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Abstract: We present a calculation for the beam-vector-deuteron double spin asymmetries T e
10 and T e

11 in elastic electron-deuteron

(e-d) scattering as functions of the four-momentum transfer square Q2 and the electron scattering angle in the laboratory frame θe. Our
formalism, based on the one-photon-exchange Born approximation, uses the realistic and hight-precision Argonne v18 NN potential for
the deuteron wave function and the standard dipole fit for the free nucleon form factors. We also study the sensitivity of our results to
the D-wave component of the deuteron wave function. We find large sensitivity of the results for T e

10 and T e
11 to the D-wave component

of the deuteron wave function at Q2 > 0.6 (GeV/c)2.
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1 Introduction

During the recent years, there is widespread condense that
Quantum Chromodynamics (QCD) is the correct theory
of strong interactions. On the level of unpolarized
differential and total cross sections the theory has been
tested with considerable precision by many experiments.
However, after about 10 years of intense theoretical and
experimental activities in studying the polarized nucleon,
the angular momentum composition of the nucleon
remains a territory with blank spots. Therefore, high
precision data in a large kinematic domain are required to
fully explore the spin structure of QCD.

A great potential to achieve an even deeper
understanding of the nucleon spin structure may arise
from a comprehensive, generalized analysis of many
different electromagnetic processes based on realistic
approaches. The study of spin-dependent observables has
the potential to enhance our understanding of nucleon and
nuclear structure. A study of electromagnetic structure of
the deuteron, the simplest nucleon system, provides with
important information about nucleon-nucleon (NN)
interaction. The deuteron has a total spin S = 1 and
isotopic spin I = 0; its electromagnetic structure is,

therefore, described by three form factors: the charge
monopole Gd

C(Q
2), charge quadrupole Gd

Q(Q
2), and

magnetic dipole Gd
M(Q2) [1,2], where Q2 is the

four-momentum transfer square by electron to the
deuteron. Due to smallness of the fine structure constant
α = 1/137 the form factors are usually extracted from
experimentally measurable observables in the framework
of Born approximation (one-photon exchange, OPE).

During the last decades, there are many theoretical
and experimental studies to investigate the elastic
electron-deuteron (e-d) elastic scattering process with
polarization effects have been developed [3,4,5,6,7,8,9,
10,11,12,13,14,15,16,17]. The deuteron can be used to a
good approximation as an effective neutron target (see,
for example, Refs. [18,19] and references therein). Elastic
e-d scattering process is of fundamental interest with
respect to the following important reasons: (i) used to
investigate the structure of the two-nucleon system and its
electromagnetic properties, (ii) gives valuable information
about the properties of the strong interactions in the
two-nucleon system, and (iii) provides complementary
information on the half-off-shell and full-off-shell
behaviors of the NN system.
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Most recently, the influence of the deuteron’s D-wave
component on (i) vector polarizations of final deuteron Px
and Pz and (ii) tensor-deuteron spin asymmetries T20, T21,
and T22 in elastic e-d scattering has been investigated in
Refs. [16] and [17], respectively. It was found that the
results for Px, Pz, T20, T21, and T22 at Q2 > 0.5 (GeV/c)2

are sensitive to the D-wave component of the deuteron
wave functions (DWFs). The sensitivity of γd → π0d
observables near threshold to the D-wave component of
the DWF has also been studied in Refs. [20,21,22], and a
significant role of the D-wave component on most of
polarization observables was obtained.

In what follows, we calculate the
beam-vector-deuteron double spin asymmetries T e

10 and
T e

11 in the elastic e-d scattering process and study their
sensitivity to the D-wave component of the DWF. For the
NN potential model adapted for the DWF, we consider
the realistic and high-precision Argonne v18 (AV18) [23]
potential. For the free-nucleon electromagnetic form
factors, we use the standard dipole fit for the proton and
neutron form factors (DFF) from Ref. [5].

In the next section, we will describe the general
formalism for the elastic e-d scattering process. The
explicit expressions of the beam-vector-deuteron double
spin asymmetries T e

10 and T e
11 are also presented. Section

3 will deal with the main results and discussion. Finally,
we conclude our results in Sect. 4.

