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Abstract

The coincidence cross section of the electron induced two-body breakup

reaction 3He(e,e'p)d is studied at various kinematic configurations. Nucleonic final-

state interactions are treated exactly by solving the Faddeev equations for the rel-

evant scattering states. The essential kinematic parameter in analyzing the results

for the various kinematic regions is the missing momentum of the struck nucleon.

At missing momenta below 250 MeV/c the s-wave analysis gives an adequate de-

scription 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.

(submitted to Physical Review C)
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I. Introduction

This paper describes some applications of the theoretical analysis presented
in Ref. 1, herein called paper I. Recent experimental studies at Saclay23 and at
NIKHEF, Amsterdam4'5 have provided detailed and interesting data for the electron,
induced two-body breakup reaction of 3He. With the objective to investigate the
role of nucleonic final-state interactions we have calculated the two-body breakup
cross sections at these various experimental kinematic situations, thereby using the
solutions 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 dif-
ferent values for the missing momentum pm =\ pN' — Q | (see Eq. (65) in I).
In section I we discuss two-body breakup results taken at low missing momenta
(pm < 250 MeV/c). In addition to the theoretical descriptions of the various kine-
matic 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 section III and IV we present a detailed treatment of a kinematic
configuration studied at NIKHEF.5 The experimental data were taken at missing
momenta between 200 MeV/c and 500 MeV/c. At missing momenta beyond 350
MeV/c the s-wave analysis breaks down. This is discussed in section 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 section IV we carry out the two-body
breakup analysis with d-state components added to the disconnected contributions.
Finally, in section V we present results for the various nuclear structure functions.

II. Final-state effects at low missing momentum

If the kinematics of a (e,e'p) experiment is such, that the knocked out pro-
ton 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 data2 are taken at Q = 428 MeV/c, w = 100 MeV
and Et =530 MeV. Our results are plotted together with the results obtained by
Laget,6 who calculated the cross section from the first few terms of a diagram-
matic expansion of the full transition amplitude. Meson-exchange currents are also
included in his calculations. The relative proton-deuteron energy Tplj is 60 MeV,
and ten partial waves are used to include FSI. From Fig. 1 we see that for small
initial momenta pm the agreement with experiment is good. At larger momenta the
calculated results are too high, indicating that the high-momentum components
of the UPA-MT wave function contain too little correlation. The R.eid 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 dominant at low
initial momentum of the probed nucleon, falls off rapidly with increasing missing
momentum pm. 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 amplitude have opposite signs, the real part of the full amplitude,
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.
Consequently the addition of final-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.4 The results are shown in Figure 2. This experiment ib
taken at antiparallel kinematics, i.e. p'N • Q = — 1. This choice eliminates the
contribution to the cross section from the nuclear structure functions IVS and H'/.
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 or-
ders of magnitude. This can be easily understood, realizing that in a direct nucleon
knockout process at antiparallel kinematics the probed missing momenta are larger
than the momentum transfer. Moreover, the dominant process in this kinematics
is direct deuleron knockout (DDKO). Assuming this mechanism, the missing mo-
mentum corresponds to the initial momentum of the pair subsystem prior to the
knockout, which is equal to the size of the recoil momentum of the outgoing im-
cli'ou. Indeed, the contributions from the disconnected diagrams already lead to the
correct order of magnitude, but now the influence of FSI is much more pronounced
than it is in the previouly discussed kinematic configurations. Moreover, the repro-
duction of the experimental data is quite satisfactory. Doth the UPA-MT and the
local MT results are shown in Fig. 2. From this we see that the UPA result already
gives a very accurate description in this kinematic situation. Following Laget, one
possible approximation to the connected three body amplitude is to keep only the
lowest-order connected diagiams or rescattering amplitudes. The calculated result
is given by the dotted curve in Fig. 2. It is clear that the approximation is pour
in this case of antiparallel kinematics and that it is necessary to determine the
complete multiple scattering series.

