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≈90 naturally occurring  radioisotopes
≈3000 short-lived radionuclides discovered

⇒ many, exciting science opportunities
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Permanent Electric Dipole Moments (EDM)
• local separation of the electric charge along a particle’s spin axis

• implies time-reversal (T) violation ⇒ violation of CP symmetry

matter-antimatter asymmetry in the universe
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Advantage of molecules:

EDM sensitivity:

electron EDM
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Complementarity of different probes
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measured

electron EDM
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measured
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enhancement factors for different mol. EDM contributions
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electron EDM
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Complementarity of different probes

what is 
measured

what we can 
conclude, too

what we are ultimately 
interested in

what neutron EDM 
experiments measure 

e.g.

The Current Status of the TUCAN 
Ultracold Neutron Source 

SHAWN STARGARDTER

SUNDAY,  FEBRUARY 13,  2022

enhancement factors for different mol. EDM contributions

R. Berger et al.

electron EDM
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Schiff Theorem
nuclear dipole moment 

shielded by electrons’ dipole moment

Assumptions: 

• non-relativistic electrons 

• a point nucleus the electrons

nothing to detect}



5

Schiff Theorem
nuclear dipole moment 

shielded by electrons’ dipole moment

Assumptions: 

• non-relativistic electrons 

• a point nucleus the electrons

nothing to detect}

B
e
s
t 

o
f 

a
ll
 w

o
rl

d
s
 →

 R
a
d

io
a
c
ti

v
e

 m
o

le
c
u

le
s
 c

o
n

ta
in

in
g

 h
e
a
v
y

 a
n

d
 o

c
tu

p
o

le
 d

e
fo

rm
e
d

 n
u

c
le

i

P
re

ci
si

o
n

 s
tu

d
ie

s 
in

 a
to

m
s 

a
n

d
 m

o
le

cu
le

s

e- 
e- 

e- 
e- 

e- 
e- 

e- 
e- 

e- 
e- 

A e V N
V e A e

A e A e

~ Z 2 A
2/3 R(Z

)
x 105

~ Z 3 x 10N

P
- 

v
io

la
	

o
n

 

A
to

m
s

M
o

le
cu

le
s

E
D

M
S schiff 

MQM

Nucle
ar 

struct
ure 

P,
T-

 v
io

la
	

o
n

~
Z

2
 R
(Z
)

>
 1

0
3

(>
 1

0
5

  
O

ct
u

p
o

le
 )

A
to

m
s

S
 ~

 Q
2
Q

3
 Z

 A
2

/3
 /

(E
+
 -

 E
-)

   
 

M
o

le
cu

le
s

µ <r 
2 > I   

Q
e- 

e- 
!! octupole deformation !!



6

‘Designer Molecules’
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… for searches for CP violation 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 CP violation 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

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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RadMol
a radioactive molecule lab for fundamental physics 

Goal:

▪dedicated laboratory for radioactive molecules

▪ to host 3 experimental stations 

▪precision studies for searches for new physics

▪Molecular EDM with unprecedented 

sensitivity to  nuclear Schiff moments

▪provision for expansions into other fields


TRIUMF advantages:

▪ large variety in radioactive ion beams (RIB)

▪high beamtime availability (3 RIBs)

▪existing laboratory space am


Current Canadian Team: 

▪12 faculty and staff physicists

ARIEL 
building

ISAC-II  
accelerator vault

ISAC-I 
experimental hall

Future 
Exp.

Exp. 2  
227ThF+

RadMol
Exp. 1  

223FrAg

Clean- 
room

Ion  
reaction  
cell
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Amar Vutha
Stephan Malbrunot-Ettenauer

RadMol
A radioactive molecule lab for fundamental physics

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

RadMol Collaboration:
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Ions typically produced/cooled to ~10 K

⇒ distributed across multiple J (and finer 
structures).

