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Abstract

The measurement of the neutron electric dipole moment (nEDM) constrains the contribution of CP-violating terms
within both the Standard Model and its extensions. The experiment uses ultracold neutrons (UCN) stored in vacuum
at room temperature. This technique provided the last (and best) limit by the RAL/Sussex/ILL collaboration in 2006:
dy <2.9x 107 ¢ cm (90% C.L.). We aim to improve the experimental sensitivity by a factor of 5 within 2-3 years,
using an upgrade of the same apparatus. We will take advantage of the increased ultracold neutron density at the Paul
Scherrer Institute (PSI) and of a new concept including both, external magnetometers and a cohabiting magnetometer.
In parallel, a next generation apparatus with two UCN storage chambers and an elaborate magnetic field control is
being designed aiming to achieve another order of magnitude increase in sensitivity, allowing us to put a limit as tight
asd, < 5x 1072 ¢ cm (95% C.L.), if not establishing a finite value.
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1. Introduction

The neutron electric dipole moment is a coupling between the neutron spin and an electric field which breaks
both parity P and time reversal T symmetries. Since the experimental discovery of P violation in 1957 [1] and of CP
violation in 1964 [2] in weak processes, a non-zero contribution to the neutron electric dipole moment is expected
from the weak sector. This contribution is however too small to explain the baryonic asymmetry of the universe,
providing a strong indication that new sources of CP violation should exist. Some extensions of the Standard Model,
e.g. the electroweak baryogenesis model propose a possible solution for the baryonic asymmetry of the universe
together with a super symmetry (SUSY) model for particle physics. The neutron electric dipole moment appears as
one of the best ways to test such a kind of models and in a more general view, to quantify the level of CP violation in
our universe.

The theoretical context is extremely rich: both cosmological arguments (to explain the baryonic asymmetry of the
universe a minimal amount of CP violation is necessary) and fundamental arguments from the particle physics side
(like new complex phases in super symmetric models) predict a value of the neutron electric dipole moment in the
range 107> — 10728 ¢ cm which has been probed or will be probed in the near future.

Our collaboration [3] envisages a two-step procedure:

o The first step is a measurement of the neutron electric dipole moment using an upgraded version of the RAL/Sus-
sex/ILL spectrometer. This spectrometer, while operated by the RAL/Sussex/ILL collaboration set the last and
most stringent limit on the neutron electric dipole moment in 2006: d, < 2.9 X 10726 ¢ cm [4]. At that time the
main limiting factor was the low ultracold neutron density available. The new UCN source starting at the Paul
Scherrer Institute [5] offers a new opportunity for a more sensitive measurement (typically 5 x 10727 ¢ cm) with
this setup. This step will be discussed in detail in Section 3.

e In parallel, our collaboration is designing a new spectrometer called n2ZEDM. The expected sensitivity is 5 X
10728 ¢ cm. The status of this part of the project will be given in Section 4.

2. The concept

Both spectrometers are based on a concept involving the storage of UCN in vacuum at room temperature together
with the use of different magnetometers to overcome systematic effects. The neutron electric dipole moment, d,, is
measured via the neutron precession frequency v, in the presence of a magnetic field B and an electric field E:

hva, 1110 = 2B % 24, ), (1)

where u, is the neutron magnetic moment, / the Planck’s constant and 7T (resp. T]) stands for the relative direction
of the magnetic and electric fields (e.g. parallel or anti-parallel). The difference between the neutron precession
frequency in the parallel configuration and in the anti-parallel configuration gives us access to the neutron electric
dipole moment:

2d, 24ty
Vo 1r = Vo = == (En + Epy) + = =By — Bry) 2

with a sensitivity limited by the stability of the magnetic field.