Realizing that the deuteron momentum distribution inside 3He is equal to
the proton momentum distribution p2 of 3He, 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. (G5) of I, they factorized the cross section into pi times some phenomenological
electron-deuteron cross section acd- In doing so they just replaced the mass and the
nudeon e.m. form factors in the expression for acN (Eq. (33) of I) by the equivalent
dcuteron numbers. The result yields a remarkably good description of the data.
However, such a treatment is expected to underestimate the disconnected contri-
bution, since the overlap with the 'So - 3 Ii components of the trinucleon system
is completely suppressed in sudi a calculation. To see how large this contribution
is, we have switched off the spin-isospin flip transitions in the disconnected ampli-
tudes. The results are plotted in Fig. 3, together with the full Born result obtained
wit1 the UPA MT-poteutial. From this we see that indeed the 'S o -

3 Ii 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 mo-
mentum. Although it is only well defined in a PWIA description, a similar parame-
ter can be introduced to explain the DDKO contribution. In most experiments the
missing momentum is varied indirectly with the purpose to extract the momentum



distribution of 3He from the measured cross section. However, such an analysis will
yield rather unreliable information due to the unknown size of final-state effects.
With the motivation to improve this situation we performed 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 miss-
ing momentum only, we found it instructive to fix this parameter at a number of
values from 50 to 200 MeV. Fig. 4 shows results as a function of the momentum
transfer. The center-of-mass energy a,̂ , 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 Fig. 4, 5 and C
an; calculated with the UPA MT-interaction, using nonrelativistic kinematics for
the outgoing proton and deuteron. Use of relativistic kinematics will slightly affect
the value's along the horizontal axis. It is obvious that final-state effects play ;i
more significant role at larger missing momentum. Furthermore, final-state effect*
are less important at higher momentum transfer or at higher center-of-mast, energy
The angle c<;.s-)m — f>mQ id taken as the fourth kinematic variable to match the con-
ditions of momentum-energy conservation For each curve this angle roughly varies
from antiparallcl to parallel with ri-spect to the three-momentum transfer. In Fig. 4
the point at the lowest Q-valws corresponds to -,m = 180°, while the other end of
i-ach curve corresponds to 7,,, — 0°. In Fig. 5 the situation is just opposite. Here
the point at the largest at-m-value corresponds to •}„, = 180°, and the orientation
gradually becomes parallel in going to lower values for .»„„. For all combinations
of Q and _srtn which are examined in these kinematic set-ups, the corresponding
angle cus-y — p'N • Q of the outgoing nucleon will vary around the forward direction
only. Consequently the DDKO-process is suppressed and the renonnalization of
the PVVIA cross section is entirely due to final-state effects.

The relative cross sections tend to have a minimum at the most off-parallel
value of the angle -j, indicating that final-state effects are more important when the
nuclear structure functions W$ and Wi contribute to the cross section. Moreover,
final-state effects are least significant in parallel kinematics. To investigate this in
more detail we fixed -/„, at 0°, 90° and 180°, and varied Q and scm 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^ — Ed + (3pm + Q)2/3MN. It
is interesting to see that the parallel curves, labeled fm = 0°, remain unaffected
when the missing momentum id increased. The shape of the antiparallel 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 kinematic region d-state components of
the wave function can no longer be ignored in the e.m. breakup analysis. This will
be discussed in the next section.

III. Final-state effects at high missing momenta

As shown in the previous section, the exact s-wave formalism is reasonably
capable to give an adequate description 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 investi-
gated experimentally at NIKHEF, Amsterdam.5 Two-body break up data for 3He



