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Electrodisintegration of He Studied with the Reaction He(e, e'p)'H
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The coincidence cross section for the two-body breakup of He has been determined up to recoil mo-
menta of 350 MeV/c with the (e,e'p) reaction. The momentum probability distribution for the i+p
final state deduced from the cross section is compared to theoretical predictions that include correlations.
A substantial deviation from the impulse approximation is observed, which cannot fully be explained by
final-state interaction eff'ects and contributions due to charge exchange.

PACS numbers: 25.3G.Fj, 21.30.+y, 27. 10.+h

The two- and three-nucleon systems H, H, and He
have been intensively studied because one can, starting
from a nucleon-nucleon (XN) interaction, in principle,
calculate their properties exactly. Recently theoretical
progress has been made' for He in solving the corre-
sponding four-body Schrodinger equation with various
approximation schemes. In some of these calculations a
three-nucleon interaction (TNI) is included in the Ham-
iltonian. Microscopic theory of correlated many-body
systems predicts that short-range and tensor correlations
play an important role in the compact four-nucleon sys-
tem. The presence of correlations is expected to be man-
ifest in the single-nucleon spectral function. Therefore
accurate data for the quasielastic proton-knockout re-
action He(e, e'p) for large missing-momentum and
missing-energy ranges may provide a critical test of such
microscopic theories.

The static properties of "He such as the binding ener-

gy and the charge distribution have been measured very
accurately. Only one study of the reaction He(e, e'p)
is known in which the proton momentum distribution
has been measured up to 250 MeV/c with limited statist-
ical accuracy. The missing-energy resolution (AE
=9-15 MeV) did not permit a separation of the two-

body breakup He(e, e'p) H from the three- and four-
body breakup processes (e,e'p) Hn and (e,e'p)npn In.
this Letter we present spectral-function data extracted
from precise absolute cross sections for the reaction
He(e, e'p) H measured with good missing-energy reso-

lution (AF. =0.3-1.2 MeV) as a function of recoil
momentum in the range 10 & p & 350 MeV/c.

The experiment was performed with the electron-
scattering facility at NIKHEF-K at an incident elec-
tron energy of 426 MeV. A cryogenic target system at
an operating temperature of 20 K was employed. The
pressure of the He gas was 400 kpa resulting in a lumi-

nosity of 1250 pA mg/cm, given the 5-cm maximum
length of the interaction region observed in the coin-
cidence measurements. Data were taken under two

diA'erent kinematical conditions, with the relative kinetic
energy of the proton-triton pair in the center-of-mass
system kept constant at 75 MeV. In the first kinematics
(I) the electron scattering angle was 70', the virtual-
photon polarization e=0.48, and the transferred three-
momentum ~q ~

=431 MeV/c. The missing-momentum
range 10 & p & 200 MeV/c was covered by variation of
the proton-emission angle ep relative to the electron
beam in the range 47' & le & 68'. The second kinemat-
ics (II) with 0, =36' and e=0.80 covered the missing-
momentum range 120 & p & 350 MeV/c (58' & 8~
& 118'). Here

~ q ~
=250 MeV/c was chosen in order

to compensate for the decrease of the spectral function
with increasing momentum. Note that kinematics I cor-
responds to so-called perpendicular kinematics, 9 whereas
kinematics II is strictly parallel for p centered around
135 MeV/c. At p~ =160 MeV/c, where the center of
the overlap region between kinematics I and II is locat-
ed, the angle between q and the initial proton momen-
tum p amounts to 105' (46') for kinematics I (II).

The product of the target thickness and the solid angle
of the electron spectrometer was determined by compar-
ison of the measured elastic electron-scattering cross sec-
tion with the phase-shift calculations using ground-state
charge-distribution parameters from the literature. For
each coincidence setting the target thickness, which
varied as a function of the power dissipated in the target
cell by at most 28%, could be related within an accuracy
of 2% to the results of the elastic electron experiments by
use of the corresponding proton singles rates. As an ad-
ditional check on the relative normalization of kinemat-
ics I and II, we measured the elastic electron-scattering
cross section at the forward and backward electron spec-
trometer angles, respectively, using the proton spectrom-
eter as a target thickness monitor at a fixed angle and
fixed magnetic-field setting. The ratio of the target den-
sities at these two angles determined from the elastic
electron-scattering cross sections was consistent with the
ratio of the proton singles rates within the statistical ac-

