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Short note

Determination of the neutron electric form factor in the
D(e, e′n)p reaction and the influence of nuclear binding?
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Abstract. The electric form factor of the neutron GE,n has been determined at the Mainz Microtron
MAMI at the low momentum transfer Q2 = 0.15 (GeV/c)2 in a measurement of the recoil polarisation
ratio Px/Pz in the quasifree reaction D(e, e′n)p. At this Q2 the influence of the nuclear binding is strong.
A purely kinematical model is used to get some insight into the effect of the initial Fermi momentum
distribution of the neutron. The influence of the final state interaction is determined quantitatively by a
model of Arenhövel et al.. After the corresponding corrections a value of GE,n(0.15 (GeV/c)2) = 0.0481±
0.0065stat ± 0.0053syst is obtained.

PACS. 25.30.Fj Nuclear Reactions: Inelastic electron scattering to continuum – 14.20.Dh Properties of
Specific Particles: Protons and neutrons – 13.40.Gp Electromagnetic form factors – 25.10.+s Nuclear
reactions involving few–nucleon systems

The electric form factor of the neutron as determined in
elastic scattering of electrons provides information about
the distribution of the charged constituents, i.e. the va-
lence quarks and the quark-antiquark fluctuations appear-
ing effectively as mesons [1]. In order to access this infor-
mation a sufficiently broad range of low four-momentum
transfers (0 < Q2 < 1 (GeV/c)2) has to be measured.
Since no free neutron target exists such measurements
must use quasifree scattering from neutrons bound in light
nuclei. As will be discussed below experiments using po-
larized particles provide the most promising method to
take the influence of nuclear binding into account. A first
measurement using the D(e, en)p reaction proved the fea-
sibility but had limited statistical significance [2] (see also
Fig. 5). Recently new results have been obtained in the
two quasifree reactions D(e, e′n)p [3] and 3He(e, en)pp
[4–6] at Q2 = 0.34 and 0.68 (GeV/c)2. The measurement
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of GE,n using the D(e, en)p reaction presented in this let-
ter uses the same method as described in [3] but at the
low squared four momentum transfer Q2 = 0.15 (GeV/c)2.
Therefore, only the salient points of the method are men-
tioned as they are needed to explain the corrections of the
effects due to nuclear binding which are expected to rise
strongly at low Q2.
The recoil polarisation for a free neutron is given by [7]:

Pnx = −hPe ·
√
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where h = ±1 denotes the electron helicity and Pe the
absolute value of the electron polarisation. The param-
eters τ = Q2/4M2 und ε = [1 + 2(1 + τ) tan2 ϑe/2]−1

are determined by the kinematics. The planes of reference
and the kinematical variables are defined in Fig. 1. The
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Fig. 1. Definition of scattering plane and reaction plane

quantisation axis for P n is the direction of q which is
also the direction of the recoil momentum pf for a free
neutron. In the ratio Pnx /P

n
z the electron polarisation Pe

cancels providing a sensitive experimental access to the
ratio GE,n/GM,n:

Pnx
Pnz

=
−
√

2ε√
τ(1 + ε)

· GE,n
GM,n

. (2)

The driving idea behind these double polarisation ex-
periments is that for a bound neutron the model depen-
dence of the extracted form factor, which occurs via the
dependence of the neutron wave function on the nuclear
binding, cancels in these polarisation observables in lead-
ing order. Of course, there are higher order corrections
caused by final state interactions (FSI), meson exchange
currents (MEC), isobaric currents (IC) and relativistic ef-
fects (RE). In the case of theD(e, en)p reaction Arenhövel
et al. [8] have shown that these corrections are negligible in
quasifree kinematics when the momentum of the neutron
pf is in the direction of the three-momentum transfer q
for Q2 larger than about 0.25(GeV/c)2 but are important
for smaller Q2. It has been argued that at favourable kine-
matics the validity of the model of Arenhövel et al. has
been checked experimentally in the D(e, ep)n reaction [9].
In addition, the possibility that GE,n may be changed by
nuclear binding has also to be considered.

