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Tensor Analyzing Powers for Quasielastic Electron Scattering from Deuterium
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We report on a first measurement of tensor analyzing powers in quasielastic electron-deuteron
scattering at an average three-momentum transfer of1.7 fm21. Data sensitive to the spin-dependent
nucleon density in the deuteron were obtained for missing momenta up to150 MeVyc with a tensor
polarized2H target internal to an electron storage ring. The data are well described by a calculation
that includes the effects of final-state interaction, meson-exchange and isobar currents, and leading-order
relativistic contributions. [S0031-9007(98)08241-6]

PACS numbers: 25.30.Fj, 21.45.+v, 24.70.+s, 29.25.Pj
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The deuteron is often used as a benchmark to test
clear theory, since reliable calculations can be perform
in both nonrelativistic and relativistic models. Observ
ables such as its binding energy, static magnetic dip
and charge quadrupole moment, asymptoticDyS ratio,
and the elastic electromagnetic form factors place stro
constraints on models for the nuclear interaction. Fu
thermore, the deuteron is one of the few nuclear syste
for which predictions based on quantum chromodynam
ics have been made and tested [1–4]. The understand
of the deuteron has progressed to a level which allo
the deuteron to be used as an effective neutron targe
studies of the electromagnetic form factors of the neutr
[5–8] and the spin structure functions of the neutron
deep inelastic scattering [9–11].

Quasielastic scattering has been applied to determ
the momentum distribution of the proton in the deutero
[12] with necessary corrections for the interaction effec
[13] and to study these, e0pd reaction mechanism itself
[14]: the necessity of including relativistic correction
has been demonstrated by determining the longitudin
transverse interference structure function; details of t
electromagnetic coupling to the nuclear currents ha
been studied by performing longitudinal-transverse sep
rations and polarization transfer measurements, and
influence of final-state interaction (FSI) effects has be
isolated by studying the fifth structure function. Howeve
0031-9007y99y82(4)y687(4)$15.00
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all of these measurements were performed with unpola
ized deuterons. The use of polarized deuterium is adva
tageous, since one can select polarization observables
are sensitive to small amplitudes that are related to, f
example, the charge form factor of the neutron, or theD-
wave admixture in the ground-state wave function [15
Here, we report on the first measurement of quasielas
electron scattering from polarized deuterium.

It is well known that the tensor force has an importan
influence on deuteron structure. It introducesD-state
components into the predominantlyS-wave ground-state
wave function and hence leads to a density distributio
that depends on the spin projectionmz . Because of the
tensor part of the nucleon-nucleon interaction and th
repulsive core at short distances, the deuteron exhibits
toroidal shape formz  0 and a dumbbell shape formz 
61 (see, e.g., [16]). The spin-dependent momentu
density distributionrmz can be written as

r0spd
4p

 fR0 1
p

2 R2d2
0,0sudg2 1 3fR2d2

1,0sudg2,

r61spd
4p



"
R0 2

1
p

2
R2d2

0,0sud

#2

1
9
8

R2
2s1 2 cos4 ud ,

(1)

with R0spd andR2spd the usual radial wave functions for
orbital angular momentumL  0 andL  2 in momen-
tum space, respectively,d

j
m,m0 the rotation functions, and
© 1999 The American Physical Society 687
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u the angle between the polarization axis and the relat
momentump of the two nucleons.

The spin-dependent density distribution can be prob
by quasielastic electron scattering from tensor-polariz
deuterium targets, which yields data complementary
the elastic channel [17–19] where thetotal nuclear cur-
rent (i.e., nucleon and meson contributions) is probed.
plane-wave impulse approximation (PWIA), these, e0pd
cross section for unpolarized electrons factorizes in
part depending on the off-shell electron-proton cross se
tion and a part containing the spin-dependent moment
distribution as shown in Eq. (1) [20]. In that case th
relative nucleon momentump can be related to the miss-
ing momentum of the reaction, defined aspm  q 2 p0,
with q the momentum transferred in the electron scatte
ing process andp0 the momentum of the knocked-out pro
ton. In a cross section measurement with tensor-polariz
deuterons one can define the tensor analyzing powerAT

d :

