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Abstract. A precise measurement of the elastic electron-deuteron scattering cross section at four-momentum transfers of 0.24 fm−1 ≤ Q ≤ 2.7 fm−1 has been performed at
the Mainz Microtron. In this paper we describe the utilized experimental setup and the
necessary analysis procedure to precisely determine the deuteron charge form factor from
these data. Finally, the deuteron charge radius rd can be extracted from an extrapolation
of that form factor to Q2 = 0.

1 Introduction
Electromagnetic form factors of light nuclei can be measured in elastic electron scattering. The results
can be compared to predictions obtained by diﬀerent theoretical approaches (for instance, see [1]) and
therefore oﬀer a unique opportunity to test our understanding of nuclear dynamics. In addition, charge
radii can be determined from precise measurements of the charge form factors at low momentum
transfers Q.
Assuming single photon exchange, the cross section for unpolarized electron-deuteron scattering
can be written as
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where σNS is the Mott diﬀerential cross section multiplied by the deuteron recoil factor, θe the electron
Q2
scattering angle and η = 4M
2 with the deuteron mass M. GC , GQ and GM are the the charge, quadrupole
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and magnetic form factors, respectively. In the kinematic regime investigated within the experiment,
the cross section is dominated by the contribution of the deuteron charge form factor GC (Q2 ). Taking
into account corrections due to the small contributions of the quadrupole and the magnetic form
factors, the cross section measurements allow for a determination of the charge form factor as a
function of the momentum transfer. From the extrapolation of GC (Q2 ) to Q2 = 0, the deuteron radius
can then be extracted from the slope dGC /dQ2 .
The interest in the deuteron radius is renewed in the context of the proton radius puzzle, pointing
out the inconsistency between proton radius values obtained using diﬀerent experimental techniques:
The recommended deuteron radius value from the CODATA group is dominated by the determined
value for the proton radius combined with isotope shift data, relating the proton and deuteron radii.
Including the result from muonic hydrogen measurements [2] results in a drastic change of rd . An
overview of deuteron charge radius results is illustrated in Fig. 1.
Figure 1. Various determinations of the deuteron
charge radius rd [3–5]. The uncertainty of the radius
determination from electron-deuteron scattering is too
large to reasonably distinguish between the two
quoted CODATA values with and without inclusion of
the muonic hydrogen result.

2 Experiment
Deuteron form factor measurements have been carried out by the A1 Collaboration at the spectrometer facility [6] at MAMI [7] to considerably improve the current form factor data base and to provide
an extraction of the deuteron radius with a signiﬁcant smaller uncertainty. Data were taken in 2014
during three weeks of beam time. Cross section measurements of the elastic d(e, e )d reaction have
been performed for three diﬀerent beam energies (Ee = 180, 315, and 450 MeV). The scattered electrons were detected with three high resolution magnetic spectrometers simultaneously (spectrometers
A, B, and C) to maximize the covered angular range and the internal redundancy in the data. The
spectrometers have a relative momentum resolution of ∼ 10−4 and an angular resolution at the target
of ∼ 3 mrad [6]. The angular acceptance of the spectrometers is well deﬁned by collimators. The
central electron scattering angles were varied in the range between 15◦ and 107◦ by changing the
positions of the spectrometers. The chosen kinematic settings reach down in Q2 as far as possible
with the available setup (down to Q = 0.24 fm−1 , similar to lowest published data), and have high
redundancy in the region 0.5 fm−1 ≤ Q ≤ 1.2 fm−1 where sensitivity to the rms-radius is high [1].
Altogether, almost 200 diﬀerent kinematic settings have been investigated during the beam time.
The electron beam impinged on a liquid deuterium target with beam currents between ∼ 1 nA and
4 μA, which were measured with Foerster probes and a pA-meter. Vertical drift chambers (VDCs)
were used for tracking, scintillation detectors for trigger and timing purposes, and a threshold-gasCherenkov detector for electron identiﬁcation in the oﬄine analysis. Due to the large cross sections,
the low background, and the relatively high data taking rate of about 500 Hz per spectrometer, all
kinematic settings could be measured with reasonable statistics during the available time. Hence, the
statistical errors of the resulting cross section determinations are well below the 1% level for most of
the settings. Usually only one spectrometer angle was varied at a time, allowing to monitor changes in
the luminosity with the other two spectrometers. The beam delivery was generally not stopped during
angle changes, feasible through the use of a remote spectrometer movement control, to minimize
possible beam parameter changes.
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3 Data analysis
For each recorded event the raw data of the individual detectors are considered to reconstruct kinematic quantities like the angle and the momentum of the detected particle and the reaction vertex. The
VDC and scintillator data is used for track reconstruction of the detected particles in the focal plane of
the spectrometers. The well known optics are used to reconstruct the particle tracks at the target position. Identiﬁcation of elastic electron-deuteron scattering events is then accomplished via comparison

