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RadMol
a radioactive molecule lab for fundamental physics 

Goal: 
▪dedicated laboratory to study of radioactive 

molecules 
▪ to host 3 experimental stations  
▪precision studies for searches for new physics 
▪Molecular EDM with unprecedented sensitivity 

to  nuclear T-breaking Schiff moments 
▪provision for expansions into other fields 

TRIUMF advantages: 
▪ large variety in radioactive ion beams (RIB) 
▪high beamtime availability (3 independent RIBs) 
▪existing laboratory space for large, multi-station 

program 

Current Canadian Team:  
▪12 faculty and staff physicists
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RadMol
A radioactive molecule lab for fundamental physics

This is just a placeholder. Do not take it too seriously.

RadMol Collaboration:

new official collaborator! 
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… for searches for +me-reversal viola+on in atomic nuclei
199Hg present ‘gold standard’ for limit on nuclear Schiff moment

B. Graner et al., Phys. Rev. Lett. 116, 161601 (2016)

|dHg| < 7.4 · 10-30 e cm (95% confidence limit) 

|SHg| < 3.1 · 10-13 e fm3 

Enhancement factors in our approach:  
• octupole deformed nuclide   x 100-1,000 
• in polar molecule                   x 1,000-10,000 
• in atom or ion trap                 x 1,000  compared to beam experiments

} compared to 199Hg

 all known cases in radionuclides



New J. Phys. 24 (2022) 025005 J Kłos et al

Figure 1. Beyond-standard-model quantum sensor based on FrAg molecules containing unstable Fr with deformed
non-spherical nucleus. The strong ionic bond of FrAg leads to a strong internal electric field Eeff significantly enhancing the
sensitivity to parity-violating effects.

possess a high sensitivity to parity violation [13–18]. Both heavy atom species are now routinely cooled and
trapped in magneto-optical traps despite their short lifetime by either α or β decay [19, 20]. In the search
for bonding partners for Ra and Fr two criteria must be considered: (i) bonding partners must have a large
electron affinity that leads to an ionic bond and a strongly polarized Ra or Fr atom; (ii) being amenable to
laser cooling and trapping. An ionic bond is also correlated with a large permanent molecular electronic
dipole moment and with a large effective electric field, Eeff, acting on either the unstable nucleus or the
electrons [8, 18, 21]. Among the most relevant partner for both Ra and Fr is the silver (Ag) atom [18, 22]. It
satisfies both criteria as having a large electron affinity of hc × 10 521 cm−1 [23], and having been laser
cooled [24]. Here, h is the Planck constant and c is the speed of light in vacuum.

In this paper, we consider the prototypical francium–silver molecule FrAg, shown in figure 1 for the
development of a quantum sensor in search of a nuclear Schiff moment. The idea is to assemble FrAg
molecules from laser-cooled 223Fr and 107Ag atoms [22]. Both atoms have an 2S electron-spin-1/2 electronic
ground state, while their electronic molecular ground state is well described as an electron-spin-zero, singlet
1Σ+ Hund’s case (a) state [25, 26], similar to that for the ground state of bi-alkali-metal molecules.
Alkali-metal dimers have already been assembled from ultra-cold atoms and been shown to be scientifically
relevant [27, 28].

We first assume that the ultracold atoms are prepared in their energetically lowest Zeeman, hyperfine
state and collide in the presence of an external magnetic field and from there can be bound together with a
small binding energy of order hc × 10−3 cm−1, in an electronic configuration that is predominantly of
triplet a3Σ+ character. This binding process is either achieved via a slow time-dependent sweep or ramp of
the magnetic field near a Fano-Feshbach resonance, also known as magneto-association, or via microwave
radiation near such resonances [29]. We will show that useable Feshbach resonances exist in 223Fr and 107Ag
collisions.

The next step is to search for a route, based on stimulated Raman adiabatic passage (STIRAP) processes
[30], to coherently transfer the population from a weakly-bound rovibrational state to the strongly-bound
rovibrational ground state of the X1Σ+ state via a rovibrational state of the mixed and coupled b3Π and
A1Σ+ excited electronic states. Mixing is due to relativistic spin–orbit interactions, which requires us to
label electronic state with Hund’s case (c) labels rather than with case (a) labels [25, 26].

The two-step formation of ultracold FrAg molecules from ultracold Fr and Ag is made challenging due
to a lack of knowledge of their relativistic electronic, rovibrational, and hyperfine structure in both
electronic ground and excited states. To our knowledge, only the electronic singlet and triplet ground-state
potentials of FrAg have been calculated [31]. Here, we describe our theoretical study of potentials, electric
dipole moments, and rovibrational states of FrAg. In addition, this includes the prediction of Feshbach
resonance densities and locations, as well as the development of Raman schemes for the formation of the
absolute ground state of FrAg. Unless otherwise noted, we present results for rovibrational states of the
223Fr107Ag isotopologue.