Shift from new physics!
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227ThF+ experiment

▪experimental EDM technique analogous to HfF+ electron EDM experiment


▪molecular structure of 232ThF+ known from spectroscopy at JILA


▪access to 227Th via 227Ac sample from TRIUMF life sciences

Design Status

43
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227ThF+

227ThF+ source cryogenic, buffer-gas 
filled Paul trap

precision trap (top view)

Erot

227ThF+

trap 
electrode

227Th+

imaging 
MCP

‘cold’ 
molecules

state 
preparation

dissociation

‘high’-pressure 
stopping region

low-pressure 
region

227ThF+

Cooling of 

▪ centre of mass motion

▪ inner degrees of freedom 

T. S. Roussy et al. Science 381.6653 (2023), pp. 46–50.  

K.B. Ng et al. Phys. Rev. A 105, 022823 (2022) 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General theme for experiment: 

translate high-precision AMO techniques into accelerator lab 


Exemplary topics for today: 

•Formation of ionic molecules 

•Cooling of ionic molecules
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FIG. 1: The outline of the experimental framework. (a) Cerium ion production within the MCIS source at OLIS
and separation of the desired mass-to-charge ratio; (b) The formation of diatomic metal fluoride ions and

simultaneous cooling and bunching inside the TITAN RFQ; (c) The MR-TOF device for mass determination and
subsequent ion species identification.

First molecular formation experiments are conducted with an incoming beam of 140Ce+1 ions to demonstrate the
experimental procedures for the creation of molecules in the TITAN RFQ, see Section II B. To this end, we have
upgraded our gas handling system to add selected reactant gases, here SF6, into the bu↵er gas. In Section II C, we
describe the newly developed methods when exploiting incoming Ce beams of higher charge states which allows us to
form and identify 140CeF2+ in gaseous phase. As TITAN is directly coupled to TRIUMF’s rare isotope production
facilities, all employed techniques can be readily transferred to the formation of protactinium-containing molecules,
once a Pa beam is available at ISAC. The prospect for the creation of PaF3+ in general and specifically at TRIUMF
is given in Section II D.

A. Formation of Cerium Cation Beams

Naturally occurring cerium is composed of four stable isotopes with atomic mass numbers A = 136, 138, 140, and
142, of which 140Ce with 88.45% is the most abundant one. Utilizing a ‘Supernanogan’ Multi-Charge Ion Source
(MCIS) [43] details the extensive beam development campaign for the production of 140Ce cations using multiple
source and sputtering parameters, as well as support gases [47].

In short, a 10 ⇥ 3 ⇥ 2 mm strip of 99% pure cerium metal is placed on-axis inside the plasma chamber of the MCIS
ion source which is floated to 14.5 kV. A permanent 1.2 T semi-Helmholtz magnetic field (Bz) surrounds the plasma
chamber. The Ce metal strip is sputtered at �400 V relative to the plasma chamber with XX support gas using
dual-frequency radiofrequency (RF) heating. This dual-frequency ECR sputtering of the Ce strip produces multiple
positive charge-states of 140Ce up to and beyond q = +21. The MCIS is normally operated to obtain higher charge
states, typically q > +10. As it will be explained in Section II B, the present program requires Ce ions with q = +1
and q = +3. Thus, operational parameters of the MCIS including higher sputter gas pressures, sputter gas chemical
composition, distance of the Ce metal strip inside the plasma chamber, and sputter voltage are optimized in order to
maximize the abundance of these lower charge states, see Figure 2 for the intensity profile versus Ce charge state.

The Ce ions are accelerated to an ion beam energy of E = 14.5 · q keV and are subsequently selected by a bending
magnet (m/�m ⇠ 540) downstream after the ions source, see Figure 1(a). Thus, a clean ion beam of either 140Ce1+

or 140Ce3+ is transported via electrostatic beamlines to TITAN. There, 3 · 109 particles per second (pps) of 140Ce1+

and 0.2 ·109 pps of 140Ce3+ are received for molecule formation experiments. For future campaigns, even higher yields
of Ce cations are anticipated depending on source and sputtering conditions.

Molecular formation@TITAN

lanthanides

actinides

+ CeFx+
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The Ce ions are accelerated to an ion beam energy of E = 14.5 · q keV and are subsequently selected by a bending
magnet (m/�m ⇠ 540) downstream after the ions source, see Figure 1(a). Thus, a clean ion beam of either 140Ce1+

or 140Ce3+ is transported via electrostatic beamlines to TITAN. There, 3 · 109 particles per second (pps) of 140Ce1+

and 0.2 ·109 pps of 140Ce3+ are received for molecule formation experiments. For future campaigns, even higher yields
of Ce cations are anticipated depending on source and sputtering conditions.
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FIG. 3: A high turn TOF spectrum of 140CeF+ and 140CeF+

2
ions. Here, CeF+

2
ions have traversed over 306 turns,

providing a mass resolving power of 106,000. The TOF is recorded as the elapsed time since the ion bunch has been
injected into the MR-TOF analyzer section [see fig. 1(c)]. The second peak in the spectrum, 140CeF+, although

being the lighter of the pair, is seen at a later TOF. This is due to the higher number of turns completed, as
indicated in the peak label. The number of turns is carefully chosen such that the release point of the ions allows
both species to be seen clearly in the same TOF spectrum. This measurement represents the first high resolution
confirmation of the formation of cerium monofluoride monocations in the TITAN RFQ supported by the AME

database values for the corresponding masses, shown as vertical coloured lines.

provided by the Atomic Mass Evaluation (AME) [50] in order to identify ionic species present in the MR-TOF device.
An example of such a TOF spectrum is shown in Fig. 3 which constitutes our first high-resolution confirmation of
cerium monofluoride 140CeF+ and cerium difluoride 140CeF+

2
ions formed at TITAN.