were taken at constant energy-momentum transfer w = 113 MeV , Q — 250 MeV/c
and incoming electron energy Ee = 390 MeV. The corresponding relative center
of mass kinetic energy is about 93 MeV. In a PWIA-type analysis, variation of
the photon-nucleon angle 0<jp̂  from parallel to antiparallel implies that the nu-
cleonic missing momentum is sampled from 200 MeV/c up to about 500 MeV/c.
But, in analogy with the previously discussed antiparallel kinematic experiment,
the deuteron can also be regarded as the knocked out particle. In that case the cor-
responding 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 region. This modification in measuring procedure
corresponds to changing the reaction plane angle <t> of Eq. (11) of I from 180° to
0°. In the calculation this affects the sign of the nuclear structure function W/.
The experimental 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 miss-
ing nucleon momenta the analysis fairly well describes the experimental data. In
this kinematic interval the Born term is purely determined by the PWIA contri-
bution. 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 situation changes consider-
ably. The disconnected cross section, fully determined by the direct deuteron knock-
out process, overestimates the data by roughly one order of magnitude. Moreover,
it shows a steep increase in approaching antiparallel kinematics in agreement with
the momentum distribution, but in contrast with the behavior of the experimental
points. Inclusion of final-state effects results in a dramatic reduction of the cross
section, which now is below the experimental data by about one order of magni-
tude. On the level of transition amplitudes the Born amplitude is almost canceled
by the real part of the connected amplitude. Moreover, the imaginary part of the
connected amplitude is of the same order of magnitude as the real part of the full
amplitude. It should be noted that the result is completely stable against any rea-
sonable variation of the numerical integration paramaters. Since the result is so
sensitive for the inclusion of final-state effects one may ask what happens if we keep
only the first rescattering diagrams in the connected amplitude. As expected a large
deviation is found from the full result (see Fig. 7). It is clear that any truncation
of the multiple scattering series leads to totally unreliable results in these type 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.7 Already
his Born description is considerably lower than we find. This is surprising, since in
particular 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 Laget's factorization approximation of the trinucleon wave function. To see how
reasonable such an approximation is we have applied it also to our case. It consists
of projecting out the £ = 0 component of the trinucleon wavefunction.

To(p,q) = \ J^d cos 0P

and approximating the wave function by



with
uo(p) = TQ(p,q =

v (n\ - fdPP
Xo(<l) — TJ, , , vJdpp2ul(p)

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, resulting 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 calcula-
tions. First we studied the dependence on the input-parameters of the electromag-
netic current. Fig. 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 cur-
rent with the more convenient crMi,-term leads to an almost indistinguishable result,
while the nonrelativistic reduction of the current up to O(l/M^) gives a reasonable
result. Furthermore, 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 kinematics, where the contribution from
the structure functions Ws and Wi vanishes.

Finally we studied the convergence properties of the UPE separable expan-
sion 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 <j> — 0 branch of Fig. 7, and the experimental data
are omitted. The results are self-explanatory and in accordance with the prior re-
sults on the bound-state and scattering parameters. At low missing momenta the
convergence properties are satisfactory. At high missing momenta the UPE calcu-
lations 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
retained UPE-eigenvalues, must be ascribed to a slightly different behavior of the
high momentum components in the scattering wave function. Somehow the electro-
magnetic observable is more sensitive to these components than the N-d scattering
parameters, at least in the considered 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 ex-
pected 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 im-
portance we studied their contribution to the Born graphs. Inclusion of final-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 potential8 acting in
the 3Si-3Dt and lSQ 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 N-N interaction. We briefly discuss the structure of the amplitude 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 N-d outgoing scattering state is given by

A^dJd^'N-^T) = ^{~] l(4>irfl*S I ̂  I * T ^ ) , (1)

where the polarizations of the three-nucleon bound state, the deuteron and the
outgoing nucleon are denoted by Jj., jd and s'N respectively. We assume that the
nuclear current operator JN^ consists of one-body current contributions only, for
which we take the on-shell form given by Eq. (23) of I. Explicit expressions for the
matrixelements of the one-nucleon current are summarized in Eq. (28) of I.

The nuclear structure tensor takes the form

W*» = \Y, £ *(£?„+E*-MT-tj)Al{dJ}tfItafcJ})Ay(dJkq,,s'N-,J})t (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 ampli-
tude in the momentum representation. Using the complete set of three-nucleon
momentum-spin-isospin states from Eqs. (A5), we obtain

(3)
where R^ is given by

r . . . . . . . . . . , .

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 etfect 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 expressions for both the Born-part of the scattering state and the wave-
function coefficients 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 connected graplis
from Eq. (80) of I. We only need to decouple the deuteron spin and the nucleon
spin according to

j | sc,sdsNs'N).