2. Results

2.1. Electronic potentials and transition dipole moments
We begin with the determination of the adiabatic potential energy surfaces of FrAg electronic states as well
as transition electric dipole moments between these states as functions of atom–atom separation R. Here,
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… for searches for +me-reversal viola+on in atomic nuclei
199Hg present ‘gold standard’ for limit on nuclear Schiff moment

B. Graner et al., Phys. Rev. Lett. 116, 161601 (2016)

|dHg| < 7.4 · 10-30 e cm (95% confidence limit) 

|SHg| < 3.1 · 10-13 e fm3 

Enhancement factors in our approach:  
• octupole deformed nuclide   x 100-1,000 
• in polar molecule                   x 1,000-10,000 
• in atom or ion trap                 x 1,000  compared to beam experiments

} compared to 199Hg

Example: 223FrAg 
• intrinsic enhancement of 107 compared to 199Hg 

• need to be produced at TRIUMF 
➡ challenge: reduced availability 

• anticipated gain: x 1,000 for certain CPV-parameters (comp to 199Hg)

V. V. Flambaum and V. A. Dzuba. Phys. Rev. A 101, 042504 (2020) 
T. Fleig. private communications with D. DeMille (2022) 

 all known cases in radionuclides
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molecular physics
par+cle physics 

atomic physics techniques
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RIB facility

BSM interpreta+on
nuclear theory

Multidisciplinary 

 radioactive molecules

molecular forma+on

General theme for experiments:  
translate high-precision AMO techniques into 
accelerator lab  
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223FrAg experiment

ideal way to rapidly move samples at µK-nK temperatures[55]. The optical conveyor belt works by first

loading the atoms into an optical dipole trap (ODT). After evaporatively cooling the atoms to below 10 µK,

a pair of counter-propagating laser beams will be overlapped on the atoms. The beams interfere to produce

an optical lattice potential in one dimension, which confines the atoms in a series of tightly binding potential

wells. When the frequency of one laser is swept away from the original value, the atoms are accelerated and

the conveyor belt begins to move. Sweeping the difference smoothly up and back to zero moves the atoms

from one place to another with negligible heating.

Fr&Ag
mixing

Fr recapture beamsAg MOT beams

Travelling 
ODT beam

Anti-Helmholtz coils
G

at
e 

va
lv

e

Fr MOT

Fr MOT
beams

Fr push 
beam

Faraday Cup

Neutralizing foil
(Emiing position)

Glass cell

Neutralizing foil
(Collecting position)

Fr+ ions 

G
at

e 
va

lv
e

Gate valve

Ag
MOT

Crossed ODT beams

FrAg
STIRAP
 beams

Helmholtz
coils

G
at

e 
va

lv
e E B

Electrodes

Schiff moment
measurement
- -

+ +

FIG. 7: The planned merging apparatus. The schematic
shows the separate Fr and Ag MOT chambers along with
the directions of all major cooling and transport beams for
moving each species. From the mixing chamber, the ultra-
cold mixture is transported to the science chamber where
the Schiff moment measurement will happen.

The optical conveyor requires high power

lasers incompatible with the special anti-stick

coating in the francium MOT glass cell. In-

stead, we will use standard methods to cool

and compress the Fr MOT before using res-

onant scattering forces to quickly “toss” the

atoms to the mixing chamber. The tossing

process will use a moving optical molasses to

cool the Fr atoms in a moving frame of ref-

erence. (This requires only low intensities of

near-resonant light that are safe for the coat-

ing.) When the francium atoms arrive in the mixing chamber they will be efficiently recaptured into a MOT,

then cooled and compressed to load them into an ODT. The Ag atoms can be delivered directly to another

ODT by the conveyor belt. Finally, the two ODTs can be merged as is done for other ultracold mixtures.

At this stage, we will be ready to study interactions between Fr and Ag, using many of the same techniques

described in previous sections.

Goal 3b: Understand Fr-Ag collisions. We can merge the two species from their independent ODTs at

any magnetic field we choose. This gives us the freedom to find a field where the scattering properties are

favorable. Densities in the ODTs here should be easily sufficient to detect trap loss due to scattering. From

here, we will perform Feshbach resonance spectroscopy with the iterative process of using guidance from,

and then subsequently sharpening descriptions of, theoretically calculated molecular properties.

Goal 3c: Perform PA spectroscopy relevant to STIRAP transfer. Here the goal is to find a suitable inter-

12

Anti-Helmholtz coils

Fr MOT 
beams

Ag MOT beams Fr recapture beams
Crossed 

ODT beams

Travelling 
ODT beam

electrodes

FrAg STIRAP beams

idealwaytorapidlymovesamplesatµK-nKtemperatures[55].Theopticalconveyorbeltworksbyfirst

loadingtheatomsintoanopticaldipoletrap(ODT).Afterevaporativelycoolingtheatomstobelow10µK,

apairofcounter-propagatinglaserbeamswillbeoverlappedontheatoms.Thebeamsinterferetoproduce

anopticallatticepotentialinonedimension,whichconfinestheatomsinaseriesoftightlybindingpotential

wells.Whenthefrequencyofonelaserissweptawayfromtheoriginalvalue,theatomsareacceleratedand

theconveyorbeltbeginstomove.Sweepingthedifferencesmoothlyupandbacktozeromovestheatoms

fromoneplacetoanotherwithnegligibleheating.

 beams

Helmholtz

Electrodes

FIG.7:Theplannedmergingapparatus.Theschematic
showstheseparateFrandAgMOTchambersalongwith
thedirectionsofallmajorcoolingandtransportbeamsfor
movingeachspecies.Fromthemixingchamber,theultra-
coldmixtureistransportedtothesciencechamberwhere
theSchiffmomentmeasurementwillhappen.

Theopticalconveyorrequireshighpower

lasersincompatiblewiththespecialanti-stick

coatinginthefranciumMOTglasscell.In-

stead,wewillusestandardmethodstocool

andcompresstheFrMOTbeforeusingres-

onantscatteringforcestoquickly“toss”the

atomstothemixingchamber.Thetossing

processwilluseamovingopticalmolassesto

cooltheFratomsinamovingframeofref-

erence.(Thisrequiresonlylowintensitiesof

near-resonantlightthataresafeforthecoat-

ing.)WhenthefranciumatomsarriveinthemixingchambertheywillbeefficientlyrecapturedintoaMOT,

thencooledandcompressedtoloadthemintoanODT.TheAgatomscanbedelivereddirectlytoanother

ODTbytheconveyorbelt.Finally,thetwoODTscanbemergedasisdoneforotherultracoldmixtures.

