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Anomaly in the transverse longitudinal ratio for 3He„e,e8p…X reaction
at 260 MeV/c recoil momentum
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3He(e,e8p)X cross sections were measured in parallel kinematics for recoil momenta around 260 MeV/c. A
Rosenbluth decomposition of the cross section was made and transverse and longitudinal spectral functions
were extracted. The longitudinal spectral function is strongly quenched relative to the transverse one, the ratio
of the integral of the longitudinal to transverse spectral functions over the continuum channel being
0.17560.04660.049. A model which takes into account final state interactions and meson exchange currents
predicts a ratio of 0.43, it can therefore explain only part ot the quenching.@S0556-2813~97!04602-5#

PACS number~s!: 21.45.1v, 21.30.Cb, 25.30.Fj
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We present the results of a study of high proton mome
in 3He, as measured through the (e,e8p) reaction. The trans-
verse and longitudinal components of the cross section w
determined separately; this paper is therefore complemen
to @1# where no separation was performed.

Despite the success of the independent particle s
model, we know that the nucleus cannot be fully describe
terms of one-body properties. A considerable theoretical
fort has been made to encompass two-body properties in
description. However, as described in@1#, aside from mea-
surements@1,2# of high proton momenta via the (e,e8p) re-
action @3#, little experimental information is available o
two-body properties and what does exist is rather indirec

Measurements of high proton momenta can indeed y
information about two-body properties, since the highest m
mentum components of the nuclear wave function are g
erated by nucleon-nucleon correlations@4#. It has been pre-
dicted @5,6# that for high recoil momenta in the (e,e8p)
continuum channel, i.e., when the recoil system is unbou
the cross section is dominated by the process illustrated
Fig. 1: the electron scatters quasielastically from a pro
belonging to a close together nucleon pair, the sec
nucleon of this pair carrying off most of the recoil mome
tum,pr . The residual nuclear system is assumed to rema
‘‘spectator’’ and is practically at rest. In their center of ma
due to their proximity, the two nucleons of the pair ha
large equal and opposite momenta. In this picture, the re
system consisting of the second nucleon of the pair plus
A22 spectator nucleons of massMA22 has a mass

Mr
25@MA221AMn

21pr
2#22pr

2 . ~1!
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When the relative momentum of the pair and the specta
A22 system is considered,Mr is no longer completely fixed
but can vary around the value above. A signature of t
process can be defined by displaying the cross section
function of the missing energy,Em5Mp1Mr2MA (Mp and
MA are the proton and the target masses!: a peak is expected
whose position shifts predictably with increasing recoil m
mentum, i.e., according to Eq.~1!. The momentum distribu-
tion in the continuum at highpr is then the momentum dis
tribution of a proton in a pair of nucleons close together. T
width of the peak reflects the momentum of the pair in t
target nucleus.

This picture was successfully tested in the relative
loosely bound3He nucleus@2#, and then in the more tightly
bound and dense4He nucleus@1#. The peak was observed a
expected. Moreover, the proton momentum distributions
the continuum of3He and4He were extracted from the dat

FIG. 1. The virtual photon is absorbed by nucleon~1!, the
nearby nucleons of the pair~112! have large equal and opposit
momentum,p. TheA22 other nucleons~here 3 and 4! are specta-
tors and have no net momentum, nucleon~2! carries off all the
recoil momentum.
1600 © 1997 The American Physical Society
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and found, forpr.100 MeV/c, to be quite similar to that of
deuterium, i.e., of ann-p pair which is not embedded in
nuclear medium. The relative momentum distribution of tw
close nucleons inside a nucleus thus appears to be
slightly affected by the nuclear medium.

