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The pulsed neutron beam EDM experiment
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Abstract. We report on the Beam EDM experiment, which aims to employ a pulsed cold neutron beam to
search for an electric dipole moment instead of the established use of storable ultracold neutrons. We present
a brief overview of the basic measurement concept and the current status of our proof-of-principle Ramsey
apparatus.

1. Introduction

The measurement of the neutron electric dipole moment
(EDM) is considered to be one of the most important
fundamental physics experiments at low energy. It presents
a very promising route for finding new physics beyond
the standard model of particle physics and violations of
the combined charge parity symmetry CP which could
explain the observed matter-antimatter baryon asymmetry
in the universe. The current limit for a neutron EDM has
reached an impressive value of 3 × 10−26 e cm [1]. The
search for a finite neutron EDM remains a top priority.
It has become a worldwide endeavor which is followed
by various research teams setting up experiments for
improved measurements [2–10]. All these collaborations
are using or are planning to use ultracold neutrons,
since they have the advantage of long interaction times.
However, historically early neutron EDM experiments
have been performed employing neutron beams where the
main limiting systematic has so far been the relativistic
v × E-effect. This effect arises from the neutron moving
at a velocity v through an electric field E sensing an
effective magnetic field �Bv×E = −(�v × �E)/c2 according
to Maxwell’s equations, with c being the speed of light
in vacuum. In the most recent neutron EDM beam
experiment, performed in the 1970s, this effect was
corrected for by mounting the entire Ramsey spectrometer
on a large turntable, in order to reverse the direction of
the neutron beam [11]. The final result in this experiment
reached a limit of 3 × 10−24 e cm. Recently, a novel
concept has been proposed to measure the neutron EDM
with a cold pulsed neutron beam instead of the established
use of stored ultracold neutrons [12]. The technique relies
on the fact that one can distinguish between the effect due
to a neutron EDM and the v × E-effect by performing a
time-of-flight Ramsey measurement.

The new method can ultimately lead to a highly
competitive result with different sensitivities to possible
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systematic effects. Currently, we develop a scaled-down
proof-of-principle Ramsey apparatus and perform several
experiments at different neutron beam lines at the Paul
Scherrer Institute (PSI) and the Institut Laue-Langevin
(ILL). The findings of these investigations are essential
for a later design of the full-scale experiment, intended
for the upcoming European Spallation Source (ESS) in
Sweden and its planned fundamental physics beam line
ANNI [13,14].

2. Ramsey beam technique

A neutron EDM is measured most commonly by
employing Ramsey’s technique of separated oscillatory
fields [15,16]. Over the last years, the technique has
been applied in various different precision neutron beam
experiments [17–20]. In such a measurement, polarized
neutron spins, exposed to an external static magnetic
field B0, are irradiated with two consecutive phase-
locked radio-frequency π/2-pulses. A so-called Ramsey
oscillation pattern is obtained by scanning the frequency
ω of the pulses close to the Larmor resonance ω0 =
−γn B0 and determining the resulting spin polarization,
where γn is the gyromagnetic ratio of the neutron.
Alternatively, the frequency of the resonance spin flip
coils is kept constant and only their relative phase is
scanned. This so-called phase-scan has the advantage
that one performs all measurements at the resonance
frequency, i.e. ω = ω0 [21]. An additional spin-dependent
interaction applied for the time T between the two π/2-
pulses induces a corresponding phase-shift �ϕ = �ωT
of the oscillation pattern. Here, ��ω corresponds to
a Zeeman-like energy splitting of the spin states due
to the investigated interaction. In the well-established
neutron EDM measurement scheme, the neutron spins
precess freely in simultaneously applied static magnetic
and electric fields. By performing two successive
measurements, one with the fields oriented parallel and a
second with the fields oriented anti-parallel, one intends to
determine the subtle phase-shift due to an interaction of the
electric dipole moment dn with the electric field E .
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Figure 1. Scheme of the high voltage electrodes for the two
different polarity settings (left: positive high-voltage and right:
negative high-voltage). The two neutron beams, with their cross
sections indicated by the green rectangles, are traveling between
the electrodes in the x-direction. The angle α describes a potential
misalignment between the electric and magnetic field. Here, δB
represents a global drift of the magnetic field between the two
measurements, while β+ and β− describe a systematic change of
the magnetic field gradient.