Atthisstage,wewillbereadytostudyinteractionsbetweenFrandAg,usingmanyofthesametechniques

describedinprevioussections.

Goal3b:UnderstandFr-Agcollisions.WecanmergethetwospeciesfromtheirindependentODTsat

anymagneticfieldwechoose.Thisgivesusthefreedomtofindafieldwherethescatteringpropertiesare

favorable.DensitiesintheODTshereshouldbeeasilysufficienttodetecttraplossduetoscattering.From

here,wewillperformFeshbachresonancespectroscopywiththeiterativeprocessofusingguidancefrom,

andthensubsequentlysharpeningdescriptionsof,theoreticallycalculatedmolecularproperties.

Goal3c:PerformPAspectroscopyrelevanttoSTIRAPtransfer.Herethegoalistofindasuitableinter-
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develop a new experiment to search for the NSM of the octupole-deformed nucleus, 223Fr, embedded in

the polar molecule francium-silver, FrAg. (See Fig. 4). This combination yields a remarkable ⇠ 10
7 times

amplification to underlying BSM physics, relative to the state of the art NSM experiment with 199Hg [17].

FIG. 4: An optimized
system to search for
hadronic CPV: polar-
ized ultracold 223FrAg
molecules undergoing
spin precession in an
optical lattice.

A leading expert in relevant molecular structure calculations (Timo Fleig,

Uni. Toulouse, France) has provided us with preliminary results of his calcu-

lation of the NSM sensitivity, WS , for FrAg; he found it to be nearly the same as

for the long-studied molecule TlF [31]. In addition, FrAg is calculated to have

a large molecular dipole moment and small rotational energy splittings, mak-

ing it exceptionally easy to fully polarize [32]. An electric field of ⇠1 kV/cm

will be sufficient to reach P & 0.8, near the optimal value of 1. Estimates of

the NSM-to-fundamental physics sensitivity coefficients for 223Fr have also been

performed. Within the usual large uncertainties, these sensitivities are roughly

the same as the better-studied case of 225Ra, i.e., ⇠ 1000 times larger than for

currently studied nuclei such as 199Hg or 205Tl [18].

In addition to this excellent combination of intrinsic sensitivities, we argue

here that is it possible to create large samples of 223FrAg molecules with long

spin coherence times. The key idea is to assemble ultracold 223FrAg molecules

out of quantum-degenerate gases of Fr and Ag. This type of molecular assembly

[33] has been performed with nearly every pair of different stable alkali atoms (Li, Na, K, Rb, and Cs),

using very similar (and increasingly standard) experimental techniques [34–37]. This results in typically

⇠104 optically trapped molecules, at temperatures of ⇠100 nK. Moreover, long nuclear spin coherence

times of ⇠ 10 s (so far) have been demonstrated with bi-alkali molecules formed in this way [38].

Francium is the heaviest alkali atom, and silver’s electronic structure—entirely analogous to an alkali

atom—allows it to be manipulated with the same methods used for all alkalis. Preliminary calculations of

FrAg properties confirm that the same methods used to assemble other bi-alkali molecules should apply to

the case of FrAg [39]. Both Fr and Ag atoms have been laser cooled and magneto-optically trapped [40, 41],

demonstrating the crucial first steps toward assembling ultracold FrAg molecules.

Of course, Fr is no ordinary alkali atom: the 223Fr half-life is only 22 min. Hence, efficient methods are

essential to use the small available numbers of these radioactive nuclei. Happily, several decades of work

6

concept experimental apparatus EDM measurement principle

down states, relative to a laboratory electric field ~E that acts to polarize the system. (See Fig. 3.) The

standard quantum limit for statistical frequency uncertainty, �⌫, depends on the spin coherence time, ⌧ ; the

time per single measurement, tm & ⌧ , on each ensemble of Nm molecules; and the total averaging time, T .

This corresponds to a total number of molecules measured, NT , where NT = NmT/tm. The final statistical

uncertainty is �⌫ = (⌧
p
NT )

�1. Hence, we aim to measure many particles with long spin coherence times.

Fr+

Fr+

Ag-

Ag-

Fr+

Ag-

Fr+

Ag-

FIG. 3: A CP -violating quantity can be
distinguished by measuring an energy shift
induced by the sign of the electric field.

Relating the experimental frequency shift to underlying

CPV physics requires calculations of both atomic/molecular

electronic structure and nuclear structure. For the case of a

nuclear Schiff moment (NSM) of size S, the frequency shift is

�⌫ = PWSS, where WS comes from atomic/molecular struc-

ture calculations and P is the degree of electrical polarization

of the system along the laboratory electric field (|P|<1). The

size S depends on the BSM physics and how it manifests in a

particular nucleus. There are several underlying ways to translate CPV into a NSM. Two important exam-

ples are ✓QCD and the quark chromo-EDM (CEDM, the strong-force analogue of an electromagnetic EDM).

For each, we can write S = XWX , where WX comes from the nuclear structure, and X represents the

magnitude of the fundamental effect giving rise to the EDM.

To summarize: an ideal EDM experiment would use a system with large values of WS and at least one

WX , large ⌧ and P , and large numbers of atoms or molecules.