With a moderate energy accelerator~700 MeV!, such ex-
periments can only be performed in the so called ‘‘dip’’ r
gion @7#, which in an inclusive (e,e8) spectrum lies between
the quasielastic peak and the delta region. This is a reg
where complicating reaction mechanisms, especially me
exchange current~MEC’s!, can be important. Such effec
have been predicted to affect the cross section only at
20% level@8#. However, theory is often unsuccessful in r
producing the inclusive (e,e8) cross section in this ‘‘dip’’
region. In order to estimate the importance of react
mechanism effects and to test theoretical calculations
them, we have performed a Rosenbluth transverse longit
nal (T/L) separation of the3He(e,e8p)X cross section in the
‘‘dip’’ region at relatively high recoil momentum. Since th
transverse (T) and longitudinal (L) components correspon
to different couplings, magnetic and Coulomb, respective
the requirement that the calculations reproduce both simu
neously provides a stringent test of our understanding of
reaction mechanism. Furthermore, the longitudinal com
nent, which couples directly to the charge, is expected to
less sensitive to MEC’s, which happen to have a large c
tributions in the dip region.

In this paper we follow the notation of Ref.@9# and we
present results for both the continuum channel, where
recoil is unbound (X5pn), and the two-body break up
(2bbu) where the recoil is bound (X52H!. For ‘‘parallel’’
kinematics, i.e., when the ejected proton momentump 8 is
parallel to the momentum transferq, the (e,e8p) cross sec-
tion can be writtens5G(T1eL), whereG is the flux of
virtual photons with longitudinal polarizatione. From the
measuredT andL one can then define ‘‘experimental spe
tral function,’’1 ST

expt5Texpt/Tp and SL
expt5Lexpt/Lp. In the

present analysis,Tp andLp are derived from the De Fores
@10# off-shell electron-proton cross section denoted
‘‘cc1.’’ In the simplest approximation@plane-wave impulse
approximation~PWIA!# the two spectral functions are equ
and represent the probability to find inside the target nucl
a proton with momentumPr and binding energyEm . A
T/L separation requires two measurements with differ
electron scattering angleue8. Due to very low counting rates
for the backward angle kinematics, it was only possible
perform a single set of measurements at 260 MeV/c recoil
momentum. The lever arm ine between the forward and th
backward kinematics,De 5 0.47, is reasonably large an
does not lead to excessive systematic errors.

It must be noted thatp8 andq cannot be perfectly aligned
for all values ofEm simultaneously. We chose to havep8 and
q aligned atEm525 MeV. For other values ofEm , due to
the misalignment, the cross section involves interfere
termsTT and TL. The TT contribution was calculated to
represent at most 0.1% of the total cross section and coul

1The additional factork, present in@9#, appears only for the
2bbu channel.
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neglected. TheTL contribution is not negligible but it can b
determined if additional measurements are performed wi
p8-q misalignment opposite to that of the original kinema
ics. An exact separation ofTL in each bin inEm would have
required an additional measurement for each bin. This co
not be done in our allotted time. However, we did perform
single supplementary measurement~kinematicsS) at for-
ward angle. We used this to achieve an approximate de
mination of theTL function, allowing us to correct for ou
misaligned kinematics. The three sets of kinematics (F, B,
andS) are tabulated in Table I.

The experimental setup is identical to that of Ref.@9#.
Note, however, that a slot was dug in the proton spectro
eter to reduce the minimal angle from 25° to 21°. This
duction improved the lever arm,De, from 0.35 to 0.47. As
was done in@9#, we introduced a small amount~0.5%! of
hydrogen to the target in order to check the recoil mom
tum reconstruction. The accuracy was found to be better t
0.5 MeV/c. Such an error inpr contributes less than 1.5% t
the measured3He(e,e8p)X cross sections. For the forwar
kinematics the average beam current was limited to 5mA
due to the low ratio of true to random coincidences~1.5 in
the 2bbubut 0.23 in the continuum!. For the backward angle
the only limitation was the 14mA current that the targe
could tolerate.

The data analysis generally followed that of@9#. Since the
separation between the 2bbu and the continuum threshold i
only 2.2 MeV for 3He, the 2bbu event yield was integrated
only up to12.0 MeV in missing energy. In this condition th
error on the cross section due to smearing between
2bbu and the continuum is less than 1%. The continuu
was deconvoluted for radiative effects as in@1#. The decon-
volution was, however, much easier because for the pre
kinematics there is hardly any correlation between the re
momentum and the missing energy, and the radiative t
are small.