Momentum conservation at the e.m. vertex results in two delta functions for the
three-momenta, which axe removed by the integration of the variables p >\ and
qi" • The momenta pi (n) and qt

 (n) are related to the remaining integration vari-
ables pi and ft according to Eq. (69) of I. The one-nucleon currents are evaluated
for nucleon momenta kn in the lab-frame and its explicit spin-structure is given by

(5)



Dependence on the isospin t'N is only present in the electromagnetic formfactors.
Like in the s-wave analysis we have to evaluate the matrix-elements of the one-
nucleon spin and isospin operators in thTee-nucleon Hilbert space. However, due to
the spin-orbit coupling the various components of the spin-operator interfere, and
we prefer to take all amplitudes together. The evaluation becomes simpler if we
write the one-nucleon current like

s^S^ + i (sy + s;a+ + <?>-), (6)

where we have used the convenient definitions for ai and 5*,

and a =

and

Explicit values for the matrixelements of <rz are listed in Appendix D of I; the cal-
culation 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 sixteen spin-isospin states 0? in Eq. (4). It should be noted that this
way of evaluating the spin stucture allows the direct calculation of nuclear polar-
ization phenomena by simply isolating the various amplitudes which correspond to
the initial and final polarization quantum numbers.

Let us turn to the results. The momentum distribution p2 of 3He obtained
with the RSC-potential is displayed in Fig. 11. The figure clearly shows that the d-
state component dominates the structure at missing momenta beyond 300 MeV/c.
The result for the e.m. two-body breakup is presented in Fig. 12. The kinematics
is the same as in Fig. 7. All results are calculated with the RSC-potential as N-N
input. A result designated as s-wave is obtained from the electromagnetic code
after truncating the full t-matrix in the coupled 3St - 3 Di channels to the s-wave
3S\ channel. It is obvious that inclusion of d-waves in the disconnected graphs docs
not remedy the s-wave failure at high missing momenta. Addition 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 factorization assumption for the trinucleon wave function as employed
by Laget7 for simplifying reasons. This procedure essentially implies in this case
that only the components v = 1, 2 and 3 of the wave function are selected (see
table 1). At high missing momenta this approximation 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 assumption is not an adequate approximation to describe
the coincidence two-body breakup data for missing deuteron momenta beyond 250
MeV/c in (near) anti-parallel kinematics.

As a final example we present results for a rather different kinematics stud-
ied experimentally at Saclay.9 The momentum transfer parameters, Q = 279 MeV/c
and u> = 200 MeV are fixed in such a way that only the high missing momentum re-
gion is probed. Furthermore, the kinematic arrangement is such that direct nucleon
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knock-out is the dominant process, except at angles close to antiparallel kinemat-
ics. The results are displayed in Fig 13. Indeed, a PWIA calculation including
d-state components gives an adequate reproduction of the data. Extending this re-
sult with the remaining set of diagrams improves the situation considerably, except
at the highest missing momenta. This shortcoming is similar as encountered in the
discussion of the Amsterdam kinematic situations.