C. Formation of Multiply-Charged Cerium Fluoride Molecules

Following the demonstration of the formation and identification of single-charged cerium fluoride molecules within
the TITAN ion-trap system, subsequent studies focus on multiply-charged molecules along two main objectives.
First, we aim to create doubly-charged cerium monofluoride CeF2+ as a molecule that is valence isoelectronic to
triply charged protactinium monofluoride, PaF3+. The second goal is to pursue triply charged cerium monofluoride
CeF3+ to explore the suitability of our experimental approach to produce molecules in higher charge states as a
preparatory step towards the synthesis of PaF3+ itself.

When forming doubly or triply charged molecules in an RFQ, one challenge is accepting the incoming cerium atomic
ions in higher charge states without any loss of charge to He bu↵er gas atoms. Due to the ionization energies: IE(Ce2+)
= 20.198 eV, IE(Ce3+) = 36.758 eV [51], IE(He) = 24.587 eV [52], it is energetically possible that 140Ce4+ undergoes
charge exchange with He bu↵er-gas atoms. This may reduce the availability of 140Ce4+ ions for reactions with SF6.
Since IE(Ce2+) <IE(He), however, we do not expect charge exchange between He atoms and low-energy 140Ce3+

ions. For these reasons, 140Ce3+ is selected in an attempt to form both 140CeF2+ and 140CeF3+ ions. In addition to
He atoms, other gas impurities may be present in the RFQ’s ion-confinement region, either through outgassing from
material in the ion trap or as contamination in the He gas. Thus, 140Ce3+ ions might be lost in charge exchange
reaction with other residual gas components. To confirm that the RFQ is capable to handle 140Ce3+ without major
losses, its successful transmission is demonstrated, without leaking SF6 into the RFQ. As shown in Figure 4, a strong
TOF signal corresponding to 140Ce3+ is identified in a high-resolution MR-TOF spectrum.

Once SF6 is added to the He bu↵er gas, fluoride containing molecules can be formed. Fig. 5 illustrates the successful
formation and detection of 140CeF2+ ions after injecting 140Ce3+ ions through the RFQ. In addition to the TOF peak
associated with 140CeF2+, the TOF spectrum contains 85Rb+ ions produced in the internal source which serve as
calibrant and thus facilitate the unambiguous identification of 140CeF2+.

The secondary goal of producing 140CeF3+ ions proves to be more challenging, see Figure 6, which also highlights
the importance of a high-performance mass spectrometer for these type of studies. In the low-resolution spectrum
with R ⇡xxx, a TOF peak would correspond to the approximate m/q ratio of 140CeF3+. However, once a MR-TOF
measurement with 510 turns is performed, the corresponding ion species is in fact identified as 34SF+, potentially

lanthanides

actinides

+ CeFx+
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• notable sensitivity increase for new physics

• iso-electronic to (neutral) RaF 

• easily trap-able 

• potential for direct laser cooling?

‘Highly’ charged radioactive molecules

C. Zülch et al., arXiv 2203.10333 (2022)

229PaF3+

other iso-electronic molecules: ThF+2

Species

Schiff Scaling 
Factor 

(relative to 
225Ra)

225Ra
:= 1 (~200x 
larger than 

199Hg)
229Th 2
227Ac 6
229Pa 40

Protactinium

Fluorine

+3
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CeF2+ in TITAN cooler-buncher
+3

3

FIG. 1: The outline of the experimental framework. (a) Cerium ion production within the MCIS source at OLIS
and separation of the desired mass-to-charge ratio; (b) The formation of diatomic metal fluoride ions and

simultaneous cooling and bunching inside the TITAN RFQ; (c) The MR-TOF device for mass determination and
subsequent ion species identification.

