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Abstract

The under-construction FRIB-EDM3-instrument was designed to study polar radioactive molecules (such as RaF) in transparent
cryogenic solids by laser spectroscopy. The instrument is divided into a frontend- and a backend section. The frontend accepts an
aqueous sample from isotope harvesting and provides a mass-separated molecular ion beam in an ultra-high vacuum environment.
In the backend, the ions are guided into alkali-metal vapor and the resulting neutrals are co-deposited in a solid argon matrix to
perform laser spectroscopy. This work addresses the frontend of the instrument. The efficient ionization of harvested radioisotopes
from aqueous samples is achieved with a spray-ionization method. Subsequently, the molecular ion beam is analyzed by mass-to-
charge ratio by a quadrupole mass filter. To verify the feasibility of the approach, numerical simulations with the COMSOL and
SIMION packages have been conducted. While the former was applied to study transport in ion funnels, the latter was used to
investigate ion beam transmission through the lower pressure sections. Following promising simulation results, a first experimental
setup is under construction.
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1. Introduction

The study of radioactive molecules receives increasing atten-
tion due to their enhanced sensitivity to fundamental symmetry
violations and Beyond Standard Model physics [1, 2]. In partic-
ular, 225RaF has been proposed as powerful probe due to its en-
hanced Schiff-moment which facilitates experimental searches
for a CP-violating permanent electric dipole moment. Recently,
first preparatory experimental results on short-lived isotopes of
the molecule were reported [3, 4, 5]. While the principle ad-
vantage of polar molecules over atomic probes is known for
more than 30 years [6], the development of novel instruments
is required to embark on such studies. At the Facility for Rare
Isotope Beams (FRIB), the availability of suitable radioisotopes
is being addressed by development of isotope harvesting tech-
niques [7].

In this work, we introduce the frontend of the under-
construction FRIB-EDM3 instrument which will serve to ion-
ize radiotracers from aqueous samples, enable their separation
by mass-to-charge ratio, and subsequently guide them to the
downstream experiment. The measurement precision of experi-
ments pursuing searches for permanent electric dipole moments
(see e.g., ref. [8] for a review) is typically limited by statis-
tical factors. A promising approach to maximize the number
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of simultaneously probed molecules is their introduction into a
solid matrix. A measurement scheme was proposed aiming at
the electron electric dipole moment of BaF embedded in solid
rare-gas matrices [9] and first spectroscopic studies were con-
ducted [10]. The FRIB-EDM3 instrument aims at adapting the
approach to investigations towards nuclear Schiff moments.

2. Instrument outline

The envisaged configuration of the FRIB-EDM3-instrument
is given in fig. 1 and was adapted from related instruments
[11, 12, 13, 14, 15]. It consists of an electrospray ion source,
ion optical elements to confine the ions in differentially pumped
sectors, a quadrupole deflector, and a quadrupole mass filter. To
avoid decomposition of the molecule in a downstream experi-
ment, the instrument is designed such that ions are not acceler-
ated beyond a kinetic ion energy of a few eV.

ElectroSpray Ion sources (ESI) are often used for the ion-
ization of aqueous samples [16] and were found to be highly
efficient in the nano-flow regime [17]. In an ESI, the aqueous
sample is typically introduced with a syringe pump into a cap-
illary which is positively biased to 2 kV to 5 kV. A spray of
charged droplets emerges from the tip of the capillary. Electro-
dynamic ion funnels [18] are used to confine the droplets and
allow for their desolvation. The first ion funnel is kept at a pres-
sure of ca. 40 mbar. A second ion funnel enables further pres-
sure reduction to ca. 1 mbar. Separation of isotopes by mass-to-
charge ratio is achieved with a Quadrupole Mass Filter (QMF).
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Figure 1: Schematic overview of the EDM3-Frontend with inset photo of the ion funnels. The given dimensions are approximate.