AT
d 

s
1
2

s1spmd 1 s2spmd 2 2s0spmd
s1spmd 1 s2spmd 1 s0spmd

PWIA
 2

2R0spdR2spd 1

q
1
2 R2

2spd

R2
0spd 1 R2

2spd
d2

0,0sud , (2)

with s0 (s6) the cross section measured withmz  0
(mz  61) andd2

0,0  3
2 cos2 u 2

1
2 . In the limit where

R2 ø R0, AT
d directly relates to the ratioR2yR0. Further-

more, in PWIA whenR0  2
p

2 R2, thens0  0 andAT
d

is maximum with a value of1
q

1
2 for u  0. Even when

FSI and all other effects are included, the cross section
expected to be small for electron scattering from deutero

with mz  0. Similarly, whenR0 
q

1
2 R2, the PWIA

cross section for deuterons withmz  61 vanishes and
AT

d reaches a minimum of2
p

2.
The experiment was performed with a polarized g

target [21] internal to the AmPS electron storage rin
at NIKHEF. A beam current of 120 mA was injected
The 565 MeV electron beam had a lifetime of abou
15 min. An atomic beam source was used to inject
flux of 1.1 3 1016 atomsys with two hyperfine states into
a T -shaped storage cell, which was cooled to 100 K
order to further increase the target density. The da
were obtained with Teflon-coated aluminum cells (wa
thickness25 mm) with diameters of 15 or 20 mm and
a length of 400 mm. The resulting target thicknes
amounted up to2 3 1013 s2H atomsdycm2. The tensor
polarization of the targetPzz ( 1 2 3n0, with n0 the
fraction of deuterons withmz  0) was varied every
10 s betweenP1

zz  10.488 6 0.014 6 0.03 and P2
zz 

20.893 6 0.027 6 0.052, where the first (second) error
represents the statistical (systematic) uncertainty. T
tensor polarization of the deuterium atoms was measu
in situ by a polarimeter [22] that analyzes the fractio
of the target gas that has been ionized by the travers
electron beam. Two electromagnets were used to gene
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a magnetic field in the interaction region that allow
one to orient the target polarization axis in the electr
scattering plane, either parallel or perpendicular to t
momentum transfer. A set of scrapers was employed
intercept the halo of the electron beam and thus reduce
amount of background from the cell wall.

The experimental setup has been described in de
in Refs. [21,23], and results for elastic electron-deuter
scattering have been presented previously [18]; here o
a brief overview is given. Electrons scattered fro
the tensor-polarized deuterium gas were detected in
electromagnetic calorimeter, consisting of six layers
CsI(Tl) blocks covering a solid angle of 180 msr. Tw
plastic scintillators, one in front of the CsI(Tl) blocks
and one positioned between the first two layers, pr
vided the electron trigger. The total energy resolutio
obtained (about 22 MeV) was sufficient to distinguish b
tween events from quasielastic scattering and events fr
pion electroproduction. Two sets of wire chambers, o
adjacent to the scattering chamber and one in front of
first trigger scintillator, were used for track reconstru
tion. The central angle of the electron detector was 3±

corresponding to an average transferred three momen
of jqj ø 1.7 fm21.

The ejected protons were detected in a range telesco
consisting of 15 layers of 1 cm thick plastic scintillato
preceded by a layer of 2 mm thick plastic scintillato
The trigger was formed by a coincidence between t
first two layers. The detector was positioned at a cent
angle of 80± and covered a solid angle of nearly 300 ms
The range telescope was preceded by two wire chamb
for track reconstruction. Protons in the range of 30
100 MeV were detected with an energy resolution
about 1.5 MeV.

Calibration measurements were performed with t
kinematically overdetermined reaction1Hse, e0pd. Since
the calorimeter excludes the pion-production channe
the fivefold differential cross section can be obtaine
by measuring the electron scattering anglesue, fe, the
angles of the ejected protonup , fp, and the energy
of the proton. This procedure resulted in an excelle
missing-momentum resolution, for a nonmagnetic dete
tor setup, of6.2 MeVyc as demonstrated in Fig. 1 (top
panel). In the bottom panel of the figure, the missin
momentum spectrum for scattering from deuterium
shown. The data are in reasonable agreement with
result of a Monte Carlo calculation that includes the of
shell electron-proton cross section of de Forest, Jr. [2
momentum densities from Bernheimet al. [12], and a
model for the detector phase space. The shaded histog
represents the background contribution which was det
mined by scattering from an empty cell. It is seen that t
background contributes significantly to the data taken
missing momenta above150 MeVyc.