First molecular formation experiments are conducted with an incoming beam of 140Ce+1 ions to demonstrate the
experimental procedures for the creation of molecules in the TITAN RFQ, see Section II B. To this end, we have
upgraded our gas handling system to add selected reactant gases, here SF6, into the bu↵er gas. In Section II C, we
describe the newly developed methods when exploiting incoming Ce beams of higher charge states which allows us to
form and identify 140CeF2+ in gaseous phase. As TITAN is directly coupled to TRIUMF’s rare isotope production
facilities, all employed techniques can be readily transferred to the formation of protactinium-containing molecules,
once a Pa beam is available at ISAC. The prospect for the creation of PaF3+ in general and specifically at TRIUMF
is given in Section II D.

A. Formation of Cerium Cation Beams

Naturally occurring cerium is composed of four stable isotopes with atomic mass numbers A = 136, 138, 140, and
142, of which 140Ce with 88.45% is the most abundant one. Utilizing a ‘Supernanogan’ Multi-Charge Ion Source
(MCIS) [43] details the extensive beam development campaign for the production of 140Ce cations using multiple
source and sputtering parameters, as well as support gases [47].

In short, a 10 ⇥ 3 ⇥ 2 mm strip of 99% pure cerium metal is placed on-axis inside the plasma chamber of the MCIS
ion source which is floated to 14.5 kV. A permanent 1.2 T semi-Helmholtz magnetic field (Bz) surrounds the plasma
chamber. The Ce metal strip is sputtered at �400 V relative to the plasma chamber with XX support gas using
dual-frequency radiofrequency (RF) heating. This dual-frequency ECR sputtering of the Ce strip produces multiple
positive charge-states of 140Ce up to and beyond q = +21. The MCIS is normally operated to obtain higher charge
states, typically q > +10. As it will be explained in Section II B, the present program requires Ce ions with q = +1
and q = +3. Thus, operational parameters of the MCIS including higher sputter gas pressures, sputter gas chemical
composition, distance of the Ce metal strip inside the plasma chamber, and sputter voltage are optimized in order to
maximize the abundance of these lower charge states, see Figure 2 for the intensity profile versus Ce charge state.

The Ce ions are accelerated to an ion beam energy of E = 14.5 · q keV and are subsequently selected by a bending
magnet (m/�m ⇠ 540) downstream after the ions source, see Figure 1(a). Thus, a clean ion beam of either 140Ce1+

or 140Ce3+ is transported via electrostatic beamlines to TITAN. There, 3 · 109 particles per second (pps) of 140Ce1+

and 0.2 ·109 pps of 140Ce3+ are received for molecule formation experiments. For future campaigns, even higher yields
of Ce cations are anticipated depending on source and sputtering conditions.
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and separation of the desired mass-to-charge ratio; (b) The formation of diatomic metal fluoride ions and

simultaneous cooling and bunching inside the TITAN RFQ; (c) The MR-TOF device for mass determination and
subsequent ion species identification.

First molecular formation experiments are conducted with an incoming beam of 140Ce+1 ions to demonstrate the
experimental procedures for the creation of molecules in the TITAN RFQ, see Section II B. To this end, we have
upgraded our gas handling system to add selected reactant gases, here SF6, into the bu↵er gas. In Section II C, we
describe the newly developed methods when exploiting incoming Ce beams of higher charge states which allows us to
form and identify 140CeF2+ in gaseous phase. As TITAN is directly coupled to TRIUMF’s rare isotope production
facilities, all employed techniques can be readily transferred to the formation of protactinium-containing molecules,
once a Pa beam is available at ISAC. The prospect for the creation of PaF3+ in general and specifically at TRIUMF
is given in Section II D.

A. Formation of Cerium Cation Beams

Naturally occurring cerium is composed of four stable isotopes with atomic mass numbers A = 136, 138, 140, and
142, of which 140Ce with 88.45% is the most abundant one. Utilizing a ‘Supernanogan’ Multi-Charge Ion Source
(MCIS) [43] details the extensive beam development campaign for the production of 140Ce cations using multiple
source and sputtering parameters, as well as support gases [47].

In short, a 10 ⇥ 3 ⇥ 2 mm strip of 99% pure cerium metal is placed on-axis inside the plasma chamber of the MCIS
ion source which is floated to 14.5 kV. A permanent 1.2 T semi-Helmholtz magnetic field (Bz) surrounds the plasma
chamber. The Ce metal strip is sputtered at �400 V relative to the plasma chamber with XX support gas using
dual-frequency radiofrequency (RF) heating. This dual-frequency ECR sputtering of the Ce strip produces multiple
positive charge-states of 140Ce up to and beyond q = +21. The MCIS is normally operated to obtain higher charge
states, typically q > +10. As it will be explained in Section II B, the present program requires Ce ions with q = +1
and q = +3. Thus, operational parameters of the MCIS including higher sputter gas pressures, sputter gas chemical
composition, distance of the Ce metal strip inside the plasma chamber, and sputter voltage are optimized in order to
maximize the abundance of these lower charge states, see Figure 2 for the intensity profile versus Ce charge state.