The modern era of EDM searches: For decades, the strictest limits on new CPV forces came from

experiments measuring the nEDM. However, progress here has slowed considerably, with only a 10-fold

improvement in the past 30 years, and 2-fold in the past 15 years. This has stimulated the launch of over a

half-dozen projects, worldwide, aiming to improve sensitivity to the nEDM by a factor of 2-20 in the next

5-10 years [16]. In the meantime, a string of extraordinary experiments searching for the NSM of 199Hg,

as manifested by the EDM of 199Hg atoms [17], has reached a sensitivity comparable to or better than that

from direct searches for the nEDM, for a wide range of CPV forces in BSM models. As is typical in two

different hadronic CPV experiments, the different linear combinations of underlying physics parameters

such as CEDMs that determine these two signals (nEDM and 199Hg NSM) provide highly complementary

information [18].

4

2!ℬ
 + 2d#

2!ℬ
 - 2d#2!ℬ

d# d#

▪ led by Chicago (DeMille) 
▪benefits from Fr trapping knowhow at TRIUMF/Manitobo 
▪obtained 2.8 MUSD grant by Moore foundation (ca. 400 kCAD directly to TRIUMF) 
▪ 223Fr’s half-life 23 min: high-intensity online access + low-intensity offline source (227Ac)
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227ThF+ experimentDesign Status
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227ThF+

ion source cryogenic, buffer-gas 
filled Paul trap

precision trap (top view)

Erot

227ThF+

trap 
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molecules
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state 
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dissociation

time of flight
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te
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ity 227Th+

227ThF+

LUKE CALDWELL et al. PHYSICAL REVIEW A 108, 012804 (2023)

phases. For example in-anti labels a shot where the cleanup
and optical pumping lasers are parallel to !Erot during state
preparation but antiparallel during readout.

To record a Ramsey fringe, we repeat our measurement at
different free evolution times. For a given fringe, the phase of
readout is kept fixed. At each Ramsey time, we take an even
number of shots with each pair consisting of one shot with
each phase of state preparation. This set of shots is called a
point, and a Ramsey fringe consists of eight of these points
taken at different tR; we take four points at early Ramsey time,
and four points at late Ramsey time, each consisting of two
points on the sides of fringes and one point each on the top
and bottom as shown in Fig. 3. The points on the sides of the
fringes consist of 20 shots each, while the points on top and
bottom consist of eight shots each.

We record our data in “blocks.” Each block is constructed
from a set of 23 = 8 fringes recorded in each possible
combination of three experimental switches. Each switch cor-
responds to an experimental parameter whose sign can be
reversed: B̃ the direction of the current in the !B0 coils, R̃
the direction of rotation of !Erot, and Ĩ the direction of !Erot
relative to the y axis at the time of dissociation, corresponding
to which side of the phosphor screen each of the doublets
are imaged onto. Note that in our implementation of the Ĩ
switch, the direction of !Erot is reversed at all points in time
so that the opposite switch is prepared and read out. A fourth
experimental switch, P̃ the polarization of the dissociation
light, is alternated every block.

We refer to each experimental configuration with
{B̃, R̃, Ĩ, P̃} = ±1 as a switch state. In each block, the
first Ramsey time is recorded for all switch states be-
fore moving onto the second Ramsey time for each switch
state and so on. The order of the switch states at each
point is {B̃, R̃, Ĩ} ={1,1,1}, {−1,1,1}, {1,−1,1}, {−1,−1,1},
{1,1,−1}, {−1, 1,−1}, {1,−1,−1}, {−1,−1,−1}. In every
other block, the order of switch states is reversed. In each
switch state, we simultaneously collect data for molecules
in each doublet, corresponding to orientation of the molec-
ular axis with respect to the applied electric field, which
we represent by another switch D̃ = ±1. The Ramsey times
for each switch state are adjusted independently based on
the data from the previous block to ensure that the 20-shot
points are as close as possible to both the sides of the fringes,
where our sensitivity is highest, and to the beat, where our
noise cancellation is best and where various systematic shifts
are minimized.

For the eEDM dataset, we collected 1370 blocks or ∼600
hours of data over a ∼2 month period of April–June 2022.
During this run, we took data with three different values of
the Brev

2,0, corresponding to fringe frequencies of ∼75, 105,
and 151 Hz. About halfway through the dataset, we rotated
the wave plates of L1082

op , L814
depl and the dissociation lasers to

reverse the handedness of the light from each.

J. Images to determine doublet positions

To determine where the dissociated Hf+ ions from each
doublet fall on the phosphor screen in each switch state,
we take a series of images with no Ramsey sequence. For
these images we prepare the stretched states as described

FIG. 4. Example ion-detection data for a single shot of the ex-
periment. Swatch (solid lines), from which ion counts are discarded,
is defined by region ±45 pixels from center line (dashed line). Ions
assigned to the upper and lower doublets are shown in orange and
blue, respectively.

in Sec. VII A but apply no π/2 pulses before removing the
population in one of the doublets using low-power L814

depl light,
tuned to resonance with the doublet to be depleted, and prop-
agating along the z direction to avoid micromotion-induced
Doppler shifts. We take three types of image per switch state:
one where we deplete the lower Stark doublet, one where we
deplete the upper Stark doublet, and one where the laser is
tuned between the doublets to deplete both symmetrically. We
use these three images to determine the center line between
the two blobs for each switch state as described in Sec. III A.
We repeated this imaging routine roughly every 10 blocks
during the dataset to protect against alignment drifts. Potential
effects of a systematic error in the determination of the center
line are discussed in Sec. VII B 2.

