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Abstract. We plan to measure the permanent electric dipole moment (EDM) of the elec-
tron, which has the sensitivity to the CP violation in theories beyond the standard model
by using the laser-cooled francium (Fr) atom. This paper reports the present status of the
EDM measurement system. A high voltage application system was constructed in order
to produce the strong electric field (100 kV/cm) needed for the experiment. After condi-
tioning, the leakage current was 10 pA when a high voltage of 43 kV was applied. Also,
a drift of an environmental field was measured at the planned location of the Fr-EDM
experiment. The drift is suppressed at present down to the level of 10 pT by installing a
4-layer magnetic shield. Improvements are still needed to reach the required field stability
of 1 fT.

1 Introduction

Permanent electric dipole moment (EDM) of a particle is an important observable in searching for
physics beyond the Standard Model (SM) of elementary particle physics [1]. A finite value of the
EDM associated with spin constitutes clear evidence of the violation of the time-reversal symmetry,
which is equivalent to the CP violation through the CPT theorem. The EDM due to the CP-violating
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phase in the SM, as observed in the CP-nonconserving decays of K and B mesons, is too small to
be detectable. On the other hand, most theories beyond the SM predict a finite value of the EDM,
which can be detected with modern experimental techniques. Thus, the search for EDM constitutes
a stringent test that discriminates between the SM and theories beyond it. Actually, for example, the
latest experimental upper limits for the neutron EDM [2] and the electron EDM [3] already enter the
region predicted by Supersymmetry, which is one of the candidate theoretical models beyond the SM.
In this respect, EDM searches have already stepped into the phase in which the experimental upper
limits would urge the theories to modify their parameters.

A paramagnetic atom and a polar molecule have been subjects of the electron EDM search, since
they have certain mechanisms to enhance the electron EDM. The francium (Fr) atom, which is one
of the paramagnetic atoms, has the largest enhancement factor in the alkali atoms [4]. The search for
the electron EDM has been done using atomic or molecular beams. However, in these experiments,
the statistical and systematic errors are limited due to the short coherence time and the effect of
the motional magnetic field. In order to overcome these limitations, the laser-cooling technique is
utilized [5]. Advantages of the laser-cooled atom for the EDM search are as follows. Since the laser-
cooled atoms can be trapped under a high vacuum environment, a long coherence time is realized.
The velocity of the trapped atom is small, and consequently the motional magnetic field is suppressed.
Since the Fr atom is an alkali atom, it is a suitable system in which to apply the laser-cooling technique.
In view of these advantages, we plan to perform the EDM search experiment using the laser-cooled
Fr atom. Internationally, there are several experiments in progress using the Fr atoms at various
locations including ISOLDE in Geneva, TRIUMF in Vancouver and LNL in Padova. ISOLDE can
supply the high-intensity Fr ion beam more than 109 ions/sec through a proton-induced spallation
reaction [6]. The experiments searching for the atomic parity non-conservation (PNC) by using Fr are
individually being planned at TRIUMF and LNL. They have already trapped the Fr atoms by using
the Magneto-Optical Trap (MOT). The numbers of trapped Fr atoms are 105 at TRIUMF [7] and 104

at LNL [8], respectively. The experiments searching for the violation of the fundamental symmetries
such as the measurements of EDM and PNC require several appropriate experimental conditions and
sufficient beam times. It is the Cyclotron and Radioisotope Center (CYRIC) at Tohoku University, a
restively small facility, which comes in as the facility satisfying these requirements. Our laser-cooled
Fr factory, which is being constructed at CYRIC, consists of the beam swinger magnet, the Fr ion
source, the beam transport system, the ion-to-neutral atom converter, the MOT system, and the EDM
measurement system. H. Kawamura et al. report the detail of our factory in these proceedings. In
this paper, we report the present status of the high voltage application system and the result of an
environmental magnetic field measurement around the future location of the EDM experiment, both
important items for the EDM measurement system.