Collisions of ions with the residual gas in the QMF should be
avoided to enable efficient operation. Thus, a further reduc-
tion of pressure is required which is achieved via an additional
differential pumping stage. Therein, the low-energy (few eV)
ions are radially confined within an octupole ion guide which
connects through an electrostatic lens to the quadrupole mass
filter. The desired ions emerging from the ESI are accompanied
by neutral species, e.g., clusters of water molecules. Neutral
species are vastly unaffected by the applied electric fields and
propagate predominantly in a straight line through the setup.
An electrostatic quadrupole deflector accounts for the suppres-
sion of the aforementioned contaminants. Consequently, the
central axis of ion funnels and first octupole ion guide are off-
set. To achieve the final pressure required by the downstream
experiment (10−9 mbar), an additional differential pumping sec-
tion is added after the electrostatic deflector.

3. Ion funnel simulations

Electrodynamic ion funnels are often used for large
biomolecules and are discriminating in mass-to-charge ratio of
the ion. The high- and low-m/z cut-off properties depend on the
ion funnel geometry and its operating conditions [19]. Within
this work, we have conducted numerical simulations with the
COMSOL Multiphysics 5.5 suite [20] to verify the applicability
of commercially available ion funnels (GAA Custom Electron-
ics) in the lower mass range. The species 225RaF ( 244 g mol−1)
and its stable surrogate BaF (157 g mol−1) are of particular in-
terest.

A recent review about electrodynamic ion funnels is given
in ref. [18]. A funnel consists of an array of ring electrodes
and is divided into two sections. The inner diameter (ID) of the
ring electrodes is constant in the entrance section to allow de-
solvation of droplets, and progressively narrows down towards
the outlet. Ions are radially confined by radio-frequency (RF)

signals which are applied with opposite polarity to neighbor-
ing electrodes. In addition, an electrostatic potential gradient
(see table 1) is applied to guide ions from the inlet to the outlet.
The last plate of a funnel (conductance limit) is supplied by a
constant voltage only.

The available ion funnels (cf. fig. 1) are assembled out of
102 plates with a thickness of 0.5 mm, which are separated by a
0.5 mm gap. The inner diameter of the first 55 plates is constant
and afterwards decreases towards the outlet from 25.4 mm to
2.5 mm.

The COMSOL simulation first solves for the electric poten-
tial distribution and applies these in a successive charged par-
ticle tracing study. Nitrogen at rest with ambient temperature
and a pressure of 1.33 mbar was assumed as background gas,
which is expected to closely resemble the environment of the
low pressure ion funnel. The particle tracing simulation is ini-
tialized by creating ions in the inlet plane of a funnel with ran-
dom velocity sampled from a Maxwellian distribution accord-
ing to the assumed temperature of 20 ◦C. The ions propagate
due to electrical forces while elastic ion-gas collisions are con-
sidered. The collision cross-sections of the alkaline earth mono
fluorides were estimated with the projection-method of the Ion
Mobility Spectrometry Suite (IMoS) [21] and fitted versus ion
mass with an empirical function.

The parameters of the simulations are based on technical fea-
sibility and are given in table 1. Resulting typical ion trajecto-
ries are shown in fig. 3 along with their kinetic energy. The
conductance limiting plate was biased with −50 V relative to
the last RF-driven plate to ease ion extraction from the funnel
and avoid trapping of ions near the outlet.

The fate of an ion is either striking an electrode or traveling
down the funnel axis and emerging from the outlet orifice. The
obtained mass-dependent transmission, i.e., ratio of transmit-
ted vs. injected ions, is shown in fig. 2. Within the considered
parameter range, transmission increases with increasing RF fre-
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Figure 2: Simulated ion transmission through electrodynamic ion funnel obtained by COMSOL in dependence of ion mass, RF frequency and axial electrostatic
(DC) field gradient. Nitrogen gas at rest having ambient temperature and a pressure of 1.33 mbar was assumed as background gas. Lines were added to guide the
eye.
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Figure 3: Typical ion trajectories in an electrodynamic ion funnel obtained by
COMSOL. The color code represents the kinetic ion energy. The symmetry
axis (rotational symmetry) is indicated. See text for details.