III. DATA ANALYSIS

A. Ion counting and asymmetry

Our experimental signal is dissociated Hf+ ions read
out via phosphorescence on an imaging microchannel plate
(MCP). The images are processed asynchronously, and we
save a file which contains the locations of each bright spot
which was determined to be an ion according to our smooth-
ing and noise-reducing processing algorithm. The data from
a tyical shot are shown in Fig. 4. The full eEDM dataset
contains ∼108 ion detection events.

We use this same algorithm to analyze the test images
described in Sec. II J and find a center line for each switch
state. We use this center line when analyzing the Ramsey
data to define a swatch which is a rectangular area, of fixed
width, at the center of the image from which ion counts are
discarded, as shown in Fig. 4. We do this because the doublets
are not entirely separated on the screen, so in this area we
cannot be sure that we will assign ions to the correct doublet.
The extent to which we are able to isolate the two doublets
is given by the imaging contrast CI. As the swatch width
increases, the imaging contrast improves but total ion number
N decreases as we throw out more ions. For the final analysis
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phases. For example in-anti labels a shot where the cleanup
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2,0, corresponding to fringe frequencies of ∼75, 105,
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op , L814
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reverse the handedness of the light from each.

J. Images to determine doublet positions

To determine where the dissociated Hf+ ions from each
doublet fall on the phosphor screen in each switch state,
we take a series of images with no Ramsey sequence. For
these images we prepare the stretched states as described

FIG. 4. Example ion-detection data for a single shot of the ex-
periment. Swatch (solid lines), from which ion counts are discarded,
is defined by region ±45 pixels from center line (dashed line). Ions
assigned to the upper and lower doublets are shown in orange and
blue, respectively.
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Doppler shifts. We take three types of image per switch state:
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use these three images to determine the center line between
the two blobs for each switch state as described in Sec. III A.
We repeated this imaging routine roughly every 10 blocks
during the dataset to protect against alignment drifts. Potential
effects of a systematic error in the determination of the center
line are discussed in Sec. VII B 2.
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A. Ion counting and asymmetry

Our experimental signal is dissociated Hf+ ions read
out via phosphorescence on an imaging microchannel plate
(MCP). The images are processed asynchronously, and we
save a file which contains the locations of each bright spot
which was determined to be an ion according to our smooth-
ing and noise-reducing processing algorithm. The data from
a tyical shot are shown in Fig. 4. The full eEDM dataset
contains ∼108 ion detection events.

We use this same algorithm to analyze the test images
described in Sec. II J and find a center line for each switch
state. We use this center line when analyzing the Ramsey
data to define a swatch which is a rectangular area, of fixed
width, at the center of the image from which ion counts are
discarded, as shown in Fig. 4. We do this because the doublets
are not entirely separated on the screen, so in this area we
cannot be sure that we will assign ions to the correct doublet.
The extent to which we are able to isolate the two doublets
is given by the imaging contrast CI. As the swatch width
increases, the imaging contrast improves but total ion number
N decreases as we throw out more ions. For the final analysis
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1st step: laser spectroscopy of 227Th+TRIUMF EEC New Letter of Intent Detailed Statement of Proposed Research for Experiment #: S2381LOI

total electronic angular momentum J . The allowed quantum numbers for F are given by all values
from |I � J | to I + J in integer steps. For example1, the ground state has J 00 = 3/2, so the allowed
values of F 00 are 1 and 2 assuming that I = 1/2. Figure 2 shows the energy level diagram for the
402 nm transition with the hyperfine structure resolved.

If I = 3/2
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Figure 2: Hyperfine structures. Left: possible hyperfine structures of 227Th+. Literature suggests
I = 1/2 assignment, but for aforementioned reasons in the main text, the I = 3/2 case cannot
be excluded. Vertical arrows indicate allowed transitions. The energy spacings are not drawn to
scale. Right: simulated spectrum of the 402 nm transition in 227,229Th+. Linewidths are not explicitly
included (typical linewidths are dominated by Doppler broadening to about 100 MHz ⌧ typical line
spacing). Intensities shown assume (i) equal starting population in all hyperfine levels in the ground
state, (ii) laser excitation by unpolarized light, and (iii) the transitions lie on the linear part of the
saturation curve; see, for instance, Equation 19 in Ref. [35]. The A and B constants for the states
in 229Th+ are taken from Ref. [36], and we assume the same values in 227Th+ for the plots. The
transition frequencies for 227Th+ should only be taken as a rough guide for the range required for
the scan and typical line spacings involved.

For the case of I = 1/2, the hyperfine spectrum will exhibit only three allowed transitions,
governed by the selection rule �F = 0,±1. For I > 1/2, however, there will be more than three
allowed transitions visible in the resonance spectrum, o↵ering an unambiguous experimental signature
for di↵erent nuclear spin configurations.

The physics and techniques behind the spectroscopy are well established in the field (see for
example Ref. [35]). Here, we reproduce the essential pieces for clarity. Barring accidental degeneracy,
we expect to see three lines for the case of I = 1/2. Since I < 1, the only contribution to the hyperfine
structure is the magnetic dipole term, with energy levels given by

EM1(F, I, J) =
A

2
K(F, I, J), (1)

1In this LOI, we use spectroscopic convention where we denote the lower and upper states with doubly and singly
primed variables, respectively.

3

Goal: measure nuclear spin & magnetic moment of 227Th+

Challenge: Th beams at ISAC (and globally)

Solution: ▪ 227Ac sample in Life Sciences: generator of 227Th via chemical separation 
▪ form   ‘offline’ beam in ISAC target 
▪mass separation in ISAC magnetic mass separator 
▪ laser spectroscopy in polarizer line (using TITAN buncher)

Competition on 227Th+: ▪TRIUMF has leading edge 
▪others will follow, e.g. Pa LOI at ISOLDE on similar concept
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primed variables, respectively.