2 Formalism for Elastic e-d Scattering

In this section, we briefly outline the formalism used in
the present work to describe the elastic e-d scattering
process. In the mechanism of one-photon-exchange Born
approximation (OPEBA), the differential cross section for
the elastic scattering of unpolarized electrons of initial
(final) energy E (E ′) from an unpolarized deuteron target
with internal structure can be written, neglecting the
electron mass, as [24]

dσ0

dΩe
=
( dσ

dΩ

)
Mott

E ′

E

[
A(Q2)+B(Q2) tan2 θe

2

]
, (1)

where θe is the electron scattering angle in the laboratory
frame, Q2 = 4EE ′ sin2(θe/2), and ( dσ

dΩ
)Mott is the Mott

cross-section which is given by( dσ

dΩ

)
Mott

=
[

α cos(θe/2)
2E sin2(θe/2)

]2
. (2)

In the case of very low momentum transfer and small
scattering angle, the magnetic contribution to the
scattering process is suppressed and a precise separation
of the form factors using the conventional Rosenbluth
method (see Eq. (1)) [25] is not possible. However, their
interference provides an easily measurable asymmetry
when using a beam of polarized electrons in concert with
a polarized deuteron target.

The unpolarized elastic structure functions A(Q2) and
B(Q2) allow us to create a phenomenological description
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Fig. 1: Conventions of the scattering plane in the elastic
e-d scattering process.

of the underlying structure of the deuteron. These structure
functions can be written in terms of the deuteron elastic
form factors as [4]

A(Q2) = [Gd
C(Q

2)]2 +
8
9

τ
2
d [G

d
Q(Q

2)]2 +
2
3

τd [Gd
M(Q2)]2 ,(3)

B(Q2) =
4
3

τd(1+ τd)[Gd
M(Q2)]2 , (4)

where τd = Q2/(4M2
D) with MD is the deuteron mass. In

unpolarized elastic e-d scattering experiments, the
structure functions A(Q2) and B(Q2) can only be
measured by determining B(Q2) directly from the
backward scattering cross-section. Equation (4) yields the
magnetic form factor Gd

M(Q2), but the electric monopole
Gd

C(Q
2) and the electric quadrupole Gd

Q(Q
2) form factors

cannot be separated in Eq. (3). Therefore, one needs an
additional third observable to get information on all three
deuteron form factors separately. The third observable of
choice is the dependence of the scattering on the deuteron
polarization.

Due to its spin 1, the deuteron can be vector and
tensor polarized. While in the OPEBA, vector
polarization only occurs for polarized electrons [26],
tensor polarization exists even if the electron is
unpolarized. The differential cross-section for elastic
scattering of a longitudinally polarized electron beam
from a polarized deuteron target is given in the laboratory
frame by [2]
dσ

dΩe
(h,Pz,Pzz) = Σ(θ ∗,φ ∗)+h∆(θ ∗,φ ∗) , (5)

where h = ± 1
2 is the helicity of the incident electron

beam and Pz is the projection of the spin in the direction
of the electron three-momentum. Pzz are the degree of
vector and tensor polarization of the deuteron target. The
polarization direction of the deuteron is defined by the
polar and azimuthal deuteron spin angles θ ∗ and φ ∗ in the
frame where the z-axis is along the direction of the virtual
photon and the y-axis is defined by the vector product of
the incoming and the outgoing electron momenta. This is
illustrated in Fig. 1.

The first term on the right-hand side in Eq. (5) gives
the cross section for an unpolarized electron but a
polarized deuteron target and contains the tensor-deuteron
asymmetries T20, T21, and T22, which may be written as

Σ(θ ∗,φ ∗) =
dσ0

dΩe

[
1+Γ (θ ∗,φ ∗)

]
, (6)
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where dσ0
dΩe

is the unpolarized differential cross-section
given in Eq. (1) and Γ (θ ∗,φ ∗) is given by

Γ (θ ∗,φ ∗) = Pzz

[ 1√
2

P0
2 (cosθ

∗)T20(Q2,θe)

− 1√
3

P1
2 (cosθ

∗) cosφ
∗T21(Q2,θe)

+
1

2
√

3
P2

2 (cosθ
∗) cos2φ

∗T22(Q2,θe)
]
. (7)

The second term on the right-hand side in Eq. (5)
gives the helicity-dependent differential cross section for
a polarized electron beam and a polarized deuteron target.
It contains the beam-vector-deuteron double spin
asymmetries (T e

10 and T e
11) and is given by

h∆(θ ∗,φ ∗) =
dσ0

dΩ
hPz

[√3
2

P1(cosθ
∗)T e

10(Q
2,θe)

−
√

3P1
1 (cosθ

∗)cosφ
∗T e

11(Q
2,θe)

]
, (8)

where the Legendre polynomials P̀ (x) and the associated
Legendre polynomials Pm

` (x) are taken according to the
Edmonds convention [27].

