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Measurement of the Longitudinal, Transverse, and Longitudinal-Transverse
Structure Functions in the 2Hssse, e0pdddn Reaction
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We have separated the longitudinals f00d, transverses f11d, and longitudinal-transverse interference
s f01d structure functions in the2Hse, e0pdn reaction atj $qj ø 400 MeVyc and v ø 110 MeV. A
nonrelativistic calculation which includes effects due to final state interactions, meson exchange
currents, and isobar configurations agrees with the measuredf11 and f01 but overpredictsf00 by 25%
(2s). The data are also compared to the results of previous structure function measurements.

PACS numbers: 25.30.Fj, 25.10.+s, 27.10.+h
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A thorough investigation of the deuteron is of fund
mental importance to nuclear physics. Many-body effe
are absent in the two-nucleon system, so that the deut
wave function can be obtained exactly given a model of
nucleon-nucleon (NN) potential. The absence of man
body complications also permits exploration of elect
magnetic currents in the deuteron via reactions involv
both real and virtual photon probes. Theoretical pred
tions of observable effects in deuteron photodisinteg
tion and electrodisintegration arising from meson excha
currents (MEC) and isobar configurations (IC) have b
available since the latter half of the 1970s [1–3]. In ad
tion, the effects of final state interactions (FSI) on the
action mechanism can be calculated explicitly for deute
electrodisintegration.

Exclusive measurements of deuteron electrodisinte
tion, in which an ejected particle is detected in coincide
with the scattered electron, can provide detailed inf
mation about the responses of various components o
nuclear electromagnetic current. In the first Born appro
mation, the electromagnetic interaction of an electron w
the target nucleus is described by the exchange of a s
virtual photon of four-momentumqm ­ sv, $qd. In this ap-
proximation, these, e0pd cross section can be decompos
into responses of the nuclear electromagnetic curren
longitudinal and transverse polarization states of the
tual photon probe [1],

d5s

dvlabdVlab
e dVcm

np
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whereC is a function of the electron kinematics,

C ­
a

6p2

1
Q4

klab
f

klab
i

; (2)

klab
i (klab

f ) is the initial (final) laboratory energy of th
electron,a is the electromagnetic fine structure consta
and Q2 ­ $q 2 2 v2. fcm

np is the azimuthal angle (with
respect to thez axis defined by$q ) of the relativenp mo-
mentum in the final state.fcm

np ­ 0 or p corresponds to
the ejected proton in the electron scattering plane.
r’s, which are functions of the electron kinematics on
are components of the virtual photon polarization den
matrix; the subscripts 0,61 denote the longitudinal an
(two) transverse polarization states, respectively. Exp
sions for ther’s may be found in Ref. [1]. The structur
functionsf, which (for in-plane kinematics) depend on
upon the momentum transferq ­ j $qj, the energy transfe
v, and the angleupq between the ejected proton and$q,
contain all of the nuclear structure information.f00 and
f11 are the longitudinal and transverse structure functio
respectively. f01 andf211 are the longitudinal-transvers
and transverse-transverse interference structure funct
It can be shown [4] that the two interference structure fu
tions are proportional to sinsupqd, and thus vanish in par
allel kinematics (upq ­ 0).

Fabian and Arenhövel [1] have shown that the fo
structure functions have different sensitivities to the effe
of FSI, MEC, and IC. In general, they show thatf00 and
f01 are sensitive to FSI, whilef11 andf211 are primarily
sensitive to MEC and IC.

Two separations off00 and f11 have been reported t
date [5,6]. Longitudinal and transverse data measure
© 1996 The American Physical Society 1579
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NIKHEF [5] f0.05 # Q2 # 0.27 sGeVyc2dg are underes
timated by,16% on average by Arenhövel’s nonrelativi
tic (NR) calculation and by a fully relativistic calculatio
by Hummel and Tjon [7]. In contrast, Arenhövel’s mod
overpredictsf00 andf11 data taken at Saclay [6]f0.04 #

Q2 # 0.4 sGeVyc2dg by ,12% on average. Measure
ments off01 and the longitudinal-transverse asymme
Af, given by

Af ­ ss0 2 spdyss0 1 sp d , (3)

where s0 and sp are the cross sections measured
fnp ­ 0 and p, respectively, have been performed
NIKHEF [8] fQ2 ­ 0.21 sGeVycd2g, Saclay [6] fQ2 ­
0.15 sGeVycd2g, Bonn [9,10]fQ2 ­ 0.18 sGeVycd2g, and
SLAC [11] fQ2 ­ 1.2 sGeVycd2g. Arenhövel’s NR cal-
culation underpredictsjAfj at missing momentumpm .

100 MeVyc by 25% to 60% for the three low-Q2 data
sets and by as much as a factor of 5 for the high-Q2

data set. Calculations including relativistic effects p
formed by Hummel and Tjon, Mosconi and Ricci [3], a
Arenhövel generally provide much better descriptions
the asymmetry data. Arenhövel’s NR calculation sim
larly underpredicts the NIKHEFf01 data by 60% to 100%
on average, while the relativistic calculation of Humm
and Tjon is once again closer to the data. In contrast,
Saclayf01 data are adequately described by Arenhöv
NR calculation.

