the experimental data. The major
reason is that the high momentum components in the nu-
clear wave function are probed in these types of experi-
ments. The Born analysis considerably overestimates the
experimental data at large missing momenta. Addition of
only s-wave connected contributions only slightly im-
proves the theoretical description. It is clear that d-wave
components must be included in the connected ampli-
tudes before any definite conclusions can be formulated
about the ability of a theoretical description based on
nonrelativistic nuclear dynamics and nucleonic degrees of
freedom only to give a proper reproduction of exclusive
two-body breakup data at intermediate values for the
momentum-energy transfer. Such work is currently in
progress.
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APPENDIX: DEUTERON AND TRINUCLEON
WAVE FUNCTIONS

can be obtained from the residue of the two-body T ma-
trix at the deuteron pole for the coupled S

&

- D
&

channel,
where the total angular momentum component jd is a
conserved quantum number with three possible values:

jd =0,+1.
In plane wave notation we obtain

ldJd ~ = g f dpi psdsd ) (psd~d IdJd ~ (A2)
z

sd

where we have ignored the notation of the trivial isospin
part (td=td=0). The coefficients of this projection are
given by

$z

&p~d~dIJd ~ X 0'I (p) X ~Idldsd&dIJdJg~I'I (p) .
Id 02 s z iz

d d

(A3)

The deuteron has total angular momentum jd =1, spin
sd=1, and isospin td =0. Thus, the possible values for
the orbital momentum are ld =0 and ld =2. Consequent-

ly, the deuteron state

(Al)
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ld Jd Sd (A4)

In each coefficient the orbital component is fixed accord-
ing to

process we combine the deuteron state with a plane wave
for the outgoing nucleon. Projection on the basis states
~pqP), for the momenta, spin, and isospin of three parti-
cles,

Due to rotational invariance the radial components P,d

do not depend on ld.
For the disconnected graphs of the two-body breakup

I

~pqP), = ~pq;(s„s )SS';(t t, )TT'), ,

yields the wave function coefficient

(A5)

pg9~ Jd'qf w w i=, , , , ~,d, , q —qf)(TT'~tdtdt~tiv ) g (psdsddJd)(SS'~lsdsdsvsx) .
2

sd

(A6)

lp +sp
=

3p

I +s =j jp
+' =J

q q q

with

(A7)

1~+1,=X, s +s =S,
it is immediately clear that we have in principle infinitely
many possible values for the subsystem and spectator or-
bital momenta I and 1 . But it is natural to restrict the
NN interaction for the spin-triplet state s = 1 to the S, -
3

P
D, channel, since we know that the deuteron is a major

component of the trinucleon system. For the spin-singlet
state s =0 we take again the 'So partial wave. If we con-
sider these partial waves, the Faddeev amplitude g, , con-
sists of five components (v= 1 5). Application of the
(j j )J coupling scheme from Eq. (A7) leads to the set of

I

The trinucleon bound state is treated similarly. Con-
served quantum numbers are the total angular momen-
tum JT= —,', the ~ component JT=+—,', and the parity
m. = —1. The total spin can be either S=—,

' or S =—', .
Consequently, the orbital momentum can take the values
X=0, 1,2. The spin S and spin component S, are con-
served in a pure s-wave analysis. If we adopt the follow-

ing coupling scheme:

I

basis states

lpqv; ), = pq, ;[(l~s j)p (1 s )j ]JJ', t t TT'), .

the wave function components can be expressed as

3 5

( 47 JTlpqPT )
~

= & g ~(p, q. ;v;JT;SS')
n =1 i=1

(A9)

where the coefficient I is shorthand for

(A8)

The relevant combinations are listed in Table I. In our
calculations we used the set of Faddeev amplitudes gen-
erated by the Hannover group. " As NN interaction in-
put they used the Reid soft-core (RSC) potential. '

To compose the three-body wave function we again
start with the basis states from Eq. (A5). After trans-
forming the plane wave states into angular momentum
states according to

~pq) = g g Yi™(Q)Y&™(Q)~plum~;ql~m~)
Im tm

I (p„q„;v;JT;SS')= g g ((1 s )j (1 s )j JTJT~(l 1 )X(s s )SJrJT)
XJ I 1

X (J J' ~XX'SS') (XX'~ 1 1'1,1; ) Y, '(p„)Y, ' (q„), (Al 1)

where the 9-j symbol is evaluated according to Ed-
monds. ' In this expression the quantum numbers

Jp Jq lp sp sq are included in v according to Table I . The
coefficient „(P ~Pr), is the recoupling factor introduced
in Appendix A of I. If we select only the pure s-state
channels v= 1,2, the results of Eq. (A10) should reduce to
Eq. (53) of I. Indeed, the coefficient I =1 for Jz-=S and
JT=S', apart from a normalization factor 1/4m, while it
vanishes for the remaining combination of quantum num-
bers. The pure d-state channels v= 3,4 only couple to the
quartet state S =—', . The relatively weak v=5 channel ac-
counts for the mixing of the pure s-state and d-state chan-
nels. It furthermore contains the p-state component of
the wave function, which is very small, about 0.08%.

The basis states in Eq. (A5) contain 16 orthonormal

I

spin-isospin states. Together with the four spin doublet
states with S'=JT, which are already present in the
pure s-wave analysis, there are four S=—,

' states with
S'= —JT. These latter states result from coupling to the
v=5 channel and give rise to small contributions. Furth-
ermore, the basis consists of spin quartet states, which
have spin component S'= +—,', +—,'. Each component
occurs twice to account for the isospin subsystem number
t =0 and t =1. In the quartet case the t =1 admixturep p p
is purely due to the exchange contributions in the wave
function.

To check the correct numerical composition of the
trinucleon wave function, we computed the normaliza-
tion. Using the set of basis states in Eq. (A5), this opera-
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tion becomes rather time consuming since a sixfold in-
tegral has to be performed together with a sum over n, v,
and P. Employing Gauss-Legendre quadratures with 16
points in the radial integrations [after mapping both
radial meshes according to Eq. (79) of I with units
&(MeV) and c =15, c =6.5], eight points in the polar
integrals, six points in the azimuthal integrals

(Pz.'Pq~Pq+2rr;Pq. 'O~n'), the computed probabilities
are P (S=

—,
'

) =0.9089 and P (S =—', ) =0.0911. This result
can be compared with the numbers listed in Table IV
of Ref. 11, where the probabilities of the nontruncated
wave function are found to be P (X =0)=0.9085,
P(X =1)=0.0, and P(X =2)=0.0915.
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