Following the convention of Ref. [28], the
tensor-deuteron (T20, T21, and T22) and the
beam-vector-deuteron (T e

10 and T e
11) asymmetries can be

calculated in terms of the three deuteron electromagnetic
form factors Gd

C(Q
2), Gd

Q(Q
2), and Gd

M(Q2) [4,5,26]. In
the present work, we focus on the beam-vector-deuteron
double spin asymmetries T e

10(Q
2,θe) and T e

11(Q
2,θe)

which are given as follows [29]

T e
10(Q

2,θe) =

√
2
3

τd

S(Q2,θe)

√
(1+ τd)

[
1+ τd sin2

(
θe

2

)]
× [Gd

M(Q2)]2 tan
(

θe

2

)
sec
(

θe

2

)
, (9)

and

T e
11(Q

2,θe) =
2√
3

1
S(Q2,θe)

√
τd(1+ τd)Gd

M(Q2)

×
[
Gd

C(Q
2)+

τd

3
Gd

Q(Q
2)
]

tan
(

θe

2

)
, (10)

where

S(Q2,θe) = A(Q2)+B(Q2) tan2(θe/2) . (11)

In the nonrelativistic impulse approximation
description of e-d scattering, the electron interacts with
each nucleon in the deuteron via a virtual photon, and the
electromagnetic form factors of the interacting nucleon
are taken to be the same as those for a free nucleon.
Therefore, the deuteron form factors Gd

C(Q
2), Gd

Q(Q
2),

and Gd
M(Q2) depend only on the radial deuteron wave

functions and on the free nucleon form factors. These
form factors can be written as [30,31]

Gd
C(Q

2) = GS
E(Q

2)Cd
E(Q

2) , (12)

Gd
Q(Q

2) = GS
E(Q

2)Cd
Q(Q

2) , (13)

Gd
M(Q2) = 2GS

M(Q2)Cd
S (Q

2)+GS
E(Q

2)Cd
L(Q

2) , (14)

where GS
E(Q

2) = Gp
E(Q

2) + Gn
E(Q

2) and
GS

M(Q2) = Gp
M(Q2) + Gn

M(Q2) are the charge and the
magnetic isoscalar nucleon form factors, respectively, and
Gp,n

E,M(Q2) represent the electric and magnetic form
factors of the proton and the neutron.

Earlier phenomenological models for the nucleon
structure are based on the simple assumption that

Gp
M(Q2) = µpGp

E(Q
2) , (15)

Gn
M(Q2) = µnGp

E(Q
2) , (16)

where µp = 2.793 and µn = −1.913 denote the proton
and the neutron magnetic moments in nuclear magnetons,
respectively, and

Gn
E(Q

2) = 0 . (17)

Only the electric proton form factor was parameterized to
describe the experimental data. The most important fit
relies on the standard dipole form [30]

Gp
E(Q

2) =
(

1+
Q2

Λ 2

)−2
, (18)

where Q2 is given in (GeV/c)2 and Λ 2 = 0.71 (GeV/c)2.
The above-mentioned relations for the proton and the
neutron form factors are also used in the present work.

The functions Cd
E(Q

2), Cd
Q(Q

2), Cd
S (Q

2), and Cd
L(Q

2)

involve overlaps of the DWFs u(r) and w(r), weighted by
spherical Bessel functions. The nonrelativistic formulas
for these form factors can be calculated from the deuteron
3S1- and 3D1-state wave functions, u(r) and w(r),
respectively, and they are given by [32]

Cd
E(Q

2) =
∫

∞

0
dr j0

(qr
2

)[
u2(r)+w2(r)

]
, (19)

Cd
Q(Q

2) =
3√
2τd

∫
∞

0
dr j2

(qr
2

)[
u(r)− w(r)√

8

]
w(r) , (20)