Table 1: Parameters of the ion funnel simulations

parameter value unit
ions per run 300
RF voltage (peak-to-peak) 100 V
RF frequency 0.5 to 4 MHz
ion mass 100 to 300 g mol−1

electrostatic potential gradient 7.5 to 30 V cm−1

pressure 1.33 mbar

quency and ion mass. Barium mono fluoride (157 g mol−1) as
stable surrogate of radium mono fluoride is the lightest ion of
interest. Unit transmission of BaF is predicted at an RF fre-
quency of 1 MHz. The desired suppression of light contami-
nants can be adjusted by choice of the electrical potential gra-
dient. At constant RF frequency, lowering the aforementioned
gradient further suppresses the transmission of light masses.

4. Beam transport simulations

Ion transmission downstream the funnels (fig. 1) was in-
vestigated with the SIMION 8.2 ion optics modeling program
[22, 23]. The geometry and driving voltages of model com-
ponents were based on commercially available components of-

fered by Process Insights (Extrel) and Beam Imaging Solutions.
While the deflector geometry [24] was taken from the latter
supplier, the remaining components were geared towards the
Extrel portfolio. The radii of the quadrupole mass filter and oc-
tupole ion guide rods was assumed to be 9.5 mm and 1.1 mm,
respectively. Electrostatic lenses were placed before and af-
ter ion guides and quadrupole mass filter with aperture diame-
ters of 2.5 mm and 1.5 mm, respectively. The aforementioned
lenses equally serve as conductance limit in the differentially
pumped setup. Brubaker lenses are positioned adjacent to the
entrance and exit of the quadrupole filter to reduce ion losses
due to fringe fields [25]. Einzel lenses at entrance and exit of the
deflector were used to focus the beam. Results of the simula-
tion are given in fig. 4. The total transmission of the considered
setup was estimated to be ca. 32% for the species of interest
(225RaF+). A contamination of ca. 0.7% of the initial beam
intensity on the higher mass 226RaF+ is expected. The largest
transmission loss can be attributed to the quadrupole mass fil-
ter. The latter equally impacts the downstream emittance due
to the oscillating particle trajectories therein and causes losses
in deflector and second ion guide. In these simulations, ion-
gas interactions were neglected due to the relatively low pres-
sure regime. Consideration of the aforementioned interactions
might further affect ion transmission, in particular in the first
octupole ion guide.
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Figure 4: SIMION beamtransport simulation of the EDM3 frontend. The ion
transmission for each element is given. The inset shows transmission of the ion
of interest (255RaF+) and contaminants of neighboring masses.
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5. Conclusions and Outlook

Within this work, we have proposed an instrument for the
ionization, mass separation and delivery of alkaline earth mono
fluoride ions from aqueous solutions into an ultra-high vacuum
environment. The ionization is achieved by an electrospray ion
source in combination with electrodynamic ion funnels. The
ions are confined in ion guides within a series of differential
pumping stages. Detailed computational simulations were con-
ducted which indicate the feasibility of the approach. Despite
their typical application for large biomolecules, COMSOL sim-
ulations of the low pressure ion funnel indicate that commer-
cially available ion funnels allow to access the desired mass
range and efficient ion transfer is expected. Downstream the
ion funnels, a transmission of ca. 32% is predicted through the
remaining setup for 225RaF by SIMION.

Following the promising simulation results, we have de-
signed a prototype setup consisting of an electrospray ion
source with heated inlet capillary, two consecutive ion funnels,
an ion guide and a quadrupole mass filter, which is now un-
der construction to further evaluate the design. In particular,
gas-flow effects in the ion funnels and ion guides, ion source
chemistry and space-charge limitations are among the study ob-
jectives.
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