A solution to overcome this limitation was proposed and implemented in 1997 by the RAL/Sussex/ILL collabo-
ration and consists of a co-magnetometer [6]. The principle is to let mercury atoms ('*’Hg) precess in the neutron
precession chamber together with neutrons. One can then form the ratio R of the neutron precession frequency to the
mercury precession frequency:
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Figure 1: Correlation study between the vertical gradient G and the ratio R of the neutron precession frequency to the mercury precession frequency
(see Equation 4). G is the average value of the magnetic gradient measured by pair couple of magnetometers. The left hand scheme shows the
position of the four cesium magnetometers during the correlation study. On the right the correlation is shown for both directions of the magnetic
field: in red (resp. blue) for the magnetic field pointing upwards (resp. downwards).

where vy, and yy, are the gyromagnetic ratios and only terms linear with the electric dipole moments are considered.
The advantage of this observable is that it does not depend on magnetic field fluctuations. The disadvantage is that
one measures a combination of both the neutron and the mercury electric dipole moments. But knowing the tight
constraint on the mercury electric dipole moment: dyg = (0.49 +1.29 +0.79) X 1072 ¢ cm [7], the correction is at the
level of 1072 ¢ cm and well under control.

While using this co-magnetometer, the limiting factor is then the vertical gradient of the magnetic field. On the
one hand, due to gravity and the low UCN kinetic energy, the UCN density is higher in the lower part of the precession
chamber. On the other hand, the mercury density is nearly homogeneous. The different spatial distribution of the two
species translates into a different magnetic field average in the presence of a vertical gradient:

| _ Ah
Ry, = 'y_Hg (1 . (B/a@F)l )

where T (resp. |) stands for magnetic field up (resp. down) and Ak ~ 2 — 3 mm is the difference between the centers
of mass of the neutrons and mercury atoms.

With the help of cesium magnetometers [8] we have measured the vertical gradients and their fluctuations. This
gives us the possibility to increase our sensitivity. Equation 4 was tested in 2008 at the Institut Laue Langevin (ILL)
by changing the vertical gradients and studying the effect both on the ratio R and on the vertical gradients measured
by four cesium magnetometers. Figure 1 shows the experimental arrangement during this measurement and the result.
This study validates the principle of using cesium magnetometers as gradiometers [9].

3. The RAL/Sussex/ILL spectrometer

Figure 2 is a scheme of the upgraded RAL/Sussex/ILL spectrometer as it is now installed at PSI. The neutrons
come from the UCN source (from left). They first go through the superconducting magnet where the magnetic field
(5 T) is large enough to polarize neutrons at nearly 100 %. The polarized neutrons are then guided to the precession
chamber which consists of two electrodes and an insulating ring. Up to this stage, the neutrons are polarized along
the magnetic field B (e.g. vertical). Following a radio-frequency pulse tuned in frequency and amplitude, the neutron
spins are flipped into the plane perpendicular to the magnetic field and they start precessing. At the end of the
precession time, a second pulse equal and in phase with the first one is applied. These two pulses with a free precession
interval in-between form the Ramsey procedure of separated oscillating fields and correlate the polarization measured
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Figure 2: Scheme of renewed RAL/Sussex/ILL apparatus at PSI.

at the very end with the precession frequency and the frequency of both pulses. After this cycle, the shutter of the
precession chamber is opened and the neutrons fall down to the detector. With a system including a spin flipper
and a polarization analyzer, we can sequentially count the neutrons with spin up and down and thus compute the
polarization.

The mercury atoms, needed for the co-magnetometer, are produced from mercury oxide heated to 200 °C and
accumulated in the polarization chamber. In this chamber the mercury atom polarization is built up via optical pump-
ing with circularly polarized resonant light. Then the polarized atoms are admitted into the precession chamber with
the neutrons and a dedicated radio frequency pulse is applied to flip their spins into the plane perpendicular to the
magnetic field. The precession frequency of mercury atoms is probed optically with a resonant polarized light beam
going through the chamber. Since the probability of a resonant photon to be absorbed by an atom depends on the
relative orientation of the atom spin with respect to the light propagation direction, the transmitted light is modulated
at the mercury precession frequency (8 Hz). The 8 Hz signal is filtered and amplified to reach a high signal to noise
ratio of 103 [6].

