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High-Missing-Momentum Components in the4Hessse,e0pddd3H Reaction
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The cross section of the4Hese, e0pd3H reaction has been measured for missing momenta220 #

pm # 690 MeVyc to study high-momentum components of the nuclear wave function and the reaction
mechanism for this transition. The zero predicted in the plane-wave impulse approximation (PWIA)
cross section, due to the underlyingpt momentum distribution, is found to be washed out. Three types
of calculations indicate that this is caused by final-state interactions and contributions from two-body
currents. The calculations reproduce the highpm s600 690 MeVycd data, although due to different
ingredients in the models. [S0031-9007(98)05558-6]
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To obtain an adequate description of static properti
of nuclei, nucleon-nucleonsNNd correlations have to be
included in the nuclear wave function. Correlations a
especially induced by the strong repulsive character
various components (spatial, spin-spin, tensor, etc.) of t
NN interaction at small internucleon distances [1]. Ca
culations show that theseNN correlations largely deter-
mine the high-momentum and high-energy componen
of the nuclear wave function [2]. Therefore the single
nucleon spectral function can provide relevant informatio
for the study of correlations. Although most of the high
momentum strength is predicted to reside at large missi
energies, i.e., in the breakup part of the spectral functio
studies of specific transitions, e.g., to the ground state of t
final nucleus, have clear advantages. Correlations also
termine here the high-momentum behavior and a transiti
to a discrete final state allows for detailed calculations th
account for final-state interactions (FSI), meson exchan
currents (MEC), and isobar currents (IC). In this paper a
curate experimental cross sections of the4Hese, e0pd3H re-
action are presented for missing-momentumspmd values as
high as690 MeVyc. The missing momentum is defined a
pm  q 2 p0, wherep0 is the momentum of the knocked
out proton, while the energy and momentum transferr
by the virtual photon are denoted asv and q, respec-
tively. The motivation for the study of the ground stat
transition of the4Hese, e0pd reaction is the fact that4He
has an even larger central densitys0.21 fm23d than heavy
nuclei s0.17 fm23d, and that realistic wave functions are
available for3H and4He. In the plane-wave impulse ap-
proximation (PWIA) theAse, e0pd sA 2 1d cross section is
proportional to the square of the amplitudekp, A 2 1 j Al,
the so-calledpsA 2 1d momentum distribution. Because
of angular momentum and parity selection rules, on
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S waves contribute to thept amplitude of thea par-
ticle. A characteristic feature of this momentum distri-
bution is the prediction of a zero atpm ø 450 MeVyc.
This zero is present only if correlations are included and
its location depends on theNN interaction chosen [2].
However, a measured cross section will contain contribu
tions from reaction mechanisms like FSI, MEC, and IC.
Therefore this kinematic region, where the PWIA ampli-
tude is very small, offers the opportunity to test models
that account for these interaction effects [3–5]. Previ-
ous studies of the4Hese, e0pd3H reaction, performed in
quasielastic kinematics at NIKHEF [6] and Saclay [7],
have shown that thepm dependence of the cross sections
up to300 MeVyc is well described by microscopic calcu-
lations using realistic wave functions [4,5]. The calculated
dependencies of the cross section on the three-momentu
transfer and on the relative kinetic energy between the pro
ton and triton were found to be in agreement within 10%–
20%. This indicates that forpm # 300 MeVyc and in the
kinematic regime considered, the initial state as well a
the microscopic treatment of FSI, MEC, and IC are well
understood.

In a more recent experiment [8], performed at Saclay
at a three-momentum transfer of278 MeVyc in the
dip region between the quasielastic andD-resonance
peaks, thepm dependence of the4Hese, e0pd3H reaction
was measured from 250 to600 MeVyc. The low pm