These generally accepted ideas have, however, to be
adapted to experiments using by necessity relatively large
solid angle detectors. Due to Fermi motion the recoil mo-
mentum pf deviates from the direction of momentum
transfer q (see Fig. 1). This effect is of course included
in the calculations of Arenhövel et al., but additional in-
sight is gained from a simple kinematical model presented
below. The effect on the recoil polarisation is given by a
rotation of the quantization axes in the reaction plane to
the direction of pf :

P n →W (ϑw, ΦR)P n (3)

with

W =

 cos2 ΦR cosϑw + sin2 ΦR 0 − cosΦR sinϑw
cosΦR sinΦR(cosϑw − 1) 0 − sinΦR sinϑw

cosΦR sinϑw 0 cosϑw

 ,

Fig. 2. Dependence of Px on neutron kinematics and final
state interaction for two different momentum transfer squared
Q2 (for details see text)

where ϑw is called the Wigner angle [10]. For low initial
momenta it is practically given by ϑw ≈ ϑnq. The effect of
the Fermi motion on the polarisation has been calculated
using the Fourier transform of Hulthén-wave functions [11]
and is shown in Fig. 2. For the GE,n(Q2) the parametri-
sation given in [14] has been used. For ϑnq 6= 0◦ the trans-
verse polarisation component Px gets an admixture of the
component Pnz given by (3), which averages out in case
of an event population symmetric with respect to ΦR. For
comparison the results of Arenhövel [12] are plotted based
on a deuteron wave function calculated with the Paris po-
tential in the initial state and a free neutron and proton
in the final state without (Born) and with final state in-
teraction (FSI). The good agreement between the simple
kinematical model and the calculations of Arenhövel in
the Born approximation for both momentum transfers up
to ϑnq ≈ 10◦ shows that this dependence is dominated by
the initial motion of the neutron. Including FSI between
the recoil neutron and the proton of the deuteron target
in the calculations does not strongly affect the recoil po-
larisation at a momentum transfer of Q2 = 0.32 (GeV/c)2

(Fig.2, left). However, at a Q2 = 0.12 (GeV/c)2 (right) the
transverse recoil polarisation is lowered by ≈ 50% keep-
ing the general features of the dependence on the neutron
kinematics. The other effects, MEC, IC, RE or different
nucleon-nucleon potentials, have no practical influence.

The strong influence of final state interactions on Pnx
at low Q2 can be traced back to the p–n charge exchange
via one pion exchange. Since the magnetic moment of the
proton has the opposite sign compared to the neutron the
polarisation transfer P px will have the opposite sign, too.
If the reaction happens at protons which turned into neu-
trons via charge exchange in FSI the recoil polarisation
component Pnx of these neutrons will effectively reduce the
measured ratio Px/Pz which is averaged over all events.
At low Q2 this effect increases as the p–n charge exchange
cross section increases but is insensitive to GE,n, the quan-
tity one wants to extract from the data. This insensitivity
can be seen by an investigation of the correction:

∆(
Px
Pz

) :=
Pnx
Pnz
− PFSIx

PFSIz

(4)

in the framework of the calculations of Arenhövel [8]. For
a change of GE,n in the order of the difference between
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Fig. 3. Measured dependence of Px/Pz on initial neutron kine-
matics at Q2 = 0.15 (GeV/c)2. The solid lines show the predic-
tions of the kinematical model. The absolute value at ϑnq = 0o

has been shifted to the value given by the Arenhövel calcula-
tion (see Fig. 2). The dotted line indicates the average of the
measured values. The panels at the right show the underlying
experimental event populations for ΦR ≈ 00 and ΦR ≈ 1800

the two results of [5] and [3] of ∆GE,n = 0.034 the change
of ∆(Px/Pz) is 1% at Q2 = 0.12 (GeV/c)2 . Even when
setting artifically GE,n = 0 ∆(Px/Pz) changes by 10%
only.