of the detected energy Eexp
with the energy calculated from the detected scattering angle, E  (θexp ),
see Fig. 2. Comparison of the experimental spectra with the spectra from a simulation then yields the
Figure 2. Identiﬁcation of elastic electron-deuteron scattering
events. Data (blue) and simulation (black) for spectrometer A at
θe = 23.6◦ and Ee = 315 MeV. The additional large contribution

> 2.2 MeV from the deuteron breakup
for ΔE  = E  (θexp ) − Eexp
reaction can be clearly separated from the elastic peak, which is
located around zero. Furthermore, there is a contribution from
electrons originating from the foils surrounding the deuterium
target. Empty cell data, taken for the purpose of background
subtraction, are shown in green.

experimental cross sections relative to the cross sections employed in the simulation. The simulation
accounts for leading radiative processes beyond the one photon exchange approximation including the
generation of the radiative tail, energy loss and straggling of the electrons in the target and window
materials. Not all of the necessary corrections have been applied, yet. For instance, there is a contribution from background electrons originating from the target foils beneath the elastic deuteron peak.
That contribution is in general larger for smaller angles. Since the deuteron charge radius will be
determined from the slope of the extracted charge form factor with respect to the momentum transfer,
a careful study of this kind of systematic eﬀects is mandatory. Empty cell data have been taken for
the purpose of background subtraction. Due to a slightly diﬀerent energy loss situation when measuring on an empty cell without deuterium gas inside, there is a slight mismatch between the empty
cell spectrum and the spectrum measured with the deuterium target which needs to be accounted for.
To avoid an erroneous background subtraction, a simulation of the target wall contribution, including
the contribution from excited states, is being developed to study that eﬀect in detail. To illustrate the
statistical quality of the data, a preliminary cross section result for one particular data set is shown in
Fig. 3.

4 Outlook
The extraction of the individual cross section values is clearly the central part of the analysis. Several
crucial corrections have not been applied yet, for instance Coulomb corrections or the mentioned
background subtraction. Also, the modelling of the spectrometer resolutions, needed for a precise
comparison between data and simulation, has to be ﬁnalized. Moreover, the determination of the
luminosity is actually solely based on the measured target parameters and the beam current, and
can be improved by the comparison of the count rates of the spectrometers, which were not moved
between a setting change of the third spectrometer. Once all the necessary corrections and crosschecks have been performed, the obtained cross sections can be used to extract the charge form factor
of the deuteron, GC2 (Q2 ). An appropriate ﬁtting procedure will be applied for this purpose. From
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Figure 3. Top: Experimental cross sections divided by the cross sections calculated with the form factor
parametrization of [8] (Sum-of-Gaussians) for one particular data set (red circles) at Ee = 315 MeV (statistical
errors only). The reevaluated (see [4]) most precise existing low-Q data sets [9–11] are shown for comparison.
The beam current, which enters the luminosity determination, was measured with a pA-meter, which has not
been calibrated at this stage of the analysis. This can result in a systematic shift of our data compared to the
previous data, as can be observed in the ﬁgure. Finally, the absolute normalization will be ﬁxed by the known
values of the form factors at Q2 = 0. There is an additional rise of our data at smaller momentum transfers
Q essentially caused by background produced at the target foils, which has not been subtracted, yet. Bottom:
Projected statistical errors of the other data sets of this experiment.

the slope of GC2 (Q2 ) at Q2 = 0, the deuteron radius can then be determined, with the aim to provide
additional insight to the proton radius puzzle.
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