In Fig. 1 a schematic sectional drawing of the
experimental setup is presented. Two separate neutron
beams are traveling between three electrodes along the
positive x-direction. Their spins precess in the x-y-plane
perpendicular to the applied magnetic field B0. The upper
and lower electrodes are set to ground potential while the
middle electrode is connected to a high-voltage source,
thus providing opposite electric field directions in the
two beams. By changing the polarity of the high-voltage
the electric fields are inverted. However, in both cases a
potential misalignment between the electric and magnetic
field causes a first order v × E-effect sensed by the
neutrons. For small α, i.e. sin α ≈ α and cos α ≈ 1, the
corresponding phase-shifts in the upper (1) and lower (2)
beam due to the electric field reversal are given by:

�ϕ1 =

[
γnδB − 4dn E

�

]
· T − 2αγn L E

c2
(1)

�ϕ2 =

[
γn(δB + β− − β++

4dn E

�

]
· T +

2αγn L E

c2
(2)

where T is not the neutron time-of-flight from the source
to the detector, but the neutron interaction time with the
electric field. It is linked to the length of the electrodes L
via v = L/T . Thus, the total relative phase-shift of the two
beams is:

�ϕ2 − �ϕ1=

[
γn(β− − β+) +

8dn E

�

]
· T +

4αγnL E

c2

(3)

Note, the important advantage of using two beams is
that possible global drifts δB of the external magnetic
field occurring during the polarity change cancel. This
is equivalent to ultracold neutron EDM experiments with
two separate precession chambers. However, systematic
gradient drifts represented by the magnetic fields β+ and
β− can still mimic a false neutron EDM signal:

dn,false =
�γn
(
β− − β+

)
8E

(4)

For instance, to keep this false neutron EDM signal below
10−27 e cm the systematic gradient difference correlated
with the electric field reversal needs to be smaller than

Figure 2. Installation of the Beam EDM prototype experiment
at the PF1b beam line at the Institut Laue-Langevin. The total
length of the setup is approximately seven meters. The neutron
beam exits the wall at the experimental site in the lower left
corner of the image. The neutron detector is located at the upper
right corner of the image. The green coils are neutron resonance
spin flip coils separated by 4 m. An approximately 3.4 m long
aluminum vacuum pipe is installed between the coils.

10 fT at an electric field of 100 kV/cm. A more general
discussion of the scheme, including asymmetric electric
field magnitudes, a higher order expansion, and other
potential systematic false effects, is addressed in Ref. [12].
Moreover, from Eq. (3) one can directly see that a time-
of-flight measurement allows distinguishing between the
interaction time dependent EDM effect (slope of the linear
curve) and the interaction time independent v × E-effect
(offset).

The sensitivity of the neutron EDM beam experiment
is given by the statistical uncertainty (standard deviation):

σ (dn) ≈ 2�

ητ E
√

N
(5)

where N is the total number of detected neutrons and
0 ≤ η ≤ 1 is the visibility of the Ramsey fringe pattern.
The statistical uncertainty is about a factor four larger than
usually stated for UCN experiments, which arises from
the necessity of performing the linear fit [22]. The basis
of the neutron EDM measurement with a pulsed beam
is to compensate the approximately 1000 times shorter
interaction time by means of a larger electric field by a
factor of about 10 and of higher statistics by a factor of
about 106 compared to state-of-the-art UCN experiments
[1]. In Eq. (5) τ represents the interaction time interval
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Figure 3. Detector counts in 10 s at a wavelength of 0.48 nm for the two adiabatic spin flip device states (off and on). The detector has
an active area of 100 × 100 mm2 divided into 16 × 16 pixels. The two beams cause four beam spots behind the spin analyzer – reflected
(red box) and transmitted (green box) beam of the upper and lower beam, respectively.

over which the linear fit is performed:

τ =
mnL

2π�
(λmax − λmin) (6)

where mn is the mass of the neutron and λmax and
λmin are the maximum and minimum neutron de Broglie
wavelength of the employed neutron energy spectrum used
in the measurement, respectively. From this it becomes
clear that the choice of the neutron spectrum has to be
optimized, with respect to its flux, in order to achieve
highest precision. To avoid overlap between pulses τ is
limited by the pulse frequency fp of the neutron source:

τ ≤ L

fpLSD
(7)

where LSD is the total source-to-detector distance. Hence,
using Eq. (6) this leads to a maximum neutron wavelength
band:

λmax − λmin ≤ 2π�

mn fpLSD
(8)

For instance, in case of the ESS with fp = 14 Hz and
an assumed total length LSD = 75 m this yields a band
width of about 0.4 nm. A doubling of the band width can
be achieved by skipping every second spallation pulse by
means of an additional chopper. Obviously, this comes
together with a reduction in statistics, however, it might
still be advantageous in view of the total sensitivity and in
the investigation of systematic effects. The optimization of
the stated neutron wavelength spectrum is currently under
investigation.