2006 1988 The American Physical Society



VOLUME 60, NUMBER 20 PHYSICAL REVIEW LETTERS 16 MAY 1988

gpp I

10&pm &60MeViz

curacy of 2%.
The coincidence-detection efficiency was calibrated re-

peatedly with the reaction 'H(e, e'p); it amounted to
99.2(1.3)%. The total He(e, e'p) yield was corrected
for accidental coincidences and weighted by the detec-
tion volume calculated with a Monte Carlo simulation,
taking the experimentally determined angular accep-
tance of the spectrometers as a function of the interac-
tion point into account. Radiative tails were unfolded
and corrections were made for dead-time eff'ects

( & 17%).
The stability of the experimental apparatus was

checked by our taking two data sets at the same kin-

ematical setting, p 140 MeV/c and 0, =36', at the
beginning and end of the two-week run. The measured
cross sections were found to be equal within the 2.8%
statistical accuracy.

The total systematic error of 6% is obtained as follows.
It consists of the quadratic sum of the uncertainties in

the eIfective solid angles of the electron (1%) and proton
spectrometers (3%), the coincidence detection efficiency
(1.3%), and the target thickness. The last one is the
linear sum of the systematical error of 2% quoted in the
literature for elastic cross sections, the 1% error due to
the uncertainty in electron energy, and the statistical er-
rors in the electron singles rates, which are smaller than
2.2% (0.7%) for kinematics I (II).

With use of the two high-resolution spectrometers and

by application of the dispersion matching technique, 'o a
missing-energy resolution of 390 keV was achieved at
low p~. At higher p the missing-energy resolution be-
comes worse, since the missing-momentum resolution of
5 MeV/c enters through the nonnegligible recoil term

p /2M'-1 in the expression for E . A missing-energy
(E ) spectrum for 10 &p &60 Mev/c is shown in Fig.
l. In the observed excitation-energy region very little

strength is seen in the many-particle breakup channels.
In the plane-wave impulse approximation (PWIA)

the sixfold diff'erential cross section is given by d a/
de'dp'=K&r, ~S(E,p ). Here K denotes a kinematical
factor, ~,~ describes the off-shell electron-proton scatter-
ing cross section, and the spectral function S(E,p )
contains the nuclear-structure information. The mea-
sured coincidence cross sections were converted to a
spectral function by our dividing out K&r, z on an event-
by-event basis. For a,z we used the current-conserving
prescription &rf' as given by de Forest. "

Integration of S(E,p ) over the two-body breakup
peak at E =19.8 MeV, corresponding to the residual
(pnn) triplet in the triton ground state (T= —,', S =

2 ),
yields the proton momentum density distribution p(p )
shown in Fig. 2. In the overlap region between kinemat-
ics I and II (120&p &200 MeV/c) the ratio of the
momentum density distribution values is pt/ptt=1 72
~0.05. In this ratio the systematic errors of the two ki-
nematics cancel to a large extent. We will first discuss
the observed deviation from unity in the framework of
the distorted-wave impulse approximation (DWIA).

The PWIA momentum distribution for the t +p chan-
nel p(p ) as calculated by Akaishi is represented in

Fig. 2 by the solid curve. This author used the method
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FIG. 1. Radiatively unfolded spectral function as a function
of missing energy E measured in kinematics I at 0~=47 .
The arrows indicate the threshold energies for the (e,e'p) Hn
and (e,e'p)npn breakup channels.