Cd
S (Q

2) =
∫

∞

0
dr
{[

u2(r)− 1
2

w2(r)
]

j0
(qr

2

)
+

1
2

[√
2u(r)w(r)+w2(r)

]
j2
(qr

2

)}
, (21)

Cd
L(Q

2) =
3
2

∫
∞

0
dr w2(r)

[
j0
(qr

2

)
+ j2

(qr
2

)]
, (22)

where j0(x) and j2(x) are the spherical Bessel functions
of order zero and two, respectively. The normalization
condition is∫

∞

0
dr [u2(r)+w2(r)] = 1 . (23)

As in Ref. [20], the integrations over the radial
deuteron wave functions u(r) and w(r) are carried out
numerically in double precision from r = rc to r = R
using the Simpson’s rule with a high degree of accuracy,
where rc is the hard-core radius -if any- and R is larger
than the range of the nuclear potential. The contribution
to the integrations in the asymptotic region, i.e. from
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Fig. 2: The beam-vector-deuteron double spin asymmetry T e
10 as a function of Q2 at various fixed values of θe (left part)

and as a function of θe at various fixed values of Q2 (right part) using the standard dipole fit for nucleon form factors. The
solid and dotted curves show the results using the Argonne v18 potential [23] with and without the D-wave component of
the DWF, respectively. The dashed and dash-dotted curves represent the results using the Nijmegen-I potential [33] with
and without the D-wave component of the DWF, respectively.

r = R to r = ∞, is calculated analytically by using the
asymptotic forms of the radial DWFs which are given by

u(r) ' AS e−γr , (24)

w(r) ' AD

(
1+

3
γr

+
3

γ2r2

)
e−γr , (25)

where AS and AD are the asymptotic normalization
constants and are called the asymptotic 3S1- and 3D1-state
amplitudes of the DWFs, respectively, and γ2 in fm−2 is
given by γ2 = −2mEb/}2 with the reduced n-p mass m
and the deuteron binding energy Eb in MeV.

3 Numerical Results and Discussion

Next, we present and discuss the numerical results for the
beam-vector-deuteron double spin asymmetries T e

10 and
T e

11 in elastic e-d scattering as functions of Q2 and θe. For
the DWFs in the initial and final deuteron states, the
realistic and high-quality Argonne v18 NN potential
model [23] is used. For the free proton and neutron
electromagnetic form factors, the standard dipole fit from
Ref. [5] is used. We also study the sensitivity of the
results for the beam-vector-deuteron double spin
asymmetries T e

10 and T e
11 to the deuteron’s D-wave

component of the DWFs.
The results for the the beam-vector-deuteron double

spin asymmetry T e
10 are shown in Fig. 2 as a function of
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deuteron double spin asymmetry T e

10(Q
2,θe) using the

standard dipole fit for nucleon form factors. The upper
and lower parts show the results using AV18 (left) and
Nijm-I (right) NN potentials with and without the D-wave
component of the DWF, respectively.

Q2 at various fixed values of θe (left part) and as a
function of θe at various fixed values of Q2 (right part)
using the standard dipole fit for nucleon form factors from
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Fig. 4: Same as in Fig. 2 but for the beam-vector-deuteron double spin asymmetry T e
11.

Ref. [5]. The solid and dotted curves in Fig. 2 show the
results for T e

10 using the realistic Argonne v18 potential
[23] with and without the D-wave component of the
DWF, respectively. For comparison with the results of
other NN potential models, we also present in Fig. 2 the
calculations using the DWFs from the realistic
Nijmegen-I (Nijm-I) NN potential [33]. These results are
displayed in Fig. 2 by the dashed (with D-wave) and
dash-dotted (without D-wave) curves.

We see from Fig. 2 that the T e
10 asymmetry is positive

and vanishes at θe=0◦. Then, it increases with increasing
θe until it reaches its maximum at θe=180◦. We see also
that the results for T e

10 are slightly dependent on the NN
potential models used for the DWFs in particular at
Q2 < 0.6 (GeV/c)2. The results for T e

10 using various NN
potential models without the D-wave component of the
DWF are very close to each others. However, the results
for T e

10 with both S- and D-wave components of the
DWFs are identical for AV19 and Nijm-I NN potentials
up to Q2 ' 0.6 (GeV/c)2. At higher values of Q2, we see
small differences between the results for T e

10 using AV18
and Nijm-I NN potential models. This means that the
results of T e

10 are sensitive to only the S-wave component
of the DWFs at Q2 > 0.6 (GeV/c)2.