3.1. The RAL/Sussex/ILL spectrometer at ILL

For four years (2005-2009), our collaboration operated the RAL/Sussex/ILL spectrometer at the PF2 beamline at
the Institut Laue-Langevin. The goal was to recover the best performance of the apparatus and to test new hardware.
At the very end of this period, a test measurement of the neutron electric dipole moment was done over an interval
of 11 days. We measured a total of 2897 cycles: 1275 with the magnetic field pointing up and 1622 with it pointing
down. In both cases, we took data for three different vertical gradients (close to zero, positive and negative). Figure
3 shows the ratio R for all data and the three different magnetic configurations are clearly visible. Because those data
were used for many studies, while the magnetic field was pointing upwards, the precession time was changed. As a
consequence, and because the UCN storage time is energy-dependant, the UCN spectrum was modified together with
the UCN center of mass. This translates into a change of the ratio R (see Equation 4) and the histograms on the right
hand side of figure 3 are in fact the sum of a few histograms with a slightly shifted mean value, this explains the bigger
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Figure 3: Summary of all data taken to measure the neutron electric dipole moment in 2008 at PF2/ILL. For each direction of the magnetic field
(downwards at the left hand side and upwards at the right hand side) 3 magnetic configurations were used with 3 vertical gradients providing 3
different values for the ratio R. The spread around the central value is due to statistical fluctuations and in the By up case, it is enhanced due to
modifications of the UCN spectrum (see text for details).

spreads in those histograms. This spread also includes the contribution due to statistical uncertainty. One contribution
comes from the uncertainty on the mercury precession frequency (o, ) [6]:

_lanl 2T/T02_
O-VHg = ﬁa_gﬁ(l +e Z‘H‘) =03 /JHZ (5)

an

where T is the precession time, =* is the ratio of noise amplitude to the signal amplitude, 7 is the number of samples
taken on the sine curve and 7’ y, is the mercury transverse depolarization time defining the decay time of the amplitude
of the signal. But the main contribution comes from the uncertainty of the neutron precession frequency (o, ):

1

W= 6
" 2nTa VN ©

o

where N is the number of neutrons and a = age™/">» is the visibility parameter which depends mainly on the neutron
polarization after its rotation in the horizontal plane. The time dependence of the visibility @ depends on the relaxation
time 75, of the neutron polarization during a free precession process. We had @y = 0.86 + 0.01 and most of the data
were taken with 7' = 130 s where typically N = 4600. For the best magnetic settings we observed 75, = (400 £+ 38) s
and thus,

oy, =30 uHz. (N

The first step in the analysis is to fit the neutron count rate for both spin up and down to the Ramsey curve to
extract the neutron precession frequency [6]. At this stage only one cut is applied: count rates which deviate by more
than 4 standard deviations from the curve are excluded. This affects 6 % of the data.

The last step is the extraction of the neutron electric dipole moment. A linear dependence between the ratio R and
the electric field is sought. A different fit is done for each magnetic configuration and each storage time, see figure 4.
The results are then combined independently for each direction of the magnetic field and lead to:

For By down d, = (=3.7+2.2) x 107 e cm (y* = 7/10) (8)
For Byup dy=(7.3+3.9)x 107 ecm (x* =7/2) )

One can also combine all data together which gives:

dy = (-1.0£1.9)x 107 e cm (% = 21/13). (10
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Figure 4: Dependence of the neutron electric dipole moment on the ratio R. On the left hand side, the study is done independently for the two
directions of the magnetic field: in blue for By down and in red for By up. On the right hand side, the study is done for all data together and the
combined value is extracted.

The expected statistical precision was 1.6 x 1072 ¢ cm (20 % smaller than the 1.9 X 10723 ¢ cm measured) assuming
that all data are taken in the best magnetic configuration and with the optimal (130 s) precession time which was not
the case. However, the number proves that our system was performing well.

When using the co-magnetometer, one limiting factor is a systematic effect sometimes referred to as the geo-
metrical phase effect which has been observed and studied previously [10] with the same apparatus. This effect is a
Ramsey-Bloch-Siegert shift of the precession frequency of confined spins which is proportional to the electric field
and thus mimics an electric dipole moment signal. Due to the high (at least high in comparison with UCN) average
mercury velocity, this effect is bigger for the mercury atoms. Additionally, this shift is proportional to the magnetic
vertical gradient meaning that we can make a measurement of the neutron electric dipole moment free from this effect
if the magnetic configuration is such that: dB/dz = 0.