We report here two sets of measurements atq ø
400 MeVyc and v ø 110 MeV: (1) Two measurement
of the 2Hse, e0pd cross section performed in parall
kinematics, keepingq andv fixed, but varying the beam
energy and scattering angles. This permits a Rosenb
separation [“LyT (longitudinalytransverse) separation”] o
f00 and f11. (2) Two measurements of the2Hse, e0pd
cross section in nonparallel kinematics atupq ­ 11±,
fnp ­ p , and 0. This permits extraction off01. These
were the first in a series of2Hse, e0pd structure function
measurements using one or more out-of-plane spectro
ters (OOPS) [12–14] to detect protons. The OOPS
relatively lightweight (16 tons) spectrometers designed
convenient positioning out of the electron scattering pla
In this commissioning experiment of the prototype, t
OOPS was always positioned in-plane.

The experiment was performed in the North Hall
the Bates Linear Accelerator Center. The duty fac
of the electron beam was about 1%, with average c
rents of 3 to4 mA. The electron beam energies we
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TABLE I. Experiment kinematics (all quantities in laborator
frame).

ki kf ue up pf

Measurement (MeV) (MeV) (deg) (deg) sMeVycd

LyT Sep. (1) 577.1 468.5 43.7 53.9 450
LyT Sep. (2) 292.7 184.1 113.0 25.1 450
f01 sfnp ­ 0d 576.0 467.0 44.0 42.9 440
f01 sfnp ­ pd 576.0 467.0 44.0 64.7 440

measured to 1 part in103 by the differential recoil tech-
nique, using12C and beryllium oxide targets. Deuterate
polyethylene, CD2, spinner targets of thicknesses49.4
and 44.3 mgycm2 (LyT) and 77.5 mgycm2 s f01d were
used. The scattered electron and the ejected proton w
detected in coincidence. The high-resolution (Dpyp ,
1024) energy loss spectrometer system (ELSSY) [1
and the prototype OOPS (Dpyp , 0.5 3 1022) detected
and momentum analyzed electrons and protons, res
tively. Table I lists the experiment kinematics. For th
LyT separation, the2Hse, e0pd cross section was mea
sured at two sets of kinematics with fixed values of ene
transfer, v ­ 109 MeV, and momentum transfer,q ­
402 MeVyc. Protons of momentumpf ­ 450 MeVyc
were detected in parallel kinematics, and thus the miss
momentum,pm, was centered at50 MeVyc in the direc-
tion of $q. For thef01 measurement, the2Hse, e0pd cross
section was measured in nonparallel kinematics at t
proton angles,64.7± (upq ­ 10.9±, fnp ­ p) and 42.9±

(upq ­ 10.9±, fnp ­ 0), for fixed electron kinematics
ue ­ 44.0±, v ­ 109 MeV, and q ­ 404 MeVyc. The
proton spectrometer central momentum was fixed
440 MeVyc, corresponding topm ­ 95 MeVyc. Note
that the electron kinematics for the LyT separation and
the f01 measurement were very similar, whilepm for the
two measurements differed slightly.

The absolute efficiency for detecting electrons was
tablished by measuring the1Hse, ed cross section and
comparing it to values predicted by using form facto
measured and parametrized at Mainz [16]. The e
ciencies at the forward and backward electron scatter
angles weres98.4 6 0.2d% and s99.1 6 0.3d%, respec-
tively. The absolute efficiency of the proton spectrom
ter wass97 6 1d% (after 4%–6% corrections for known
sources of dead time in OOPS), as determined by mea
ing 1Hse, epd. In addition, the time-dependent deuteriu
content of the CD2 target was monitored by periodicall
measuring the elastic2Hse, ed cross section. A 4% to
6% depletion of the deuterium content was found in ea
TABLE II. Comparison of LyT data to Arenhövel’s theory,q ­ 402 MeVyc, v ­ 109 MeV, pm ­ 50 MeVyc.

s snbyMeV sr2d f00 f11

577 MeV 292 MeV (fm) (fm)

Data 36.1 6 0.5 6 1.0 4.50 6 0.10 6 0.24 1.78 6 0.07 6 0.15 1.60 6 0.06 6 0.16
Theory 42.2 4.89 2.24 1.63
Dataytheory (%) 85.5 6 1.2 6 2.4 92.0 6 2.0 6 4.9 79.5 6 3.1 6 6.7 98.2 6 3.7 6 9.8
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TABLE III. Comparison of LT interference data to Arenhövel’s theory,q ­ 404 MeVyc, v ­ 109 MeV, pm ­ 95 MeVyc.

s snbyMeV sr2d f01 Af

fnp ­ p fnp ­ 0 (fm) (%)

Data 6.27 6 0.19 6 0.37 4.12 6 0.19 6 0.16 20.116 6 0.014 6 0.016 220.7 6 2.7 6 2.2
Theory (NR) 8.30 5.98 20.125 216.2
Dataytheory (%) 75.5 6 2.3 6 4.5 68.9 6 3.2 6 2.7 92.8 6 11.2 6 12.8 128 6 17 6 14
Theory (R) 8.21 5.41 20.151 220.6
Dataytheory (%) 76.4 6 2.3 6 4.5 76.2 6 3.5 6 3.0 76.8 6 9.3 6 11.3 100 6 13 6 11
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of the targets. Uncertainty in the measured rate of t
depletion yielded uncertainties of 1.9% and 4.8% in t
577 and 292 MeV cross sections, respectively. Af
corrections for these various effects, the uncertainty in
knowledge of the deuterium content of the targets s
dominates the uncertainty in the cross sections.