Figure 2 shows the measured asymmetry,AT
d , as a func-

tion of the angleus between the polarization axis an
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FIG. 1. Top panel: Missing-momentum spectrum for th
kinematically overcomplete reaction1Hse, e0pd. Bottom panel:
Missing-momentum spectrum for scattering from deuterium
The shaded histogram indicates the background from the c
wall. The solid histogram shows a Monte Carlo prediction.

the missing momentum. Results of measurements w
the polarization axis parallel and perpendicular to the m
mentum transfer were combined in this figure. The da
are compared to predictions [15] for the Paris potenti
The dashed curve in Fig. 2 represents the results for
plane-wave Born approximation (PWBA) which include
the coupling to the neutron, whereas in the solid curve t
effects of final-state interaction, meson-exchange (ME
andD-isobar (IC) currents, and relativistic corrections a
included. The spread in kinematics in each bin has be
taken into account by applying a Monte Carlo code th
interpolated between a dense grid of calculations that co
ered the full acceptance of our setup. It is observed th
the calculations describe the data well. Since in PW
the asymmetry is proportional tod2

0,0 [see Eq. (2)], the
zero crossings of the asymmetry are predicted to be

cosus  6

q
1
3 (ø0.58), while without a D-state com-

ponent to the ground-state wave function the asymme
vanishes. The results for PWBA differ slightly from this
prediction, indicating that for our kinematics the couplin
to the neutron is not completely negligible. Furthermor
it is demonstrated that FSI effects modify the asymmet
mainly for positive values of cosus.
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FIG. 2. AT
d as a function of cosus. The dashed curve

represents the result for PWBA, the solid curve for the fu
calculation including FSI, MEC, and IC contributions an
relativistic corrections.

Figure 3 showsAT
d as a function of missing momentum

in approximately parallel kinematics, i.e., the center-o
mass angle betweenp0 andq has been restricted (ucm

pq ,

13±). The results of the full calculation describe the da
well. The inclusion of spin-dependent rescattering effec
improves the description at the lowest missing momen

θ

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0 50 100 150 200

FIG. 3. AT
d as a function ofpm for parallel kinematics (i.e.,

ucm
pq , 13±). The short-dashed curve represents the result

PWBA; in the long-dashed curve FSI effects are also include
and the solid curve represents the full calculation.
689
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,

(pm . 50 MeVyc), whereD-state contributions are small.
Note that the tensor analyzing power is sizable, even at
relatively small missing momenta addressed in the pres
experiment. This is due to the fact that an interferen
between the smallD-state amplitude and the dominan
S-state amplitude is probed [see Eq. (2)], whereas in t
unpolarized cross section only the sum of the squares
the S-state andD-state amplitudes enter. Note that sinc
the statistical uncertainties dominate, only those are sho
in both Figs. 2 and 3.

We have investigated the influence of the choic
of nucleon-nucleon potential on the calculated tens
analyzing powers. The results forAT

d calculated with the
Paris, Bonn, Nijmegen, and Argonne potentials differ b
less than 1% for missing momenta below150 MeVyc and
therefore do not influence our conclusions. In additio
we studied the influence of relativistic effects in th
current operator.AT

d changes by less than 2% when th
model is modified to not include third- and fourth-orde
terms in pyMp in the current operator and to neglec
contributions from the boost operator that translates t
initial-state wave function from the laboratory frame t
the center-of-mass frame.

In summary, a polarized deuterium target has succe
fully been utilized in quasielastic electron scattering. Te
sor analyzing powers have been measured for miss
momenta up to150 MeVyc. The data are well described
by the present model [15], using the Paris potential, a
the tensor analyzing power is dominated by the effec
of the D-state contribution. We have shown that th
internal-target technique allows for novel measurements
quasifree scattering from the deuteron, which in the futu
should be extended to higher missing momenta, in the
gion where the tensor analyzing powers are predicted
strongly depend on the details of the deuteron spin stru
ture [16,25,26].
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Onderzoek der Materie (FOM), which is financially
supported by the Nederlandse Organisatie voor Wete
schappelijk Onderzoek (NWO), the Swiss National Fou
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