s#300 MeVycd data of this experiment were unexpect-
edly found to be at variance with theory. This only
published measurement of the highpm region can be
improved in two aspects: (i) By choosing a higher mo-
mentum transfer effects beyond PWIA are expected to b
reduced [5], and (ii) the statistical accuracy of the data ca
be improved considerably.
© 1998 The American Physical Society 2543
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By employing a high-luminosity continuous elec
tron beam and a large-acceptance proton detector,
have measured the4Hese, e0pd3H cross section up to
pm  690 MeVyc with good statistical accuracy. The
electron beam was extracted from the Amsterdam Pu
Stretcher at NIKHEF [9], and had an energy of 525 Me
and duty factor ofø50%. A cryogenic (15 K) high-
pressure (4 MPa) cylindricalsi.d.  5 cmd gas target was
used [10]. The scattered electrons and the emitted proto
were detected in the QDQ high-resolution magnetic spe
trometer and the highly segmented scintillator detect
HADRON4 [11], respectively. At its nominal distance
from the target, HADRON4 has an in-plane and out-o
plane angular acceptance of621±, resulting in a solid
angle of 550 msr. The angular resolution is1± in plane
and 2± out of plane. In combination with a 5.2 mm
lead absorber in front of the detector, the proton ener
acceptance is 67–195 MeV.

The choice ofsv, qd was dictated by the following con-
siderations. First, the momentum transfer should be lar
enough to ensure quasielastic proton knockout. Seco
the energy transfer was taken as small as possible to m
mize the influence of theD resonance, with the constrain
that at highpm the kinetic energy of the emitted protons
is still higher than the detection threshold of HADRON4
Therefore the angle and momentum of the scattered el
trons were kept fixed throughout the experiment, resultin
in a central transferred energy and momentum of 215 Me
and401 MeVyc, respectively. The virtual-photon polari-
zation was 0.63 and the invariant mass of thesg 1 pd
system amounted to1081 MeVyc2. In four settings of
the HADRON4 detector, emitted protons were detected
angles between45± and 136± with respect to the beam,
thus completely covering the missing-momentum rang
220 690 MeVyc. An additional measurement of the low
pm region s#250 MeVycd was performed in quasielastic
kinematics atsv, qd  s101 MeV, 408 MeVycd. These
data [12] were in good agreement with calculations b
Laget, by Schiavilla, and by Nagorny, as expected fro
the earlier measurements at lowpm mentioned above.

The response of the HADRON4 detector was calibrate
using the continuous energy spectrum of proton singl
events. The light measured in each scintillator was us
for particle identification purposes, via the energy loss
in successive scintillator layers, and for the determinatio
of the kinetic energy of the proton. The live time
of each detector element was accurately determined
feeding test pulses to the front-end electronics. Th
inefficiencies in track reconstruction and proton detectio
due to hadronic interactions and multiple scattering, we
calculated using the Monte Carlo codeGEANT [13]. The
simulations also produced estimates of the inefficien
arising from the discriminator thresholds. In the analys
these inefficiencies were corrected for on an event-b
event basis.

During several dedicated runs, in which elasticall
scattered electrons were detected in the QDQ and QD
2544
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spectrometers, the target thickness was determined u
the known cross section for elastic scattering [14,15]. T
target thickness was continuously monitored by recordin
simultaneously with these, e0pd coincidences, prescaled
singles events in both spectrometers and HADRON
These singles rates were linked to the count rates dur
the elastic scattering runs, in order to obtain the effecti
target thickness. This method resulted in an over
uncertainty in the target thickness of 2.5%.

Because of the limited vertex acceptance of the QD
the contribution of the target foils to the coincidence cro
section was less than 0.1% at the chosen spectrom
angle. The contribution of accidental coincidences w
subtracted from the data, which subsequently were c
verted to cross sections by dividing out the integrat
luminosity and the detection volume in phase space.
nally, the data were corrected for radiative processes us
the unfolding procedure described in Ref. [16]. The mis
ing energy in anse, e0pd reaction is defined asEm  v 2

Tp0 2 TA21, where the kinetic energy of the knocke
out proton and recoilingsA 2 1d system are denoted by
Tp0 and TA21, respectively. Because of the experime
tal missing-energy resolution ofø7 MeV (FWHM), the
peak in theEm spectrum, corresponding to the breakup
4He in a proton and a tritonsEm  19.8 MeVd, was not
completely separated from the continuum formed by t
contributions of the three-bodyspnd, Em $ 26.1 MeVd
and four-bodysEm $ 28.3 MeVd breakup processes. The
measuredEm spectra were fitted with the sum of a Gaus
ian and a phenomenological function for the continuum
The yield of the4Hese, e0pd3H reaction for eachpm bin
of 10 MeVyc was obtained by subtracting the continuu
fit from the data, and integrating the remaining streng
The uncertainty in the fivefold differential cross sectio
introduced by this procedure was estimated to be sma
than 3%. The overall systematical accuracy of the cro
sections amounts to 5%.