In Fig. 3 we illustrate three dimensional plots for the
beam-vector-deuteron double spin asymmetry T e

10 as a
function of both Q2 and θe using the standard dipole fit
for nucleon form factors from Ref. [5] and the realistic
AV18 (left part) and Nijm-I (right part) NN potential
models with (upper panels) and without (lower panels)
the D-wave component of the DWF. We see that the
results for T e

10 are slightly dependent on the NN potential

model used for the DWF. This dependence increases with
increasing both θe and Q2. We found also that the results
for T e

10 are enhanced by the presence of the D-wave
component of the DWF.
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Fig. 5: Same as in Fig. 3 but for the the beam-vector-
deuteron double spin asymmetry T e

11(Q
2,θe).

Figure 4 displays the numerical results for the
beam-vector-deuteron double spin asymmetry T e

11 as a
function of Q2 at various fixed values of θe (left part) and
as a function of θe at various fixed values of Q2 (right
part) using the standard dipole fit for nucleon form factors
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from Ref. [5]. The solid and dotted curves in Fig. 4 show
the results for T e

11 using the realistic Argonne v18
potential [23] with and without the D-wave component of
the DWF, respectively. For comparison with the results of
other NN potential models, we also present in Fig. 4 the
calculations using the DWFs from the realistic
Nijmegen-I (Nijm-I) NN potential [33]. These results are
displayed by the dashed (with D-wave) and dash-dotted
(without D-wave) curves.

We see from Fig. 4 that the results for T e
11 are positive

and vanish at θe=0◦ and θe=π◦. We found also that the
T e

11 asymmetry is slightly dependent on the NN potential
models used for the DWFs in particular at Q2 < 0.6
(GeV/c)2. Indeed, we see that the results for T e

11 without
the D-wave component of the deuteron wave function are
indistinguishable, whereas the results for T e

11 with both S-
and D-wave components of the DWFs are the same for
AV19 and Nijm-I NN potentials up to Q2 ' 0.6 (GeV/c)2.
At higher values of Q2, we see small differences between
the results for T e

11 using AV18 and Nijm-I NN potential
models. This means that the results of T e

11 are sensitive to
only the S-wave component of the DWFs at Q2 > 0.6
(GeV/c)2.

Figure 5 shows three dimensional plots for the beam-
vector-deuteron double spin asymmetry T e

11 as a function
of both Q2 and θe using the standard dipole fit for nucleon
form factors from Ref. [5] and the realistic AV18 (left part)
and Nijm-I (right part) NN potential models with (upper
panels) and without (lower panels) the D-wave component
of the DWF. We see that the results for T e

11 are slightly
dependent on the NN potential model used for the DWF.
However, the results for T e

11 are influenced by the D-wave
component of the DWF.

4 Conclusion

In this paper, we have presented a calculation for the
beam-vector-deuteron double spin asymmetries T e

10 and
T e

11 in the elastic e-d scattering process as functions of Q2

and θe using an approach which is based on the
one-photon-exchange Born approximation. The deuteron
wave function used in our computation is obtained from
the realistic and hight-precision Argonne v18 NN
potential [23]. For the free nucleon form factors, we have
taken the standard dipole fit for the proton and neutron
form factors [5]. We have also studied the sensitivity of
our results for T e

10 and T e
11 to the D-wave component of

the deuteron wave function.
We have obtained positive values for the T e

10 and T e
11

asymmetries. The former is vanished at θe=0◦ and reached
its maximum at θe=180◦, whereas the latter is vanished at
θe=0◦ and θe=π◦. We find large sensitivity of the results
for T e

10 and T e
11 to the D-wave component of the DWF at

Q2 > 0.6 (GeV/c)2. The results for T e
10 and T e

11 are found
to be enhanced by the presence of the D-wave component

of the DWF, because the results with both the S- and the
D-wave components are found to be indistinguishable.

Summarizing, we can conclude that the T e
11

asymmetry can be used with the unpolarized structure
functions A(Q2) and B(Q2) to separate the three deuteron
electromagnetic form factors Gd

C(Q
2), Gd

Q(Q
2), and

Gd
M(Q2). Therefore, future experimental measurements

for the spin asymmetry T e
11 are needed for this purpose.
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