V. Nuclear structure functions

The contributions to the two-body breakup cross section come from the
various nuclear structure functions Wt (j=C,T,S,I). In the special case of parallel
kinematics the cross section is completely detemined by We and Wj, which can
be separated experimentally by the performance of two measurements with fixed
momentum-energy transfer at different values of the electron energy Ea and the scat-
tering angle 9e<. For arbitrary kinematics the functions Ws and Wj also contribute
to the cross section. The experimental separation of these additional structure
functions requires a so-called out-of-plane measurement, in which the electron scat-
tering 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 interesting to see the structure of the various JV-functions.
Therefore we have studied two kinematic situations, in which the laboratory angle
7p'N.Q w a s v a r 'ed from parallel to antiparallel. For the momentum transfer Q we
took the values 259 MeV/c and 518 MeV/c. The energy transfer ui was chosen
iu such a way, that the missing momentum pm was approximately zero at parallel
kinematics. The corresponding values for u> are 43 MeV and 148 MeV. The largest
values of the missing momentum occur at antiparallel kinematics. For the consid-
ered kinematic situations these maximum values for the missing momenta are 345
MeV/c and 690 MeV/c respectively. Iu view of these values a 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 axe shown in Fig. 14 and Fig. 15. To calculate their contribu-
tion to the cross section one has to multiply the M -̂functions with the appropriate
electron-photon factor according to Eq. (13) of I. The pure s-wave result is calcu-
lated with the UPA MT-interaction, while the mixed s+d-wave result is obtained
with the RSC-potential. The figures clearly show that We and WT form the dom-
inant contributions. However, Wi can be comparable in size with We and Wj at
off-parallel kinematics. Note that Wi does not have a definite sign. Ws appears
to be small relative to Wj. Furthermore, the renormalization due to final-state
effects is evidently larger for We and Wi, both containing the charge-component of
the nuclear current, than it is for Wj and Ws, which are purely composed of the
transverse parts of the nuclear current.

VI. Summary and conclusions

In this paper we have presented a study of the effects of final-state inter-
actions in the two-body electrodisintegration of 3He. The required half off-shell
continuum trinucleon wavefunctions are calculated exactly by solving the Faddeev



equations. Local s-wave spin-dependent NN potentials are used as input. Further-
more, the method of separable expansions of the two-nucleon T matrix are explored
in the calculations of the em 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,10 which may
have consequences in the discussion of possible medium modifications of the nu-
cleon current. We have found that exact continuum wave functioms must be used
to account properly for the final-state-interaction effects. In particular, approxi-
mations like the lowest order 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 struc-
ture functions due to final-state effects leads to satisfactory results. In particular
the antiparallel kinematic setup studied at NIKHEF, Amsterdam, nicely illustrates
how the experimental data are well reproduced by a purely nucleonic analysis with
exact three-body dynamics. In contrast, at high missing momenta an analysis with
N N interactions only present in the s-wave channel is totally incapable to describe
the experimental data. The major reason is that the high momentum compo-
nents in the nuclear wavefunction are probed in these types of experiments. The
Born analysis considerably overestimates the experimental data at large missing
momenta. Addition of only s-wave connected contributions only slightly improves
the theoretical description. It is clear that d-wave components must be included in
the connected amplitudes 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.

The authors thank Dr. P. de Witt Huberts for helpful discussions and for
clarifying and detailed comments on the (e,e'p) experiments performed at NIKHEF.
We also thank Dr. P. Sauer for making his trinucleon boundstate wavefunction
available. Part of the numerical computations have been carried out on a Cyber
205. This was made possible by the Stichting SURF, the Netherlands.
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AppendixA. Deuteron and trinucleon wave functions

The deuteron has total angular momentum jd = 1, spin sd = 1 and isospin
td = 0. Thus, the possible values for the orbital momentum are £d = 0 and ld ~ 2.
Consequently, the deuteron state

I dj*d) (Al)
can be obtained from the residue of the two-body t-matrix at the deuteron pole for
the coupled 3Sr3Di 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

dp | psds'd)(psdsd | djl), (A2)

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

t'}(p). (A3)

In each coefficient the orbital component is fixed according to

n = il - -5- (A4)
Due to rotational invariance the radial components 4>td do not depend on £'d.

For the disconnected graphs of the two-body breakup process we combine
the deuteron state with a plane wave for the outgoing nucleon. Projection on the
basis states | pq/3)i for the momenta, spin and isospin of three particles,

-I pq\{spa,)SS';(tptq)TT*)u (A5)

yields the wave-function coefficient

tdt'dtNt'N) 52{psdsd | dj'd)(SS' \ sdsdSNsz
N) (A6)