One can also employ larger vertical gradients to see this effect and interpolate to correct for it. This was the
solution chosen in [4]. Then a linear correlation between the ratio R and the measured electric dipole moment should
appear since they both depend linearly on the vertical magnetic gradients. Furthermore, the linear dependence between
R and d,,, neqs 1s expected to be the same but with an opposite sign for each direction of the magnetic field due to the
1/B dependence in equation 4.

Despite expecting insufficient statistics, we tried to isolate this effect in the December 2008 data set. There we
worked at 3 different vertical magnetic gradients for each direction of the magnetic field, see the left panel of figure 4.
A slope p could be extracted for each direction of the magnetic field:

For Bydown p=(22+3.2)x 102" ecm (y* = 6/1) (11)
For Byup p=(-12.1+6.5)x107% ecm (x* = 4/9) (12)

If one assumes a common slope, this yields:
p=+(712+3.6)x102 ecm (13)

where + (resp. —) stands for the magnetic field pointing downwards (resp. upwards). This result is in agreement with
the expected value [4]:
Piheo = £(4.1£0.2) x 107! e cm. (14)

3.2. The RAL/Sussex/ILL spectrometer at PSI

From equation 6 one can derive the statistical uncertainty of the measurement of the neutron electric dipole mo-
ment:
h

og = — (15)
T WET VN
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In the following section, we will discuss efforts made to improve this accuracy.

The visibility a

The visibility, @, depends not only on the initial polarization but also on 7,. With our newly installed super-
conducting magnet, the initial polarization can be close to 100 % and will be probably limited by the quality of the
polarization transfer through the shield. We also work to reduce the depolarization during the precession time which
is dominated by magnetic inhomogeneities. To reduce those inhomogeneities, we have, in addition to the main coil,
installed a set of 33 trim coils with different geometries and independent power supplies. Magnetic maps have been
recorded of each of those coils and the 33 optimized currents have been deduced. The optimized magnetic config-
uration itself has been mapped and shows no transverse component bigger than half a nanotesla and a maximum
gradient of 4 nT/m. Also, due to a new degaussing system, the magnetic field is reproducible at a level better than the
sensitivity of the flux gates of 0.5 nT.

We expect @ = 0.75 after a precession time of 150 s with g = 0.95 and T, = 600 s.

The precession time T

We foresee to work at precession times of typically 150 s. This is possible using a new insulator for the precession
chamber made from polystyrene and coated with deutered polystyrene (dPS). It provides a higher material optical
potential (161 neV) [11] than quartz (90 neV) and thus the possibility to store neutrons with velocities less than
5.5 m/s as compared to quartz, where neutrons could be stored with velocities v < 4.2 m/s only. After a storage time
of 150 s, we had 1.8 times more neutrons in the dPS chamber as in the previous quartz chamber [11].

In order to increase the precession time together with decreasing the systematic effects, one needs to increase the
temporal stability of the magnetic field and magnetic field gradients. The major source of fluctuations of the magnetic
field is related to the magnetic shield and, in particular, to the rearrangement of magnetic domains. To reduce this
effect, the shield has been put in a thermally insulated room and it is standing on a support which strongly suppresses
ambient vibrations. A new degaussing system together with a new degaussing procedure shows a reduction by factor
10 of the field changes created artificially, e.g by mechanical shocks on the shield support. The second source of
magnetic fluctuations is due to the fluctuations of the magnetic field outside the shield. To reduce this effect, an active
magnetic shield has been installed: six 6 x 8 m? rectangular coils produce a magnetic field to actively compensate
ambiant magnetic field by means of a feedback loop controlled by flux gate magnetometers. We achieved in the best
case a suppresion of the magnetic fluctuations inside the mu-metal shield by a factor of 10 but in average a suppression
factor of 2 was observed. Further improvement may be possible.

The electric field E

A new bipolar high voltage supply (+200 kV) together with a newly designed HV feed through will in principle
allow us to increase the electric field strength. However, the performance of the co-magnetometer had always limited
the electric field strength to 130 kV and so far, we do not expect that this can be overcome.

