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Development of francium atomic beam
for the search of the electron electric dipole moment
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Abstract. For the measurement of the electron electric dipole moment using Fr atoms, a
Fr ion-atom conversion is one of the most critical process. An ion-atom converter based
on the “orthotropic” type of Fr source has been developed. This converter is able to
convert a few keV Fr ion beam to a thermal atomic beam using a cycle of the surface
ionization and neutralization. In this article, the development of the converter is reported.

1 Introduction
The existence of the permanent electric dipole moment (EDM) of elementary particles indicates a
direct violation of time reversal symmetry. In a heavy atomic system, the bare value of the electron
electric dipole moment (e-EDM) appears to be enhanced in an atomic EDM. In particular, in francium
(Fr), the heaviest alkali atom, the enhancement is predicted to reach a factor of 895 [1]. Moreover,
laser-cooling and trapping techniques proposed in the Cs system to improve the accuracy of the eEDM measurement greatly [2], is applicable for Fr.
For the search for the e-EDM using Fr, a factory to produce laser-cooled Fr atoms is being constructed at the Cyclotron and Radioisotope Center (CYRIC) at Tohoku University [3]. By the end of
2012, a Fr thermal ionizer had been developed, which is capable of producing 106 Fr ions/sec by a
fusion reaction with 18 O primary beam and 197 Au target [4]. A beam line was constructed to deliver
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the Fr ions 10 meters to a detector positioned safely away from the neutrons and γ rays of the nuclear
reaction and also apart from the electromagnetic fields generated by magnets in the primary beam
line. In the next step, an eﬃcient conversion of Fr ions to atoms and the transportation of Fr atoms to
a magneto-optical trap (MOT) are the main objectives in achieving a precision e-EDM measurement.

2 Development of an ion-atom converter
In this experiment, Fr is provided as a few keV ion beam. The ion beam must be converted to a neutral
atomic beam before proceeding with trapping the atoms and the EDM measurement. Therefore, a new
type of ion-atom converter based on the “orthotropic” type of Fr source [5] has been developed.
On a hot metal surface, a thermal charge exchange process can occur between the metal and an
ion (or atom). The ratio of the released ions to atoms depends on the work function (EWF ) of the metal
surface and the ionization potential (EIP ) of the atom, according to Saha-Langmuir equation [6][7].
Under the condition of EIP < EWF , most of the atoms are released as ions. On the other hand, in the
EIP > EWF case, most of the ions are neutralized. In our converter, a combination of these processes
plays an important role for producing a Fr atomic beam. Yttrium (EWF = 3.1 eV) for neutralization
and platinum (EWF = 5.6 eV) for ionization were used to convert Fr whose EIP is 4.0 eV.
The schematic view of the converter is shown in Fig. 1 (a). Fr ions enter through the injection
hole and impact the oven wall of tantalum coated with platinum. The wall is maintained typically to
approximately 1000◦ C. Fr leaves the wall surface again as an ion but is now attracted to the yttrium
target along a potential gradient generated by negative high voltage. From the surface of the target,
Fr leaves as neutral atoms into 2π steradians with velocities thermalized to a Boltzmann distribution
in accord with the temperature of the target. The fraction of released atoms, some fraction that passes
through a small hole at the oven wall is extracted as a thermal atomic beam [8]. The beam size and
divergence are limited at the extraction hole. In this converter, the beam divergence is approximately
100 mrad. The other atoms that do not pass through the hole are captured by the platinum wall
and continue the ionization-neutralization cycles until they pass through the hole. We discuss the
eﬃciency of the converter in the next section.
The ion-atom converter minimizes the loss of Fr atoms by the recycling of the atoms that are
emitted from the yttrium target at wider angles. After leaving the oven, the neutral beam is subjected
to first transverse and then longitudinal cooling by what are standard laser-based practices applied to
alkalis and other atoms [9] (Fig. 1 (b)). The transverse cooling is a kind of active collimation that
ultimately reduces the transverse velocity of the atomic beam while preserving the total number of
atoms [10]. In our case, the 33% of initial emittance of 100 mrad will be reduced to 9 mrad. The
longitudinal cooling is achieved by the Zeeman slower using magnetic fields and a laser light, which
can slow down the atoms from a thermal energy to a low-temperature region appropriate to trapping
in the MOT. Combining the converter with these apparatuses, the MOT will trap neutral Fr atoms with
high eﬃciency. As the first step, the present report focuses on the yield of the Fr atomic beam. The
collimation and slowing of the atomic beam will be the subjects of forthcoming reports.