Other mechanisms like the spin-orbit–interaction in
the final state lead to a depolarisation proportional to
GE,n and are apparently not important. In summary, a
determination of GE,n in the quasifree reaction D(e, en)p
at low momentum transfer is possible if the experimental
ratio Px/Pz is identified with PFSIx /PFSIz and the desired
ratio Pnx /P

n
z is determined via (4).

Such a determination has been performed at Q2 = 0.15
(GeV/c)2 using the Mainz Microtron MAMI. The recoil
polarisation of the neutron is analysed by a polarimeter
consisting of two scintillator walls suspending a solid angle
of 80 msr. In the first wall the spin-orbit interaction in the
n-p scattering produced an azimuthal asymmetry which
was determined by a second detection of the neutron in
the second wall [13]. The great problem of calibrating the
analysing power A of the polarimeter and the degree of
polarisation of the electrons Pe was circumvented by pre-
cessing the spin in front of the polarimeter by means of a
dipole magnet [3]. As seen from (1) the precession angle χ0

for which the transverse neutron polarisation Pt vanishes
is given by

tanχ0 = Px/Pz (5)

independent of A and Pe [3].
The dependence of the measured Px/Pz on the initial

neutron kinematics can be demonstrated by plotting it in
two different ϑnq bins, 0 < ϑnq < 5 and 5 < ϑnq < 10
summed over the respective event populations belonging
to ΦR ≈ 00 and ΦR ≈ 1800. The results are shown in
Fig. 3 as full circles. The comparison shows that the kine-
matical model indeed describes the observed ϑnq and ΦR
dependence of the polarisation ratio. In [3] this model
has been used to correct the influence of the experi-
mental ΦR acceptance on the determination of GE,n at
Q2 = 0.34 (GeV/c)2. The influence of FSI was included in
the systematic error of this reference. The complete cor-

Fig. 4. Polarisation ratio Px/Pz as a function of the momen-
tum transfer squared. Open circles: correction due to the kine-
matical model (3). Full circles: correction using the calcula-
tions of Arenhövel et al. [8] including FSI. The open circles
are shifted in Q2 for the presentation. Note the offset of the
ordinate

rection will be presented below together with the low Q2

determination of this letter.
As mentioned before, at low Q2 a more refined correc-

tion including FSI as provided by Arenhövel is essential. In
order to adapt his calculations to the present experiments
they have to be weighted with the event population. This
has been done in a Monte-Carlo analysis using a lattice
of points which cover the acceptance of the electron Pb-
glass detector and the neutron polarimeter. At each lattice
point the difference∆(Px/Pz) was calculated. The value of
Px/Pz measured in each bin of the electron Pb-glass ma-
trix was corrected by interpolating and adding ∆(Px/Pz).
The corrected ratios were averaged over the experimental
acceptance weighted with the event population. Figure 4
shows the experimental results of both measurements of
the polarisation ratio Px/Pz at Q2 ≈ 0.34 (GeV/c)2 [3]
and Q2 ≈ 0.15 (GeV/c)2 [this work] each split into three
independent bins.

The open circles depict the results with the statistical
error after the correction of the initial Fermi motion using
the kinematical model. The full circles give the result after
the full correction including FSI using the calculations of
Arenhövel.

