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Longitudinal-Transverse Separation of the Deuterium (e,e'p) Response Functions
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In the four-momentum-transfer range 0.05 ~ q, ~ 0.27 (GeV/c) ', longitudinal and transverse
response functions have been determined by performing a Rosenbluth separation of 'H(e, e'p) coin-
cidence cross sections measured in parallel kinematics. The results are compared to nonrelativistic cal-
culations that include the eAects of final-state interaction, meson-exchange currents, and isobar
configurations, and to relativistic calculations that include the eAects of final-state interaction. The ra-
tios of the response functions agree with both calculations; the absolute values are (16 ~ 3 ~ 8)% larger
than predicted.

PACS numbers: 25.30.Fj, 25. 10.+s, 27. 10.+h

The deuteron system plays an essential role in nuclear
physics as this bound two-nucleon system contributes to
the basis of our understanding of the nucleon-nucleon in-
teraction, being the microscopic input for any fundamen-
tal model of heavier nuclei. In the theoretical calcula-
tions of the two-nucleon system the state of the art is
such that experiments with high precision are important
to enable comparisons with theoretical predictions and
possibly distinguish between the various calculations.
The level of our understanding of the two-nucleon sys-
tem is illustrated by the reasonable description of many
existing electron-scattering data. ' Only a limited set
of high-precision exclusive experiments exists. In partic-
ular, no exclusive experiments aimed at separating indi-
vidual structure functions of the deuteron in the quasi-
elastic domain have been reported so far. Given its gen-
eral interest, it is of relevance to obtain such precise ex-
clusive data on the deuterium electrodisintegration pro-
cess. These data should preferably involve the coincident
(e,e'p) reaction as it gives access to four independent ob-
servables (if no polarization degrees of freedom are con-
sidered).

In the past, several inclusive quasielastic (QE) elec-
tron-scattering experiments have been performed on the
deuteron. Nonrelativistic calculations show good agree-
ment with the separated inclusive longitudinal and trans-
verse response functions in the three-momentum-
transfer range between 300 and 500 MeV/c. In ex-
clusive experiments the cross sections are measured over
a large missing-momentum range, ' and are rather well
reproduced by nonrelativistic calculations. In this paper
we present the results of an exclusive H(e, e'p) experi-
ment, in which both the longitudinal and transverse
response functions have been determined.

The description of the QE (e, e'p) process is generally
based on the following assumptions: (i) A simple virtual
photon is involved in the knockout process (one-photon-
exchange approximation); (ii) the energy and momen-
tum that the electron loses in the scattering process are
transferred to a single nucleon (quasielastic-scattering
process); (iii) for the nucleon current the free-nucleon
current is taken, modified for off-shell effects [impulse
approximation (IA)]. In order to investigate the validity
of these assumptions, experiments have been performed
on several nuclei, e.g. , He (Refs. 7 and 8), Li (Ref. 9),
' C (Refs. 10 and 11), and Ca (Refs. 12 and 13) at
various laboratories. For nuclei with 2 & 3 no exact mi-
croscopic calculations of the nuclear dynamics are avail-
able at present, which implies that additional assump-
tions are needed in the interpretation of these data, espe-
cially on the treatment of the final-state interaction
(FSI). Only for the lightest systems (A ~ 3) do exact
calculations exist. " ' DiAerences between these cal-
culations are due to the N-N interaction employed,
the (non) relativistic character, and/or the theoretical
method employed. In the case of deuterium, various cal-
culations are available' ' that are all essentially based
on the assumptions mentioned above. Hence a quasielas-
tic H(e, e'p) experiment is well suited to study these as-
sumptions.

In our comparison with the data we will use both rela-
tivistic (R) and nonrelativistic (NR) calculations. The
essential difI'erence between the two calculations is that
in the R calculations both the nucleon current operator
and the wave function are completely relativistic. '

Moreover, the NR and R calculations make use of
different deuteron wave functions (Paris' and Blanken-
becker-Sugor-Logunov-Tavkhelidze' ) and different nu-
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rounded by stainless-steel walls of 10 pm allowing a
0.3-bar atmosphere of helium to keep the water in the
liquid state. The walls were outside the coincidence ac-
ceptance of the spectrometers. The target angle could be
chosen freely, but changes were few in order to keep sys-
tematic uncertainties in the target thickness as small as
possible. In Table I the kinematics corresponding to the
central settings of the spectrometers are given. The
measured target thicknesses are also listed.