•J
The trinucleon bound state is treated similarly. Conserved quantumnum-

bers are the total angular momentum J j = j , the z-component Jj. = ±A, and the
parity n = - 1 . The total spin can be either S = j or 5 = | . Consequently, the
orbital momentum can take the values £ = 0,1,2. The spin S and spin-component
Sz are conserved in a pure s-wave analysis. If we adopt the following coupling
scheme

jp + h = Jr, (A7)
t, + a, = j , j

with

I 4 - 1 — C

f-p T t , — L.,

Sp + Sq = S,
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it is immediately clear that we have in principle infinitely many possible values for
the subsystem and spectator orbital momenta ip and £q. But it is natural to restrict
the N-N interaction for the spin-triplet state sp = 1 to the 3S r

3D! channel, since
we know that the deuteron is a major component of the trinucleon system, For the
spin-singlet state sp = 0 we take again the lS0 partial wave. If we consider these
partial waves, the Faddeev amplitude rp^, consists of five components (1/ = 1 • • • 5).
Application of the (jpjg)J-coupling scheme from Eq. (A7) leads to the set of basis
states

I p,-fti/,), =1 P.0.; [(Vp.)i». C,.Oi,.] JJ'\tP,t,.TT')l. (A8)
The relevant combinations are listed in table 1. In our calculations we used the
set of Faddeev amplitudes generated by the Hannover group.11 As N-N interaction
input they used the Reid soft-core (RSC) potential.8

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

; 7
the wave function components can be expressed as

3 5

{rfrj} | pqfoh - E Er(Pn<Jn;"; JT\ss2)Mpn,qn) „(& I ft)>, (Aio)
n=l i/=I

where the coefficient V is shorthand for

(JTJJ I CCSS')(O? I W,^)<J(P-)^J(«»), (All)

where the 9-j symbol is evaluated according to Edmonds.12 In this expression
the quantumnurnbers jP,jq,(p,sp,sq are included in v according to table 1. The
coefficient n(fiu \ (3T)I 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 (AIO) should
reduce to Eq. (53) of I. Indeed, the coefficient F = 1 for JT — S and Jf = S*, apart
from a normalization factor 1/47T, while it vanishes for the remaining combination
of quantum numbers. The pure d-state channels v = 3,4 only couple to the quartet
state S — 2 The relatively weak v — 5 channel accounts for the mixing of the pure
s-state and d-state channels. 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 sixteen orthonormal spin-isospin states.
Together with the four spin doublet states with S* = Jf, which are already present
in the pure s-wave analysis, there are four 5 = ^ states with S' = — Jf. These latter
states result from coupling to the u = 5 channel and give rise to small contributions.
Furthermore, the basis consists of spin quartet states, which have spin component
S* - ± 5 , ± | . Each component occurs twice to account for the inospin subsystem

12



number tp — 0 and tp — 1. In the quartet case the tp = 1 admixture 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 normalization. Using the set of basis states Eq. (A5) this oper-
ation becomes rather time consuming since a six-fold integral has to be performed
together with a sum over n, u and /?. Employing Gauss-Legendre quadratures with
16 points in the radial integrations (after mapping both radial meshes according
to to Eq. (79) of I with units yJ(MeV) and cp = 15., c, = 6.5), 8 points in the
polar integrals, 6 points in the azimuthal integrals (<j>p': cf>q —* </>, + 27r; <f>q : 0 —• n),
the computed probabilities are P(S = \) = .9089 and P(S = §) = 0911. This
result can be compared with the numbers listed in table 4 of Ref.,11 where the
probabilities of the non-truncated wave function are found to be P(C = 0) = .9085,
P(C = 1) = .0, and P{£ = 2) = .0915.
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Figure Captions

Fig.l PWIA dominated kinematic configuration studied at Saclay.3 The solid and
the dashed curve represent the results for the Born+FSI and the Born cal-
culation. 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,6 representing a PWIA (short-dashed— dotted) and
full (long-dashed—dotted) calculation, the latter including effects of meson-
exchange currents.

Fig.2 Coincidence data4 taken at fixed momentum transfer in anti-parallel kinemat-
ics. 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 UFA sep-
arable expansion. The dotted curve shows the cross section calculated with
the Born and the lowest-order connected diagrams, also determined with the
UPA expansion.

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
ociipi(d)-calculat\oii. The dashed curve is a Born-type calculation, in which
spin-isospin flips are neglected.