In Fig. 1 the measured4Hese, e0pd3H cross sections
are shown as a function ofpm. The data decrease expo
nentially by more than 3 orders of magnitude with hard
a change of slope in thepm region of the zero. The
experimental cross sections are compared to three ca
lational methods developed by Laget, by Schiavilla, a
by Nagorny. All three models use the wave functions
2H, 3H, and4He that result from variational Monte Carlo
calculations [17]. Laget and Schiavilla use wave fun
tions obtained with the Urbana model-VII three-nucleo
interaction and the Urbana or Argonne-v14NN potential.
The corresponding calculated4He binding energies [18]
amount to 30.6 and 30.8 MeV, respectively (experimen
value 28.3 MeV), and the zero in thept momentum
distribution is located at490 MeVyc. Nagorny uses wave
functions obtained with the Argonne-v18 two-nucleon an
model-IX three-nucleon interaction [19]. This model pre
dicts 27.8 MeV for the binding energy of thea particle,
and445 MeVyc for the zero in thept momentum distri-
bution. The calculations also differ in the way subnucle
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FIG. 1. Fivefold differential 4Hese, e0pd3H cross section
as a function of the missing momentum for thesv, qd 
s215 MeV, 401 MeVycd kinematics. The calculations in (a)
were performed by Laget (dotted curve: PWIA, dashed:1FSI,
dot-dashed:1two-body MEC, solid: 1three-body MEC), in
(b) by Schiavilla (dotted curve: PWIA, dashed:1FSI, solid:
1two-body currents), and in (c) by Nagorny (dotted curv
PWIA, dashed: tree-type diagrams, solid:1one-loop diagrams).

effects (MEC and IC) and final-state interactions a
treated. In the calculations by Laget [3,5] the process
contributing to the reaction amplitude are evaluat
in a diagrammatic approach. FSI is treated using
single-rescattering diagram, while the effects of two- a
three-body MEC are calculated by taking the most releva
processes into account. In Schiavilla’s calculation [
the pt scattering state is described by a correlated wa
function. It consists of the product of the three-nucleo
bound-state wave function and a distorted wave functi
for the outgoing proton, obtained from a complex optic
potential containing a charge-exchange term. Cent
spin, and tensor correlations between the proton a
residual nucleons are included, to modify thept cluster
wave function at small internucleon distances, but n
to change its behavior in the asymptotic region. Th
resulting wave function is then orthogonalized to the4He
bound state (the so-called orthonormal-correlated state
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OCS) and used to calculate the transition matrix elemen
relevant for the4Hese, e0pd3H reaction. The charge and
current operators, which provide a good description o
the elastic form factors of few-body nuclei, contain one
and two-body terms, the latter constructed consisten
with the NN interaction used. In the calculations by
Nagorny [20,21] the electromagnetic field is include
in the strongly interacting system in a fully relativistic
and gauge invariant way. Two gauge invariant sets
tree-type and loop-type covariant diagrams are use
The tree-type set, consisting of the proton, triton, an
4He poles and a contact diagram, obeys current co
servation. The proton-pole diagram corresponds to t
PWIA prediction, while the triton-pole diagram repre-
sents a crossing term. The diagram with the4He pole
[3,22] accounts for the FSI part that corresponds to th
pole piece of thep3H ! p3H scatteringT matrix [23].
The contact current, obtained from the Ward-Takahas
identities, provides gauge invariance on the level of th
pole graphs and accounts partly for MEC effects [21]. I
the full calculation also gauge invariant triangular an
one-loop diagrams, which account for additional MEC
and rescattering effects, are calculated. They accou
for the regular part of thep3H ! p3H T matrix in S,
P, and D waves, while fulfilling unitarity [21]. The
half-off-shellT matrix for the1S0 wave was obtained in a
separable form [24] using the unitarity condition and th
4He ! p3H vertex function. A renormalization has been
applied to exclude “double counting” of the pole piece o
theT matrix, which was already taken into account by th
4He-pole diagram. Standard parametrizations are us
for the electromagnetic form factors of the proton,3H, and
4He [25], while the strong form factor in the4He ! p3H
vertex was calculated [21] from the overlap integral of th
3H and4He wave functions.