Since the liquid target is subject to thickness varia-
tions, knowledge of these variations is crucial for the rel-
ative normalization between the various measurements.
The target thickness, which is related to the pumping
speed of the target system, was determined and con-
trolled in diAerent, partly overlapping ways. The thick-
ness was calibrated by measuring elastic- and inelastic-
scattering cross sections oA' H and ' O. Fourier-Bessel
coefticients were used to calculate cross sections for elas-
tic scattering oF ' 0 (Ref. 23) and for the excitation of
the 3 state at 6.13 MeV. For H we determined
Fourier-Bessel coefficients from H(e, e) elastic cross sec-
tions measured at three incident beam energies (300,
500, and 650 MeV). The present elastic-scattering mea-
surements were performed at least once for each beam
energy used. The statistical error in the given target
thicknesses is about 1%. These data, in conjunction with
elastic- and inelastic-scattering data on boron-nitride
and tantalum targets, provided a good beam energy cali-
bration accurate to 200 keV.

In order to continuously monitor the target thickness,
the prompt trigger rates of the detection systems in both
spectrometers were used to obtain ratios of triggers to in-
tegrated charge. By changing the angle and field setting
of only one spectrometer at a time, while the other spec-
trometer remained unchanged, the target thickness could

TABLE I. Kinematics and target thickness t of 'H(e, e'p)n
measurements. k,'" is the incoming electron energy, 0, is the
electron-scattering angle, p, is the missing momentum (p =q
—p'), q the three-momentum transfer, and to is the transferred
energy.

with m the proton mass. In the plane-wave impulse ap-
proximation (PWIA), RG is, apart from oF-shell effects,
equal to G~~/Gg, the ratio of the magnetic and electric
proton form factors. A deviation of the experimentally
found ratio from the PWIA prediction will then be a sig-
nature of contributions due to FSI eAects or of a break-
down of the IA, due to, for instance, two-body currents.
The absolute separated structure functions will provide
information on both the validity of the aforementioned
assumptions and the employed deuteron wave functions.

The experiment was performed at the medium-energy
electron accelerator MEA of NIKHEF-K, using typical
beam currents of 10 pA. The two high-resolution mag-
netic spectrometers at NIKHEF-K allow a precise deter-
mination of the electron and proton angles and momen-

A deuterium target of the waterfall type
used with heavy ~ater H20. The waterfall was sur-

k, 0„ Pnt q CO

(MeV) (deg) (MeV/c) (MeV/c) (MeV) (mg/cm')

296.7
296.7
296.7
296.7
555.9
555.9
524.5

524.5
524.5
524.5
350.9
298.6

77.10
68.75
58.10

107.39
36.04
32.55
50.10
45.68
63.24
29.56

113.43
96.37

39.8
69.9

109.9
38.8
40.4
69.8
37.6
39.8
58.8

110.2
58.4
40.0

329.3
299.3
259.3
418.7
328.8
299.4
417.5
380.9
503.3
259.0
502.9
380.7

73. 1

74.8
78.6
77.0
73. 1

74.8
77.0
93.1

104.1

76.7
104.0
93.1

5.89
5.71
5.43
5.46
5.68
5.72
5.54
5.54
5.76
5.71
6.19
5.21

cleon form factors (dipole with GE =0 and Hohler et
al. , respectively). However, as can be seen from de-
tailed comparisons between various combinations in Ref.
3, no large eA'ects on the observables in our kinematical
domain due to these differences are to be expected. FSI
effects are included in both types of calculations, includ-
ing charge-exchange contributions. The NR calcula-
tions' include effects that go beyond the impulse ap-
proximation, i.e., meson-exchange currents (MEC) and
isobar contributions (IC) have been included.

The coincidence cross section for electrodisintegration
of the deuteron contains four structure functions fpp, f i i,
fpi, and f i i which depend on the energy of the rela-
tive motion (E„'~™)of the final np state, the three-
momentum-transfer squared q, and the angle 0„'~ . Ex-
plicit definitions of the cross section and the structure
functions f» are given in Ref. I4. The information on
the dynamics of the two-nucleon system is contained in
the four structure functions f». In principle, the strong-
est test of the theory is to experimentally separate fpp,
fbi, fpi, and f |i, and —compare them directly to the
model predictions. Such a separation would require out-
of-plane measurements, which is experimentally very
di%cult. As a first step we have carried out in-plane
measurements in parallel kinematics in which the emit-
ted proton momentum p' is parallel to q. In these kine-
matics the interference structure functions fpi and f ii-
vanish. ' The remaining two structure functions (fpp