In addition to the systematic errors quoted in@9# there is a
contribution due to the uncertainty in the curvature of t
spectral function in the acceptance, since its knowledg
required for the Monte Carlo simulation. Moreover, sin
kinematicsF andS do not provide an exact determination
theTL contribution, we conservatively estimated thatTL is
known with a 20% systematic uncertainty which we prop
gated in the separation.

Figure 2 presentsST
expt andSL

expt in the continuum channel
3He(e,e8p)pn, together with theoretical predictions from
microscopic calculation@8#. The experimental values can b
found in Table II. In this experiment, with a moderatepr , we
observe no peak in the continuum spectra. This was also
case in@1,2# at the samepr . We notice in Fig. 2 a very large
violation of the PWIA, sinceST

expt is much larger than

TABLE I. The three kinematics of the experiment. All energi
and momenta are in MeV.

Ee Ee8 ue8 up8 p8 pr Em

F 670 419 34 36 657 260 25
B 396 146 80.4 21 657 260 25
S 670 432 34.8 43.5 640 245 25
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SL
expt. The theoretical curves are generated, similarly
ST
expt andSL

expt, by dividing the theoretical nuclear cross se
tions by the cross sections on the off shell proton@10#. Three
calculations are shown: PWIA, PWIA1 FSI, and in the
transverse case PWIA1 FSI1 MEC, where FSI’s represen
the final state interactions. No MEC contribution exists in t
longitudinal cross section. In PWIASL andST are the same
the prediction is larger thanSL

expt and much smaller than
ST
expt. The inclusion of FSI’s and MEC’s explains only pa
of the difference betweenSL

expt andST
expt

The integration of the experimental spectral functio
over Em leads to *SL

exptdEm50.2760.0760.08 and
*ST

exptdEm51.5460.0960.09, where the first error is statis
tical and the second systematic and the unit is~GeV/c)23.
The integral ofST

expt is larger than that ofSL
expt by nearly eight

standard deviations~statistical plus systematic! and the ratio

FIG. 2. Longitudinal~a! and transverse~b! experimental spectra
functions in the continuum channel,3He(e,e8p)pn. The error bars
are statistical only. The size of the systematic errors is indicated
the shaded area. The curves represent microscopic calculation@8#
using a Faddeev wave function@11# with the RSC potential. The
position of the 2bbu channel, 3He(e,e8p)2H, is indicated by a
vertical band.

TABLE II. Experimental transverse and longitudinal spect
functions in the continuum channel,3He(e,e8p)pn. The first error
is statistical; the second systematic.

Em pr ST
expt SL

expt

MeV MeV/c GeV21~GeV/c)23 GeV21~GeV/c)23

12.7 264 51.664.763.1 10.762.961.9
22.7 261 38.164.362.3 9.462.961.5
32.7 257 29.064.261.6 5.063.061.1
42.7 255 25.364.061.4 20.263.160.91
52.7 252 10.363.960.75 2.263.360.52
62.7 250 4.664.560.36 2.264.060.52
72.7 248 13.565.660.59 26.565.060.51
82.7 246 21.866.760.10 5.566.360.58
92.7 245 7.469.260.26 27.269.261.7
o
-

e

s

is more than a factor of 5. The theoretical predictions, wh
all corrections are included~FSI’s and MEC’s!, are
*SL

exptdEm50.42 and*ST
exptdEm50.98. The longitudinal is

only 1.3 standard deviations away but the transverse is
The calculation uses as input a3He wave function@11# ob-
tained by solving the Faddeev equations for the RSC po
tial @12#. If instead a variational wave function@13# with the
Argonne potential @14# is used, the results becom
*SL

exptdEm50.59 and *ST
exptdEm51.37. The calculation

overestimates the longitudinal contribution by three stand
deviations and is compatible with the data for the transve
contribution. These numbers show that it is impossible
conclude whether the problem is that the calculation ove
timates the longitudinal contribution, underestimates
transverse one, or both.