Fig.4 Relative size of final-state effects versus momentum transfer at fixed missing
momentum. The various curves are calculated at fixed center-of-mass energy
3,^ = 30, 60 or 90 MeV.

Fig.5 Relative size of final-state effects versus center-of-mass energy at fixed missing
momentum. The various curves are calculated at fixed momentum transfer
Q = 300, 400 or 500 MeV/c.

Fig.6 Relative size of final-state effects versus momentum transfer at fixed missing
momentum. The various curves are calculated at fixed angle -)m = 0c, 90" or
180°.

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. Exper-
imental data are taken at NIKHEF.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 trinucleon wave function (see text for explanation). The dot-
ted curve is the Born-type result obtained by Laget using the Paris-potential.

Fig.9 Sensitivity study of various electromagnetic components in a kinematic sit-
uation equivalent to the high momentum 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 (0(1)) and short-dashed—dotted (O(l/Mjy)) curves. Elimination of
the charge-components results in the dotted curve.



Fig. 10 Convergence properties of UPE in e.m. two-body breakup analysis. Kine-
matic 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 local MT-
interaction. The dashed curve corresponds to a UPA calculation. The long-
dashed— dotted curve is also UPA, but obtained with the singlet parameter
s set to 0 (see appendix B of I.) The dotted and solid curve are due to the
(llll)-UPE and (2222)-UPE combinations.

Fig. 11 Two-body momentum distribution plt calculated with the RSC-interaction
active in the 'So and 3S r

3D! 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).

Fig.12 Coincidence cross section at fixed energy-momentum transfer. Experimen-
tal data are from Ref.5 The solid (long-dashed) curve corresponds to a
Born •+• FSI (Born) calculation with d-wave N-N components present in the
disconnected graphs. The dotted curve represents the PWIA result. The
short-dashed--dotted (short-dashed) curve shows the Born + FSI (Born) re-
sult obtained with the same interaction (RSC), but keeping only the lS0 and
35*i components of the two-body T-matrix.

Fig 13 PWIA dominated kinematics at high missing momenta. Data are from
Saclay.9 The solid, dashed and dotted curves represent the Born + FSI,
Born and PWIA result, with d-wave N-N components present in the bound
state and disconnected final states. For comparison the pure s-wave result
for a Born + FSI calculation is shown by the long-dashed curve. The long-
dashed—dotted curve corresponds to a calculation by Laget7 including FSI
and MEC effects.

Fig.14 Nuclear structure functions of the unpolarized 3He(e,e'p)d reaction calculated
with the UPA MT-interaction. The left-hand part of the figure shows We and
Wi. The dashed (dotted) curve and the solid (dashed-dotted) curve represent
the Born and the Born + FSI results, respectively, for We (Wi). Similarly on
the right-hand part, results are shown for WT and Ws-

Fig.15 Nuclear structure functions of the unpolarized 3He(e,e'p)d reaction calculated
with the s+d-wave RSC-potential. The meaning of the various curves is
similar to Fig. 14.



43

iD
01

D

i-

r
L

1

u
o

Q
O
CN

O i—i

1
cr

o

?o

0>

g
u.

n

•n

on
<r

n

- *i)

r

- r

eV
/c

' 1
JU

" •

o

/

i
it

>
OJ

5
a
en

II
L 1

f
I 1 1

-

In i

o
o
CM

O 2
O '—i

4 Q



-o "o o °a '„ Vg Tg ^

0

z
§

g
S

S

O

ID

CL

oJ
"ID
X

•1

>

2

0
in

11 11

3

>

O

R
11

' "ST''̂  '.I

/ " '
/ /

' • " " .

•

-g

-s

I
s

4
0

0
39

0

u

J,

"B "B S ~9 o
[ r-(VA»0)] M

Q.

0)

OJ

- OJ

,?

u
^ »
a:
i
(Ji

CM
II

O

'J

a>
S
0

CM
II
3

a>

O

•D

II
UJ

/ ' / /

1, ,

/
1

1

1 1

-g

<u

1
Q.

<1UP'"3P'*UP/-DtP