In the following the data are compared to the resul
of the three calculations. The PWIA predictions (dot
ted curves in Figs. 1(a), 1(b), and 1(c) for the calcula
tions by Laget, Schiavilla, and Nagorny, respectively
which represent thept momentum distribution, are al-
most identical forpm # 300 MeVyc. However, at higher
missing momentum there are differences due to the d
ferent NN potentials used. The calculation presented
Fig. 1(c), which is performed with they18 NN poten-
tial, has its minimum at a45 MeVyc lower pm value,
while the strength in the second maximum is a factor o
4.5 larger than those of Figs. 1(a) and 1(b), where th
y14 potential was used. All three full calculations, rep
resented by the solid curves, give a good description
the data for missing momenta up to300 MeVyc. In this
region FSI effects slightly reduce the cross section. In th
calculation by Laget MEC play a negligible role, while
Schiavilla predicts a small increase due to the inclusio
of MEC. In Nagorny’s framework the effects of FSI and
MEC cannot be disentangled.

The largest differences show up in the region400 ,

pm , 500 MeVyc, where the cross section is dominantly
2545
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due to effects beyond PWIA, because of the zero
the pt momentum distribution. Here the data are
maximum underestimated by factors of 4 and 2 by the f
calculations by Laget and Schiavilla, respectively. In th
pm region the contribution due to FSI [dashed curves
Figs. 1(a) and 1(b)] is considerably larger in Schiavilla
OCS method than in the diagrammatic approach of Lag
This is presumably due to the fact that in the OCS meth
rescattering is treated effectively to all orders by using
optical potential. Two-body MEC [dot-dashed and sol
curves in Figs. 1(a) and 1(b), respectively] cause in bo
calculations an increase of the cross section forpm ,

500 MeVyc and a decrease above this value. Inclusi
of three-body MEC by Laget [solid curve in Fig. 1(a)
increases the cross section forpm . 400 MeVyc. A
calculation by Nagorny in which only tree-type diagram
are taken into account [dashed curve in Fig. 1(c)] gives
fair account of the data. Here FSI and MEC effects a
treated in a combined way. The full calculation, whic
also includes triangular and the one-loop diagrams [so
curve in Fig. 1(c)] and whose importance grows wit
increasingpm, goes practically through the data.

All calculations give a good description of the
cross sections for missing momenta between 600 a
700 MeVyc, but due to different ingredients in the
models. Laget’s full calculation is above the PWIA
prediction. In Schiavilla’s calculation the increase du
to FSI gets largely canceled by two-body MEC. I
Nagorny’s calculation the full prediction is well below
that of PWIA, but since he uses few-body wave functio
that generate considerably more high-momentum com
nents in thept momentum distribution, the data are sti
well described.

In conclusion, we have measured the cross sect
of the 4Hese, e0pd3H reaction with high statistical accu-
racy over a largepm region, including the part where
PWIA calculations predict a zero in the cross sectio
The data decrease exponentially betweenpm  220 and
690 MeVyc with hardly a change of slope in thepm re-
gion of the zero. Here, final-state interaction effects a
two-body currents dominate the4Hese, e0pd3H cross sec-
tion in such a way that the zero in the PWIA prediction
almost completely washed out. The full calculations b
Laget and Schiavilla underestimate the data in the int
mediate missing-momentum range by a factor of 4 and
respectively. The calculation by Nagorny, which is bas
on a set of pole, contact, triangular, and one-loop d
grams, gives a good description of the data over the
tire measuredpm interval. The few-body wave functions
used in this latter approach are generated with the m
recenty18 NN interaction. All three models give a fairly
good account of the highpm s600 690 MeVycd data, but
due to different ingredients in the calculations. The cro
section is sensitive to the amount of high momentu
components in thept momentum distribution used, bu
firm conclusions can be drawn only when the contrib
2546
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tions from mechanisms beyond PWIA can reliably be ca
culated over the completepm interval, including that of
the zero.

Calculations indicate that it would be fruitful to sepa-
rate experimentally the longitudinal, transverse, an
longitudinal-transverse components of the4Hese, e0pd3H
cross section in thepm region of the zero [5]. Since such
an experiment requires a high-duty-factor electron bea
of a few GeV as well as electron and proton detector
with good energy and angular resolution, it could be
performed at TJNAF.
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