The 2Hse, e0pd cross sections used for the LyT separa-
tion were measured over the same ranges ofv (104 to
112 MeV) andpm (30 to 70 MeVyc) for the two sets
of kinematics. For thef01 measurement, thev range
was 101 to 117 MeV, and thepm range was 81 to
106 MeVyc. Radiative corrections (16% to 21%) wer
applied to the LyT cross sections according to Ref. [17
For thef01 data, radiative corrections in nonparallel kin
matics (26% to 29%) were performed using the co
SIMULATE [18]. The structure functions were extracte
using the kinematics determined from the central valu
of the spectrometer acceptances. Thus, our results re
sent averages over the acceptances, which was nece
to maximize the statistical precision. Tables II and
present the results of the LyT separation and thef01 mea-
surements, respectively. Uncertainties are listed in
order 6(statistical)6(systematic). The statistical unce
tainty of the structure functions is 4% forf00 andf11, and
12% for f01. The statistical uncertainty inAf is 13%.
The systematic uncertainties in the structure functions
the asymmetry (8% to 10% forf00 andf11; 14% and 11%
for f01 andAf, respectively) reflect both the uncertaintie
in the cross sections and in the kinematic quantitieski

andue) used in the separations.
We compared the cross sections and structure fu

tions to calculations provided by Arenhövel [19]. Table
shows the ratios of the LyT data to Arenhövel’s full NR
(FSI 1 MEC 1 IC) calculation with the Paris [20]NN
potential. The calculations have been averaged over
experimental acceptances using a Monte Carlo techniq
The calculation agrees with the transverse data but o
predicts the longitudinal data by about 25% (2s). The
calculatedf00 andf11 at our kinematics are relatively in
sensitive to MEC and IC contributions (#2%). Hence, the
precision of the data is not sufficient to distinguish cont
butions from these small effects. But the effects of F
(13% for f00, 7% for f11) are clearly discernible and im
prove the agreement with the data. The spread in the
culatedf00 andf11 resulting from the use of differentNN
potentials (Paris, Nijmegen [21], Bonn [22], and Argon
s
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V14 [23]) is only about 2% to 3% at our kinematics. Again
the precision of our data is not sufficient to permit a cle
discrimination among these potentials.

In Fig. 1 we compare our LyT data to results measure
at Saclay [6]. The structure functions are expressed
ratios to Arenhövel’s FSI1 MEC 1 IC calculation as a
function ofpm. Our f00 andf11 data agree with the trend
of the Saclay data: The calculation is in good agreem
with the measured transverse response, but overpred
the longitudinal response for the points atpm of 220,
50, and100 MeVyc. In Fig. 2 we compare our data to
theq ­ 380 MeVyc measurements made at NIKHEF [5
Note that our data represent averages over the range
to 70 MeVyc in pm, while the NIKHEF data have been
averaged over5 MeVyc bins. Also note that the NIKHEF

FIG. 1. Ratio of measuredf00 and f11 structure functions
to Arenhövel’s calculation for this experiment and the Sacl
experiment of Ducretet al. [6]. Only statistical errors are
shown.
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FIG. 2. Separatedf00 and f11 structure functions for this
experiment and the NIKHEF experiment of van der Sch
et al. [5]. The NIKHEF data (q ­ 380 MeVyc) are averaged
over 5 MeVyc bins in pm. The Bates data (q ­ 400 MeVyc)
are averaged over the range of 30 to70 MeVyc in pm. Only
statistical errors are shown.

data are at slightly differentq than ours. Our transvers
response agrees within statistical error with the NIKH
measurements in the relevantpm range. Our longitudinal
response, however, lies about 40% lower than the NIKH
data. The origin of this discrepancy is unclear.

Table III shows the ratio of thef01 and Af data
to Arenhövel’s FSI1 MEC 1 IC calculation with and
without relativistic corrections. The results forAf are
consistent with the NIKHEF, Saclay, and Bonn resu
Although the NR calculation underpredicts the absol
value of the measuredAf, the calculation with relativistic
corrections is in good agreement with the data. Forf01,
however, the situation is reversed: The addition of re
tivistic corrections worsens the agreement with the d
The NR calculation predicts the measuredf01 within error
bars, consistent with the earlier Saclay results. Thus
importance of relativistic effects in our interference da
is difficult to determine unambiguously; measurements
greater statistical precision would be desirable.
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