3

Goal: measure nuclear spin & magnetic moment of 227Th+

Challenge: Th beams at ISAC (and globally)

Solution: ▪ 227Ac sample in Life Sciences: generator of 227Th via chemical separation 
▪ form   ‘offline’ beam in ISAC target 
▪mass separation in ISAC magnetic mass separator 
▪ laser spectroscopy in polarizer line (using TITAN buncher)

Vision for future RadMol laboratory: 
Infrastructure for chemical and mass separation for  
fundamental physics and medical isotope research

Competition on 227Th+: ▪TRIUMF has leading edge 
▪others will follow, e.g. Pa LOI at ISOLDE on similar concept
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why 2 experiments?
▪2 complementary techniques: neutral atoms ⇔ singly charged ions 

▪different systematics 
▪different sensitivity to underlying physics

what we measurewhat we can 
conclude

what we are ultimately 
interested in

▪TRIUMF’s attractiveness to this new, emerging field 
➡ beam availability & strong beams (for Fr) or unique sample (for Th) 
➡ in-house expertise in sample and beam preparations 
➡ existing expertise (FrPNC, TRINAT, TITAN, laser, target and ion sources)  
➡ existing laboratory space ⇒ experimental work has already started

S2309 -S2279LOI -S2171LOI S2068LOI -

▪FrAg apparatus: unique approach ⇔ ThF+ apparatus: ‘universal’ spectroscopy setup 

https://mis.triumf.ca/science/experiment/spokesperson/view/S2309
https://mis.triumf.ca/science/experiment/spokesperson/view/S2279LOI
https://mis.triumf.ca/science/experiment/spokesperson/view/S2171LOI
https://mis.triumf.ca/science/experiment/view/S2068LOI
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spectroscopy of other ionic molecules 

RaOCH3+ Fan et al., Phys. Rev. Lett. 126, 023002 (2021) 
Yu and Hutzler, Phys. Rev. Lett. 126, 023003 (2021)  

AcO+ Flambaum and V. A. Dzuba, Phys. Rev. A 101, 042504 (2020). CeF+2, AcF+

PaF3+ C. Zülch et al., arXiv:2203.10333 (2022)

Examples for other radioactive molecules: 

R. Berger, private communications

+3

First step to spectroscopy: Molecular Formation / Present

Ce+3 + SF6    
➜    

CeF+2  + X
Manuscript (almost) completed 

Successful collaboration between 
Accelerator, Life Sciences, Physical 
Sciences Divisions
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spectroscopy of other ionic molecules 

RaOCH3+ Fan et al., Phys. Rev. Lett. 126, 023002 (2021) 
Yu and Hutzler, Phys. Rev. Lett. 126, 023003 (2021)  

AcO+ Flambaum and V. A. Dzuba, Phys. Rev. A 101, 042504 (2020). CeF+2, AcF+

PaF3+ C. Zülch et al., arXiv:2203.10333 (2022)

Examples for other radioactive molecules: 

R. Berger, private communications

First step to spectroscopy: Molecular Formation / Future
Dedicated Ion Reaction Cell (led by C. Charles)

Opportunities for Fundamental Physics Research with Radioactive Molecules 53
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Figure 14. Simplified sketch of the Ion Reaction Cell (IRC) for the on-line creation
of exotic radioactive molecules by RIB-gas chemistry at TRIUMF.

The francium trapping facility (Zhang et al., 2016; Kalita et al., 2018; Gwinner and
Orozco, 2022) at TRIUMF is another MOT system which pursues a new, improved
atomic parity non-conservation (APNC) experiment. Finally, laser spectroscopy work
is performed either directly next to the production target with TRIUMF Resonant
Ionization Laser Ion Source (TRILIS) (Li et al., 2020; Raeder et al., 2013) or with fast
beams in a collinear configuration (Voss et al., 2016)

4.3.1. Ion Reaction Cell (IRC) Next-generation experiments require efficient on-
line production of exotic radioactive molecules from RIB at high purity and yield.
In particular, the demand for new designer or delicate molecules will increase as
experiments and quantum chemistry theory identify new species. Some rare molecules
including RaF and other robust sidebands do form in ISOL targets using reactive
gases (Garcia Ruiz et al., 2020). However, the extreme non-equilibrium conditions
inside hot-cavity ion sources and extraction systems tend to fragment molecules and
are very unfavorable to forming delicate or complex species by optimized chemical
reactions. Difficulties are being addressed as targets improve; however, formidable
challenges persist (high temperatures and radiation fields, poor vacuum, significant
isobaric interferences, unfavourable energy and target geometry conditions, problems
using chemical reactants, etc). New innovative on-line methods are needed to ensure
steady progress in this field, to realize the creation of exotic molecules with high purity,
yield and flexibility with comprehensive pathways of chemical reactions and reactants.

Figure 14 shows the Ion Reaction Cell (IRC). The IRC is a new radiofrequency
quadrupole ion guide and gas-reaction cell at TRIUMF having three main functions to
(i) accept positive RIB up to 1 µA at 40 keV (60 keV with future modifications) from
the ISAC and ARIEL target stations, (ii) create rare/exotic molecules by controlled,
specific gas-phase chemical reactions with RIB at room temperature, and (iii) deliver
those newly formed molecules to TRIUMF’s upcoming RadMol facility for experiments.
The IRC also accepts negative ions that may be useful for future projects.