2 High Voltage Application

The application of a high electric field (100 kV/cm) is one of the key factors in the EDM search
experiment, since the EDM is experimentally deduced from a tiny change of the spin precession
frequency upon the reversal of an applied electric field along a magnetic field. A high voltage system
is under development. A schematic view of the developed high voltage system is presented in Figure 1
(a). We employ the oxygen free copper as a material for the electrodes. The size of each cylindrical
electrode is 2 cm in diameter and 2 cm long with a machining accuracy of 0.2 mm. The gap between
the electrodes is fixed to be 1 cm by an insulator made of ceramic material. The electrodes, covered
by the insulator, were placed inside a chamber with a vacuum pressure of 7× 10−6 Pa. A leakage
current across the electrodes was measured with a picoammeter. The picoammeter was protected
against sudden discharge by inserting a low-pass filter.
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Figure 1. (a) Schematic view of the high-voltage system. (b) Applied voltage dependence of the leakage current.
The triangles show the leakage current measured with no conditioning, while the squares and circles show it after
the 10 kV conditioning for 3 days and 20 kV for 1.5 days, respectively. Error bars show the standard error.

In Figure 1 (b), the applied voltage dependences of the leakage current are plotted. Without
treatment of the electrode surface, such as polishing, the discharge occurred at a voltage of 30 kV. In
order to extend the discharge voltage, conditioning was applied. Conditioning is a method based on
glow discharge that destroys sharp points and dust on the surface of the electrode. First, the voltage
of 10 kV was applied for 3 days, and then the discharge voltage was extended to 35 kV. Next, the
application of 20 kV was performed for 1.5 days. The conditioning resulted in the extension of the
discharge voltage up to 43 kV and the leakage current of 15 pA. Until now, we have applied the
voltage of 50 kV without the discharge for 3 minutes without the leakage current measurement.

3 Environmental field measurement

The stability of the magnetic field around the apparatus is the most important factor for any EDM
search experiments. Generally, the change of 1 nT in the magnetic field induces a shift of about
10 Hz in the spin precession frequency of a paramagnetic atom. On the other hand, for the applied
electric field of 100 kV/cm and the enhancement factorR ∼ 895 of Fr [4], the electron EDM of
magnitude|d| = 10−28 ecm gives a frequency change of less than 1µHz. We measured the drift of the
environmental field at the planned location of the EDM experiment to optimize the design of a suitable
magnetic shield. In order to suppress the change of the magnetic field at the EDM measurement
location, we tentatively introduced a four layer cylindrical magnetic shield that was constructed for
the development of the highly sensitive magnetometer utilizing the nonlinear magneto-optical rotation
(NMOR) effect in Rb atomic vapor [9].

The field measurements were performed by using fluxgate magnetometers when the AVF cy-
clotron at CYRIC was on or off. The direction of the measured fields was the same as that of the
gravity. Figure 2 shows drifts of the environmental field (a) and the residual field inside the magnetic
shield (b). It should be pointed out that the direction of the residual field is opposite to that of the
environmental field. This suggests that the source of the residual field inside the shield mainly comes
from a residual magnetization of the shield itself. When the cyclotron was operated, a shift of both
environmental and residual fields occurred. Additionally, sudden jumps of the environmental field
were observed, while they were suppressed in the residual field. The movement of the cars, which
stopped outside the experimental room, might induced these sudden changes. Short term stabilities
of the residual fields with and without the cyclotron operation are comparable. In this situation, the
Allan deviation of the residual field with the cyclotron operation is about 20 pT for an integration time
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Figure 2. Drifts of the environmental fields (a) and the residual fields in the magnetic shield (b). The black
dots show the fields measured during the cyclotron operation, while the gray dots show them with the cyclotron
unoperated.

of 1 s, which is much larger than the required field stability of 1∼ 0.1 fT. In order to overcome this
gap, we plan to construct a magnetic field stabilization system [10] based on NMOR effect, which can
reach the shot-noise-limited sensitivity of 0.3 fT/

√
Hz [11].

4 Summary

The high voltage application system was constructed for the EDM search experiment with laser-
cooled francium atoms. The application of 43 kV was achieved after conditioning. In order to reach
100 kV, some developments are in progress, for example, the conditioning to higher voltage for longer
time. Also, the magnetic field stability was investigated when the AVF cyclotron was operated, since
the change of magnetic field is the main source of a false EDM signal. By introducing a cylindrical
magnetic shield, the field stability of 20 pT for the integration time of 1 s was achieved. To reach the
required stability of the magnetic field, a field stabilization system will be constructed and a highly
sensitive magnetometer will be introduced.
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