Finally, assuming a visibility η = 0.75, an effective
interaction time τ = 50 ms (with a pulse frequency
14 Hz, L = 50 m, and LSD = 75 m), an electric field E =
100 kV/cm, and a count rate Ṅ = 400 MHz at the ESS,
this yields a neutron EDM sensitivity of approximately
5 × 10−26 e cm in one day of data taking.1,2 Note, this
differs from the previously stated value mainly due to the
newly introduced factor four in Eq. (5) accounting for the
linear fit [12].

1 In a comparable experiment with a similar configuration fields
of 80-130 kV/cm were reached [11].
2 The count rate was estimated in a previous publication
assuming a comparable time-integrated neutron flux/brightness
at ESS and at ILL [23].

Figure 4. Ramsey resonance signal of one of the four detector
beam spots (upper beam, transmission) at a wavelength selector
setting of 0.48 nm with a wavelength spread of �λ/λ ≈ 10%.
The presented result is obtained by scanning the frequency of the
spin flip coils close to the neutron Larmor resonance frequency.
The entire curve was measured within approximately one hour
(10 s per point).

3. Proof-of-principle apparatus

Currently, we are setting up and characterizing a prototype
Ramsey apparatus. In Fig. 2 a photograph of the setup
during a beam time at PF1b at ILL is presented [23].
It consists of a non-magnetic aluminum structure which
supports all elements of the Ramsey apparatus (collimator,
apertures, spin flip coils, vacuum beam pipe, spin analyzer,
and neutron detector) as well as all magnetic field coils.
The structure consists of modular 1 × 1 × 1 m3 cubes
which in a later stage can be covered with a passive
magnetic shielding of mu-metal.

During the beam time at ILL a multitude of
investigations concerning the performance of the apparatus
were conducted. To perform systematic studies an
adiabatic spin flip device and a neutron velocity selector
were installed in the bunker of PF1b. Further, the primary
beam was split into two parallel well-collimated beams
using apertures (upper and lower beam) each with a size of
1 (height) × 4 (width) cm2, with a center-to-center distance
of 4 cm. In front of the position sensitive detector which
is capable of high-rates [24], the two beams were spin
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analyzed by means of two sets of spin polarizer blades
(silicon wafers coated with m = 5 FeSi multi-layers, one
spin state gets reflected the other transmitted). This results
in four well-separated beam spots on the detector – a
reflected and a transmitted spot for each beam. An image
of a typical detector intensity pattern is presented in
Fig. 3. This four-beam-pattern allows for normalization of
the intensity to compensate for slight fluctuations of the
neutron output of the cold source. The static magnetic field
in our setup is oriented vertically and typically operates at a
field of about 125µT. The field is actively stabilized to the
nT-level using a feedback signal from an array of fluxgates.
In Fig. 4 a first Ramsey pattern is presented which was
obtained by scanning the frequency of our resonance spin
flip coils.

4. Conclusion and outlook
We have presented the current status of the neutron Beam
EDM project. So far, we have conducted several first
test measurements in beam times at PSI and ILL. In
the coming years, we will continue performing further
proof-of-principle studies investigating the measurement
technique and potential systematic effects. The next steps
will consist of integrating a high-voltage electrode system,
using a pulsed/chopped neutron beam, and designing the
aforementioned passive magnetic shield. Eventually, this
will allow us to take first real neutron EDM data with
our apparatus. With this setup, we aim for a considerable
improvement of the present best neutron beam EDM limit
given in Ref. [11]. Ultimately, the full-scale experiment
shall be realized at the upcoming ESS.

This work was supported via the European Research Council
under the ERC Grant Agreement no. 715031 and via the
Swiss National Science Foundation under the grant no. PP00P2-
163663.
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