FIG. 2. Proton momentum distribution for the two-body
breakup of He. The error bars include the statistical error
only. The solid curve represents a PWIA calculation of
Akaishi (Ref. 2) for the Reid soft-core V8 NN potential. The
dotted and dashed curves represent DWIA calculations for ki-
nematics I and II, respectively.
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FIG. 3. The experimental proton momentum distribution
for the two-body breakup of He is the same as that given in

Fig. 2. The solid curve represents a PWIA calculation of
Schiavilla, Pandharipande, and Wiringa (Ref. l), for the Ur-
bana NN potential. The dotted and dashed curves represent
corresponding DWIA calculations for kinematics I and II, re-

spectively.

of amalgamation of two-body correlations into multiple-

scattering processes and the Reid soft-core V8 nucleon-
nucleon interaction to which a TNI was added. When

comparing the data with calculated momentum densities
one has to account for final-state-interaction (FSI)
eff'ects, which depend on the choice of the kinematics.
We performed an unfactorized DWIA calculation using

a t+p ground-state wave function that reproduces the

p, +t, (p ) of Akaishi, which accounts for 80% of the 4He

ground state. An optical potential including a spin-orbit
term' was used to calculate the FSI effects. The DWIA
results for both kinematics clearly fail to describe the full

experimental shape of the momentum distributions, as
can be observed in Fig. 2. Not only is the deviation of
the experimental results in the overlap region not repro-
duced but also the slope of the DWIA results is incom-

patible with the experimental observations.
PWIA results calculated by Schiavilla, Pandhari-

pande, and Wiringa' are shown in Fig. 3. These authors
use a Monte Carlo method based on a realistic Hamil-
tonian, which includes a TNI, and variational wave func-
tions, which have a pair-correlation operator including
central, tensor, and spin correlations. In the figure the
PWIA and DWIA t+p momentum distributions are

plotted for the Urbana NN potential. Since in kinemat-
ics I and II the relative kinetic (p-t) energy is the same,
the difference in the DWIA results is also small. Good
agreement between data and theory is obtained for kine-

matics II: pt'I" '/pnwiA =0.98 ~0.09. The error includes
the systematical error and an error (7%) due to the un-

certainty in the optical potential. However, for kinemat-
ics I the calculation yields values substantially smaller
than the data: pf""'/pDwlA =1.54 ~ 0.11. Apparently
FSI effects alone are not able to explain the discrepancy
between the results obtained in kinematics I and II. The
shape of the experimental momentum density distribu-
tion is in fair agreement with a correlated 4He wave
function' that was calculated with the Urbana NN po-
tential.

As a second step we will consider other effects which

may influence the interpretation of the data. The contri-
bution from the (e,e 'n ) (n,p ) two-step process was es-
timated by employment of a coupled-channels calcula-
tion in which a (p, n)-exchange potential was used repro-
ducing the measured cross sections for the reaction

H(p, n) He at 57 and 156 MeV, ' ' which are relative-

ly strong compared to the elastic channel. Assuming iso-

spin symmetry we obtain that in kinematics I charge ex-
change can account for about 8% of the cross section at
low missing momentum, whereas the efl'ect is 40% at

p =300 MeV/c. This strong dependence of the effect
on p can be understood by our noting that the charge-
exchange potential causes essentially a p shift of
p(p ). ' Because of the shape of p(p ) the effect is

larger at high p . In the center of the overlap region the
contribution of charge exchange to the coincidence cross
section amounts to 20%. For kinematics II the eff'ect is

much smaller and amounts to only 5% at p =160
MeV/c. If we take the charge-exchange contribution
also into account, there remains a 40% discrepancy be-
tween the results obtained in kinematics I and II.

A similar but less pronounced signature for the devia-

tion from the impulse approximation was found in

several (e,e'p) experiments, ' ' performed in parallel
kinematics only, where the observed eff'ect can be de-

scribed by our assuming an effective photon-proton cou-

pling, that depends on the virtual-photon polarization e.
In the present experiment e amounts to 0.48 and 0.80 for
kinematics I and II, respectively. Therefore we have an-

alyzed the data with an (18 ~ 3)% modified ratio of
transverse-longitudinal photon-proton coupling which

has been deduced' from Is knockout from Li. Includ-

ing the charge-exchange contribution, we then obtain

pl /pDwIA 1.1 2 ~ 0.1 3 and for kinematics II pl'ipt/

pDwlA 0.89+ 0.08. To what extent the still remaining
deviation from the impulse approximation is caused by
an incorrect prescription of cr,~, by final-state-interaction
efl'ects beyond the DWIA, or by processes involving

meson-exchange currents is not clear at present. There-
fore a more conclusive test of the bound-state wave func-
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tions has to await the availability of models capable of
explaining the observed deviation.
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