All RFQ’s including the IRC, the ARQB at TRIUMF and ISCOOL or ISOLTRAP
at ISOLDE confine RIB along their longitudinal axis with an oscillating quadrupolar
electric field. Inside the IRC, RIB performing quasi-Mathieu motion at low Mathieu
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Provisions for future experiments
Nuclear Anapole Moments

Spectroscopy of ultra-cold radioactive molecules

Ba

F
e- faculty of mathematics 

and natural sciences
van swinderen institute for
particle physics and gravity

faculty of mathematics 
and natural sciences

van swinderen institute for
particle physics and gravity

Dutch National Institute for (astro)Particle Physics

UvA

Table-top particle physics with slow and trapped molecules

Steven Hoekstra for BaF

Karthein, Udrescu, Moroch, et al. 3 Parity Violation From Single Molecular Ions in a Penning Trap

signal S = N0|c°(t )|2 (see SM-B for details). The existence of
parity violation leads to a non-zero asymmetry, defined as
APV ¥ S(+Eext)°S(°Eext)

S(+Eext)+S(°Eext) [23], where S(+Eext) and S(°Eext) re-
fer to the signals obtained for measurements with the initial
"kick" applied in positive (+) or negative (°) axial direction.

For 29SiO+, the population transfer and, hence, the asym-
metry can be estimated using first-order perturbation the-
ory (see SM-B for details). For interrogation times tx º
2ºN
!ext

º º
¢ at integer N , the PV asymmetry becomes [20]:

APV =
2W
¢ · ≠R

!ext

°W
¢

¢2 +
≥
≠R
!ext

¥2 , (1)

with≠R = dEext. Ultimately, W is determined via the popu-
lation transfer probability for different values of¢, i.e., mag-
netic field strengths B we can easily scan in our setup. Its
statistical uncertainty is

�W = ¢

4
p

2N0 sin
≥
¢tx

2

¥
p
¥2 +1
¥

(2)

using ¥¥
≥
≠R
!ext

¥
/
°W
¢

¢
for the number of molecules N0.

To reduce �W , we want to minimize¢. Since we are tech-
nically limited in arbitrarily reducing ¢ (as discussed in the
following section), we set the interrogation time to tx = º

¢
once ¢ is minimized. Thus, the precise control of the in-
terrogation time tx in our trap for a minimal uncertainty on
�W and precise variation of tx to check for systematic ef-
fects, are clear advantages we can leverage over experiments
performed on molecular beams.

From our measurement of W and the calculated WA
and C , we can extract ∑0 º ∑02 + ∑0a, encoding the physics
of the weak interaction that leads to NSD-PV: ∑02, arising
from the Ve AN term in the electron-nucleon-Z 0-boson ex-
change, and the electron electromagnetic interaction with
the anapole moment, ∑0a. Applying our technique to a
wide range of isotopic chains, including radioactive ones
[18, 24, 25], could possibly allow for a separation of ∑02 and
∑0a based on the dependence of ∑0a on the nuclear mass A
and spin I [20, 27].

Experimental Details – Trapped ions in a Penning trap
move on three superimposed eigenmotions inside the trap:
two radial ones perpendicular to the magnetic field and
one axial along the magnetic field. The eigenmotions’ fre-
quency, phase, and amplitude can be controlled and cou-
pled through radio-frequency excitations on the ion trap’s
electrodes [45]. The eigenmotions can be further cooled by
coupling the axial motion to a resonance circuit at 1K. The
radial eigenmotions can be cooled to the same temperature
by side-band coupling to the axial eigenmotion [48]. Once
the ion is located in the trap center in equilibrium with the
1-K-environment, it is decoupled from the resonance cir-
cuit using a cryogenic switch. It remains in a nominally zero
Eext-field, allowing for the above assumptions on the Hamil-
tonian due to low reheating rates of ª 65mK/s [49].

An additional, significant advantage of our proposed
method is that the magnetic field strength B experienced

Laser 
ablation 
source

Superconducting 
magnet

Penning 
ion trapIon optics

Laser 
port

(i) (ii) (iii) (iv)

| + �
| � �

Ar

WA

RF

possible state occupation
state occupation

FIG. 2. Schematic layout and measurement principle with a laser
port for the ionization, cooling, and dissociation lasers. Our mea-
surement procedure, (i)-(iv), is described in the text.

by the molecular ion with charge-to-mass ratio q/m can
be precisely determined through a cyclotron frequency
∫c = B q

2ºm determination via the Fourier-transform ion-
cyclotron-resonance (FT-ICR) method [50] to the 10°11 level
of precision [51] or better using a cryogenic resonance cir-
cuit of high quality (Q > 5000).

In our proposed setup, neutral 29SiO molecules are pro-
duced by laser-ablating a silicon rod in the supersonic ex-
pansion of a mixture of oxygen and argon gas [52]. The
molecules are photo-ionized using resonant laser light [53]
and bend towards the Penning trap. The ions are pro-
duced into the ground electronic and vibrational states and
populate only low rotational levels [54]. The measurement
scheme shown in Fig. 2 works as follows:

(i) The molecular ions are trapped in the Penning trap,
and a single molecule is selected using the evaporative cool-
ing technique [55]. Once the ion is located at the trap center
in equilibrium with the 1-K-environment (assumed as the
kinetic temperature of the ions moving forward) and decou-
pled from the resonant circuit, it is optically pumped into its
rotational ground state (94(3)% fidelity were shown in Ref.
[34] for 28SiO+). This level is further split into four hyper-
fine substates. Given the large splitting between these sub-
states (> 100MHz), they can be addressed individually after
the rotational cooling using lasers or microwaves to trans-
fer the population to the state of interest, |™+

" i (Fig. 1, solid
black line), with > 90% fidelity.