The number of neutrons N

We expect a 25-times higher UCN density in our apparatus from the new PSI source. While the increase in the
source strength should be even more, the present setup cannot yet make full use of it because it is not optimally
adapted to the energy spectrum provided by the source. We expect for our new measurement scheme rates of detected
UCN up to 10° s™'. This has previously been beyond the capability of conventional single channel UCN detectors.
A segmented system of detection with nine sections based on °Li doped glass scintillators has been developed. Each
of the sections is a two-layer stack composed of a ®Li-depleted scintillator (GS30, thickness: 60 um) fused to a
®Li-enriched (GS20, thickness 120 um) scintillator. The former has a low UCN absorption probability (around 5 %)
while the latter one has essentially 100 % absorption probability. Within such a scintillator, the neutron detection is
performed with the ®Li neutron capture reaction: n + °Li — *H (2.74 MeV) + “He (2.05 MeV) [12]. The advantage of
the layer construction is that most of the decay products from the neutron capture reaction can be contained within the
scintillator stack if the thickness of the first layer exceeds the range of the decay products. As a result, all the energy
released by the neutron capture is collected, which improves the separation between the neutrons and the gamma
contributions. This is clearly seen in the panels 1 to 8 of the figure 5 for which the background discrimination is good.
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Figure 5: UCN spectra recorded at the PF2/ILL with the new segmented two-layer glass scintillator stack detector. For demonstration, the last
panel corresponds to the segment equipped with a single scintillator.

In panel 9, a single °Li enriched scintillator has been used: for a fraction of the detected neutrons, one of the decay
products escapes from the glass resulting in a poor separation between the neutron peak and the background.
After taking into account all the upgrades and improvements the statistical uncertainty is expected to be:

O dyps1 4 x 107 ¢ cm per cycle (16)

Odpg = 3X 107" e cm per year a7
assuming data taking only during nights and systematic studies during day time. Then our sensitivity goal will be
achieved after two years.

4. n2EDM

In parallel, our collaboration is working on a new spectrometer with the idea to push the “room temperature in
vacuum” concept as far as possible. Figure 6 shows a sketch of the current concept. The geometry of the magnetic
shield (see figure 6 on the left) has been defined based on two requirements: a high shielding factor (typically 10°
for frequencies between 0 and 100 Hz) together with a good magnetic field homogeneity (all gradients smaller than
1 nT/m). The high magnetic shielding factor can be achieved with a 4 layer cubic mu-metal shield. The performances
of such shields have been proven and this geometry offers good technical solutions to open and close the shield. On
the other hand, the magnetic field is deformed due to the corners. Since the magnetic homogeneity is mainly due to
the innermost magnetic shield layer we chose a cylindrical geometry for the innermost layer.

On the right hand side of figure 6 the concept of the chambers is presented. The two precession chambers are one
above the other and separated by the high voltage electrode. This provides an opposite electric field in each chamber
while they are in the same magnetic field. With this geometry both configurations (77 and T]) in Equation 2 are
measured at the same time, providing a better control of systematic effects.
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We plan to use a co-magnetometer and currently we are studying two promising candidates: '*’Hg and '**Xe.
It will be used to investigate the possible differences between the magnetic fields in the two chambers. We are also
developing solutions for the two magnetometer chambers investigating in parallel '*’Hg and *He. The advantage of
such a couple of big chambers is that it gives access to the incoming and outgoing magnetic flux and thus to magnetic
field gradients over the neutron chambers. This information, together with the co-magnetometer information will be
an important tool to, e.g., correct for geometrical phase effects. In addition, external magnetometers will be used as
gradiometers and to read out the modulated magnetization signal from the *He magnetometers.

5. Conclusion

Our collaboration is now ready for data taking at PSI with the upgraded apparatus. With the new UCN source at
PSI and the performances demonstrated during the tests in 2009/2010 we should be able to achieve a statistical acuracy

of 04, = 3% 1072 ¢ cm per year. The control of systematic effects will be also improved, in particular by the use

of Cs magnetometers used as gradiometers. It will take about two years to reach a sensitivity of d, < 5 x 107>” ¢ cm
(95% C.L.).
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