and f i i) can then be obtained from the measured cross
sections by a standard Rosenbluth separation. As one of
the aims of this study is an investigation of the validity
of the IA, we use the ratio of f i i and fpp, in which the
uncertainties due to the nuclear wave function cancel, as
well as most of the systematic uncertainties. We will
represent the experimental data both in terms of the
structure functions and by the ratio

i/2
2m '/q '
f»/foo
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be determined for each individual measurement. Note
that these stepwise changes are not included in Table I.
The overall systematic error in the cross sections (5%) is
dominated by the uncertainty in the theoretical elastic
and inelastic cross sections (2%-3%) and by the proton
spectrometer solid angle (2%). The statistical error in

the coincidence cross sections is about 1%. The sys-
tematic error in RG ranges between 3.4% and 14%. The
systematic error in the separated structure functions can
be somewhat larger in unfavorable kinematics. For foe it
ranges from 6% to 8% and for f i i from 5% to 28%.

Since the acceptances of the spectrometers are finite,
each measurement involves a range of p, q, and co

values. The acceptance in p is typically 30 MeV/c. As
an example we show in Fig. 1 the separated structure
functions for the measurement centered at q =299 MeV/
c and co =75 MeV as a function of p . The dotted line
represents the R calculation including FSI eAects. The
calculation needs to be corrected for the eAect of the
range of q and co values contributing to one p bin. The
corrected calculation is represented by the solid line.
The NR calculation which includes both the FSI eAects
and finite-acceptance eA'ects is plotted as the dashed line.
T'he short-dashed line, which is hardly distinguishable
from the dashed line, represents the NR calculation also
incorporating MEC and IC effects. We conclude that
the MEC and IC eA'ects are negligible in this kinematics.
The data are well described by both the R and NR cal-

culations.
In order to study the overall features of the data, the

ratio R& is calculated for each p bin. The resulting Rg
values are averaged over all bins contained in one mea-
surement. The results are compared to the calculations
which are treated similarly in Fig. 2. R& is well de-
scribed by both the NR and the R calculations. The
average deviations amount to (0+ 2)% and ( —2~ 2)%,
respectively. Only statistical errors are considered in
these ratios. The separated structure functions are plot-
ted in terms of a ratio of measured structure functions
and PWIA predictions in Fig. 2. The ratios fuo '/foe"'"
and f|i~'/fI|"'" have been averaged over all measure-
ments. For the NR calculations including FSI, MEC,
and IC we obtain 1.15 ~ 0.03(stat) ~ 0.08(syst) and
1.17 ~ 0.03 + 0.08. For the R calculations we find
1.12+0.03+0.07 and 1.19+0.03+0.09 for foo and

fr|, respectively. Hence, we see that the theoretical cal-
culations underestimate the data at the 2' level. Given
the trend of this small discrepancy it will be of interest to
extend these measurements to higher momentum
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FIG. 1. The separated structure functions as a function of

the missing momentum at q =299 MeV/c and co=75 MeV.
The meaning of the curves is explained in the text.

q, ,

— IGeV/c j

FIG. 2. Longitudinal (foo) and transverse (fr|) structure
functions for the reaction H(e, e'p) as a function of the four-
momentum-transfer squared. The top panel shows the quanti-
ty RG. The dotted line is the PWIA calculation (NR). In the
middle (lower) panel the ratio of foo (fil) and the PWIA cal-
culation (NR) is displayed. The solid (dashed) line represents
the nonrelativistic (relativistic) calculation.
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transfer.
In the reaction H(e, e'p) no deviation from the im-

pulse approximation is found for the RG data in the q,
range between 0.05 and 0.27 (GeV/c) . This seems to
indicate that the elementary assumptions entering the in-
terpretation of the quasifree H(e, e'p) data are well in
hand. However, an equal modification of both the elec-
tric and magnetic nucleon form factors would also result
in an agreement between theory and experiment, al-
though such a modification does imply a breakdown of
the IA. In fact, a comparison of the fop and fr| data to
the calculations shows how a small discrepancy between
theory and experiment for the individual structure func-
tions does not necessarily lead to a discrepancy for R~.
This conclusion does not depend on the type of calcula-
tions used as the two approaches essentially agree in the
presently investigated kinematical region. The origin of
the 2o. deviation between theory and experiment is un-
clear.
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