In considering theratio of the integrated longitudinal to
the integrated transverse spectral functions, some of the
perimental systematic errors and the theoretical uncerta
due to the choice of the wave function cancel out. FSI’s a
MEC’s reduce the theoretical prediction for the ratio fro
unity ~PWIA! to 0.43, regardless of which wave function
used. This is still much larger than the experimental ratio
0.17560.04660.049. The difference is 3.8 standard dev
tions ~statistical plus systematic!.

However the calculations should be treated cautiously
cause of the following inconsistency. The continuum spec
function can be obtained directly from the Faddeev3He
wave function by taking its overlap integral with that of
neutron-proton pair together with a free proton. When
PWIA calculation, using the Faddeev wave function as inp
is divided by the off-shell electron-proton cross section do
not reproduce the above continuum spectral function a
should. The agreement is good forEm. 30 MeV, but at low
Em the PWIA calculation predicts that the spectral functi
decreases when approaching the continuum threshol
Em57.7 MeV ~see the dotted curve in Fig. 2!, whereas the
spectral function obtained directly from the Faddeev wa
function shows a strong increase.

y

FIG. 3. Momentum distribution in the continuum channel,3He
(e,e8p)pn. The data from previous experiments@2,15#, which do
not involve aT/L separation, are corrected for FSI’s and MEC
The data from the present experiment are presented both with
without corrections.
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The data can be used to extract the momentum distr
tion for the continuum channel, if we apply corrections f
FSI’s and MEC’s:

n~pr !5E Sexpt~Em ,pr !dEm3
sPWIA

sPWIA1FSI1MEC. ~2!

Figure 3 shows the momentum distributions extracted fr
the transverse and longitudinal experimental data toge
with results from previous experiments~withoutT/L separa-
tions! @2,15#. The results of our experiment are presen
both before and after corrections, whereas the earlier data
only shown corrected. The momentum distribution det
mined from the longitudinal data is not very sensitive to t
corrections and is compatible with earlier data taken
ue8525o where the cross section is dominated by the lon
tudinal contribution. The momentum distribution value

FIG. 4. Longitudinal and transverse experimental spectral fu
tions in the 2bbu channel, 3He(e,e8p)2H. The curves are from
microscopic calculations@8# using a Faddeev wave function@11#
with the RSC potential.
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260 MeV/c obtained from the transverse data remains mu
higher even after a large correction.

The data in the 2bbu channel,3He(e,e8p)2H, have been
sorted into three bins ofpr , and aT/L separation was per
formed in each bin. The resulting 2bbu experimental spec-
tral functions are presented in Fig. 4 and tabulated in Ta
III. Similar conclusions hold as for the continuum chann
ST
expt is much larger thanSL

expt, and the calculation canno
reproduce both at the same time.ST

expt is better reproduced
with the Argonne variational wave function andSL

expt with
the RSC Faddeev wave function. The slope ofSL

expt versus
pr is larger than the slope ofST

expt; such a trend is seen in th
calculations but the difference is smaller. Note, however, t
this effect corresponds to three statistical standard deviat
and that the systematic errors are of the same size.

We have performed a T/L separation of the
3He(e,e8p)pn cross section. We observe thatSL

expt is much
smaller thanST

expt, this effect cannot be explained by a m
croscopic calculation. The study of high proton momen
will have to be pursued out of the dip region, in the qua
elastic region, which requires higher electron energy.

We would like to thank Jean-Marc Laget for his contrib
tion to the execution and analysis of this work. The work
M.K.B. was supported in part by the U.S. National Scien
Foundation.
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TABLE III. Experimental transverse and longitudinal spectr
functions in the 2bbu channel, 3He(e,e8p)2H. The first error is
statistical and the second one systematic.

pr ST
expt SL

expt

MeV/c ~GeV/c)23 ~GeV/c)23

250 0.86060.09260.064 0.53560.05860.048
268 0.81560.10460.049 0.18760.05760.031
286 0.64360.07260.035 0.03760.04360.019
cl.
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