Table 1 lists the magnitudes of all systematic errors in
GE,n atQ2 = 0.15 (GeV/c)2 [15,3]. The dominant system-
atic error results from an uncertainty in the reconstruction
of ϑnq and ΦR due to the time of flight resolution. Other
experimental errors originate from a misidentification of
quasifree events, the uncertainty in the determination of
the spin precession angle and p → n charge exchange
reactions in the lead shielding. For the magnetic form
factor of the neutron the dipole form has been used. The
difference between this form and a recent high precision
determination at MAMI [16] is less than 2% and has been
included in the systematic error. The systematic differ-
ence to another recent measurement [17] is, however, not
considered. The results for GE,n in the different Q2 bins
are given in Table 2 along with the results of [3] when the
correction due to FSI is applied.
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Table 1. Systematic error in GE,n at Q2 = 0.15 (GeV/c)2

(δGnE)syst./G
n
E

kinematic reconstruction ±9.3%
contribution of non–quasifree events ±4.3%
determination of precession angle χ ±1.2%
p→ n reactions in the lead shielding ±1.0%

beam polarisation ±0.5%
GnE dependence (FSI correction) ±0.6%
NN-potential (FSI correction) ±1.2%
MEC, IC, relativistic (FSI correction) ±2.5%
statistical MC error (FSI correction) ±1.2%
experimental uncertainty in GnM ±2.0%

total ±11%

Table 2. Results for GE,n from the D(e, e′n) reaction at
MAMI

Q2 /(GeV/c)2 GE,n ± (∆GE,n)stat ± (∆GE,n)syst

0.12± 0.01 0.037± 0.011± 0.005
0.15± 0.02 0.052± 0.011± 0.005
0.18± 0.01 0.058± 0.015± 0.005

0.15± 0.04 0.0481± 0.0065± 0.0053

0.29± 0.02 0.072± 0.011 +0.0060
−0.0065

0.34± 0.03 0.077± 0.010 +0.0060
−0.0065

0.40 +0.07
−0.03 0.051± 0.013 +0.0060

−0.0065

0.34 +0.13
−0.07 0.0679± 0.0068 +0.0060

−0.0065

Figure 5 shows the recent results for GE,n from dou-
ble polarisation experiments. For the measurements of
the reaction D(e, en)p at the Mainz Microtron MAMI
the influence of the final state interaction is indicated by
arrows. According to the model of Arenhövel et al. [8]
the corrections ∆(Px/Pz) amount to (8 ± 3) % for Q2 =
0.34 (GeV/c)2 and (65 ± 3) % for Q2 = 0.15 (GeV/c)2 of
the value unperturbed by FSI. After this correction the
two results are consistently higher than the result per-
ferred by Platchkov et al. [18] who analysed the elastic
scattering from the deuteron D(e, e)D using the Paris
N-N potential (dotted line). However, other N-N poten-
tials used in [18] give results in accord with those from
the D(e, en)p reaction and the high Q2 point of the
3He(e, en)pp reaction. The solid line shows the slope of
GE,n(Q2 = 0) as given by the charge radius of the neu-
tron [19]. The triangle symbols represent measurements of
the reaction 3He(e, en)pp at the Mainz Microtron MAMI
for Q2 ≈ 0.3 (GeV/c)2 [4,5] with a polarised target. They
are significantly below the measurements of the reaction
D(e, en)p. The 3He experiment has been analysed under
the assumption of quasifree scattering from a neutron with
an initial Fermi momentum distribution. The influence of
the NN–potential as well as of the final state interaction
is more difficult to quantify for 3He than for D. First
Fadejev calculations of Glöckle et al. indicate a correction
towards a value about 25 % higher [20] than the values

Fig. 5. Results of GE,n (for explanations see text)

shown in Fig.5. However, for the measurement of GE,n
in the reaction 3He(e, en)pp at Q2 = 0.67 (GeV/c)2 a
smaller influence of the final state interaction can be ex-
pected due to the higher momentum transfer [6].

The results of the double polarisation experiments
after a correction of FSI effects are described by the
parametrisation [14]

GE,n(Q2) = − τµn
1 + pτ

· 1
(1 +Q2/0.71 (GeV/c)2)2

with p = 3.4 (dashed line in Fig. 5). In summary the
results of this work indicate that the electric form factor
of the neutron is almost a factor of two larger than
assumed until now.
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