(ii) To ensure the molecule is not in the negative parity
state |™°

# i (Fig. 1, colored lines) even after the state transfer,
the molecule in |™°

# i is state-selectively dissociated via ex-
citation to a higher-lying auto-dissociating state [34]. The
time scale for this process is ª 10ns, i.e., short compared to
all inverse frequencies in this measurement; thus, it corre-
sponds to an instantaneous (but conditional) quantum pro-
jection onto unaffected states.

(iii) This step constitutes the starting point of the mea-
surement. It will be executed after step (i) and in parallel to
step (ii) since |™+

" i would start to evolve in time even with-
out an external electric field.

In the ion’s rest frame, we have it experience a sinusoidal
electric field Ez (t ) = Eext · sin(!extt) with Eext º 6V/cm and
≠R/2º º 3kHz. This is achieved by exciting the ion to an
axial amplitude of ª 0.3mm in the harmonic trapping po-
tential with a ª 20V single cycle, resonant sinusoidal-wave
"kick" to the trap’s end caps as routinely achieved in prac-

Karthein et al., accepted in Phys. Rev. Lett.

▪Quantum chemistry 
▪Astrophysics 
▪BSM physics 
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Laboratory Layout
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Renovation of existing laboratory space
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New ISAC II extension building

RadMol: a radioactive molecule lab for fundamental physics 20

6. Infrastructure location
While the construction and o�ine commissioning of experimental instruments for our
work on radioactive molecules will proceed at the involved institutions, the eventual
measurements on radioactive molecules will be conducted at TRIUMF, i.e. in the
proposed RadMol laboratory. TRIUMF is located on UBC campus. The overall concept
of the RadMol laboratory has been introduced in previous sections of this proposal and
is conceptual shown in Fig. 2. Excerpts of the floor plans of the existing laboratory
space to be renovated to the requirements of precision studies on 232ThF+ and 223FrAg
molecules are shown in Fig. 6. More complete descriptions of the architectural design,
including additional floor plans, are attached in separate documents for both, the
renovation of the existing laboratory space as well as the new extension building.

Figure 7: Rendered picture of the ISAC-II extension building as integrated into the
TRIUMF landscape. The existing ISAC-II o�ce building is seen in black on the left
while the ISAC-II extension building is shown on the left. The builidng extension
contains the beamline connecting the RadMol laboratory to TRIUMF’s RIB production
facilities ISAC and ARIEL. Moreover, it provides the required laboratory space for an
Ion Reaction Cell (IRC), a RadMol control room, a workshop, as well as an electronics
room to host the electronics rack needed for the RIB beamline. Finally, provisions are
made for future experimental endeavours with radioactive molecules.
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budget

Funding Amount 
[$MCAD]

CFI envelope
UBC 4.0
University of Toronto 3.5
University of Waterloo 0.4
University of Manitoba 0.5

Provincial contributions
BC 4.0
Ontario 3.9
Manitoba 0.5

Other
TRIUMF 4.0
Vendor Discounts 0.2

TOTAL 21.0

} 12 MCAD

have to come from BC institutions

∑ = 12 MCAD

Infrastructure or equipment 
requested

Costs 
[$MCAD]

renovation of  laboratory space 1.2
building extension 10.8
RIB beam-lines 2.5
Ion Reaction Cell & integration 0.5
Experimental Apparatus - 223FrAg 3.2
Experimental Apparatus - 227ThF+ 2.8
TOTAL 21.0
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Consequences of staging CFI proposal
Scenario A: full proposal 

Scenario B: renovation + ThF+ + FrAg  

Scenario C: 1/2 renovation + ThF+ 

▪ leading Schiff moment experiments at TRIUMF 
▪attract leading AMO scientists in EDM searches 
▪allows exploitation across TRIUMF divisions 
▪ clear vision for expansion into wider program 
▪ cement TRIUMF as the place for radioactive molecules 
▪ required TRIUMF investment: 4 MCAD

▪ required TRIUMF investment: 0.6 MCAD (?) 
▪only ThF+ in full science program, but no general spectroscopy program 
▪ loss of major collaborators - including UBC 
▪difficult to argue why UBC is CFI lead

▪ required TRIUMF investment: 1.2 MCAD 
▪Synergy in source development between ThF+ and FrAg (both 227Ac based) 
▪ThF+ in full science program, but no general spectroscopy program 
▪FrAg only with offline source: why at TRIUMF? 
▪prospect for later online beam: earliest in 2032 ⇒ not compatible with AMO schedules 

▪Limited mutual benefits across divisions (while collaboration remains essential)

ion reaction cell

Mass separation capabilities for medical isotopes

beamline for new RFQ accelerator in ISAC-II
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Summary
• Radioactive Molecules 

➡ entirely new science path 
➡ intriguing & unexplored probes for New Physics 

• RadMol 
➡ dedicated laboratory for radioactive molecules & 

precision studies at TRIUMF 
➡ initial focus: CP-violating nuclear Schiff moments    
➡ requires multidisciplinary approach & technical 

developments 
➡ strong benefits for collaboration across divisions 
➡ attract leading AMO scientists to TRIUMF 
➡ TRIUMF is place of choice (if we proceed full scale now)
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TRIUMF-local RadMol team
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Thank you 
Merci  
www.triumf.ca 
Follow us @TRIUMFLab 
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http://www.triumf.ca