3 Fr neutralization
The Fr neutralization experiment was performed using a Fr production beam line at CYRIC. A primary
beam of 18 O5+ accelerated up to 100 MeV by a K = 110 AVF cyclotron was injected in the gold target
installed in the Fr thermal ionizer, where Fr was produced through a fusion reaction 18 O + 197 Au →
215−x
Fr + xn. The produced Fr was extracted as an ion beam. It was transported in an approximately
10 m distance in the Fr transport beam line. Thereafter, ion beam was injected into the ion-atom
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Figure 1. (a) Schematic view of the ion-atom converter. (b) Plan of the slow and collimated atomic beam
production using transverse cooling and Zeeman slowing.

Figure 2. (a) Schematic
view of the detection system. Only neutralized Fr
atoms reach the catcher.
Emitted α particles are
detected by an SSD. (b)
α energy spectrum measured with the SSD. The
peak at 5.49 MeV represents α particles from an
241
Am energy calibration
source.

converter. From the ion beam transport eﬃciency of the Rb ions, the Fr ion flux that injected to the
converter was deduced as 2×103 pps. The output of the converter was caught by a detection system,
which includes an ion reflector, a Fr catcher, and a Peltier-cooled silicon solid-state detector (SSD),
as shown in Fig. 2 (a). Because an SSD is vulnerable to a light and heating, they would cause a
deterioration of the energy resolution and damage the SSD itself. To avoid damages by direct radiation
from the hot converter, the Fr catcher was inserted between the converter and the SSD. After Fr was
attached to this catcher, the α particle emitted from Fr was detected by the SSD. The Peltier device
was water cooled and kept the SSD at approximately 12◦ C despite the operation of the converter at
temperatures of ≥ 1000◦ C. The temperature was measured by thermocouples.
The energy spectrum of α particles detected by the SSD was shown in Fig. 2 (b). The signals
occurred only on delivery of the Fr ion beam. Also, it was concluded that the peak at 6.6 MeV
comprised α particles from the decays of 210 Fr, 211 Fr, 208 Fr and 209 Fr. The energy resolution was
not suﬃcient to separate the α energy of each isotope. However, on considering the activities of the
isotopes and the branching ratios of the fusion reaction, we estimate that the peak was dominated by
the α from 210 Fr. The Fr neutralization eﬃciency of the converter was approximately 0.06%.
Figure 3 (a) shows the dependence of the SSD count rate on the converter temperature. The SSD
count rate increased as the temperature of the converter rose. This trend is attributed to activation
of the Fr release process from the inner surface of the converter. Figure 3 (b) shows the dependence
of the SSD count rate on neutralizer voltage. The count rate at the SSD increased as the negative
voltage of the neutralizer rose. This trend could result from the increase of the attracted ions to the
neutralization target. The SSD count rate might not have reached the maximum within the ranges of
temperature and voltage covered here because of the heat resistance property of the thermal shields
and leakage current of the high voltage supply.
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Figure 3. Dependence of the SSD count rate on (a) the temperature of the ion-atom converter, and (b) the voltage
for the yttrium neutralizer target.

4 Summary and Future plan
We have developed a new Fr ion-atom converter based on the “orthotropic” Fr source. It is able to
make a thermal Fr atomic beam from a few keV Fr ion beam using a cycle of surface ionization and
neutralization. In the on-line experiment, we have confirmed the neutralization of Fr ions ejected from
the Fr thermal ionizer. Increase of the ion-atom conversion eﬃciency is necessary for our experimental
plan. To improve the e-EDM limit, at least 10% of the injected Fr ions must be extracted as atoms.
The eﬃciency in the present status is limited by unexpected dropouts of Fr. Reducing the size of
the ion injection hole and redesign of the oven shape should reduce the loss of Fr. Elevation of the
temperature and voltage seems to be eﬀective in increasing the eﬃciency. The maximum possible
conversion eﬃciency will be 10% including the decay of Fr in the converter. Obviously, an extended
study of Fr release and absorption processes at the converter wall would be valuable. To enhance the
quality of the atomic beam, designing of the transverse cooling and Zeeman slower is in progress.
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