The Ce ions are accelerated to an ion beam energy of E = 14.5 · q keV and are subsequently selected by a bending
magnet (m/�m ⇠ 540) downstream after the ions source, see Figure 1(a). Thus, a clean ion beam of either 140Ce1+

or 140Ce3+ is transported via electrostatic beamlines to TITAN. There, 3 · 109 particles per second (pps) of 140Ce1+

and 0.2 ·109 pps of 140Ce3+ are received for molecule formation experiments. For future campaigns, even higher yields
of Ce cations are anticipated depending on source and sputtering conditions.
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Atomic physics techniques at RIB facilities

accurate, 

but not precise

precise, 

but not accurate

high precision and accuracy

ion traps laser spectroscopy
• hyperfine structure

• isotope shifts

• optical pumping

• masses

• RIB preparations

• mass separation

• in-trap decay

atom traps
• in-trap decay

• laser spectroscopy

• APV 


K. Blaum, et al., Phys. Scr. T152, 014017 (2013) 
P. Campbell et al., Prog. Part. and Nucl. Phys. 86, 127-180 (2016) 

J. Dilling et al.,  Annu. Rev. Nucl. Part. Sci. 68, 45 (2018)

strong programs at TRIUMF:

FrNPC, TITAN, TRINAT, TRILIS, collinear LS
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Atomic physics techniques at RIB facilities

accurate, 

but not precise

precise, 

but not accurate

high precision and accuracy

ion traps laser spectroscopy
• hyperfine structure

• isotope shifts

• optical pumping

• masses

• RIB preparations

• mass separation

• in-trap decay

atom traps
• in-trap decay

• laser spectroscopy

• APV 


short half-lives low  intensity purity
T1/2 < 10 ms

(∆m/m=6·10-8)

masses: 0.5 ions / h

Challenges

temperature
buffer gas cooling

(selected cases of 
laser cooling)

R=m/∆m>5·106


limited ion capacity

µK - mK - K  

300 K

K. Blaum, et al., Phys. Scr. T152, 014017 (2013) 
P. Campbell et al., Prog. Part. and Nucl. Phys. 86, 127-180 (2016) 

J. Dilling et al.,  Annu. Rev. Nucl. Part. Sci. 68, 45 (2018)

M. Smith et al., PRL 101, 
202501 (2008)

M. Block et al., Nature 
463, 785 (2010)

E. Minaya Ramirez et al.,  
Science 337, 1207(2012)

S. Eliseev et al., PRL 110, 
082501 (2013)
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Doppler Cooling
• Powerful technique to reach sub-K atom and ion temperatures [1] 

• Standard tool for high-precision measurements: atomic clocks [2], quantum 

information science [3], physics beyond the standard model [4]

[1] T. Haensch and A. Schawlow, Optics Communications 13, 68 (1975).

D. J. Wineland and W. M. Itano, Phys. Rev. A 20, 1521 (1979).

 J. Eschner et al,  J.  Opt.  Soc.  Am.  B20, 1003 (2003).

[2] D. Ludlow et al, Rev. Mod. Phys. 87, 637 (2015). 
[3] C. D. Bruzewicz et al, Applied Physics Reviews 6, 021314 (2019). 
[4] M. S. Safronova et al, Rev. Mod. Phys. 90, 025008 (2018).
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Doppler Cooling
• Powerful technique to reach sub-K atom and ion temperatures [1] 
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 J. Eschner et al,  J.  Opt.  Soc.  Am.  B20, 1003 (2003).

[2] D. Ludlow et al, Rev. Mod. Phys. 87, 637 (2015). 
[3] C. D. Bruzewicz et al, Applied Physics Reviews 6, 021314 (2019). 
[4] M. S. Safronova et al, Rev. Mod. Phys. 90, 025008 (2018).

• Specific applications with RIBs


• unexplored as cooling technique to deliver high quality (molecular) RIBs

G. D. Sprouse and L. A. Orozco, Annu. Rev. Nucl. Part. Sci.. 47, 429 (1997)

J. A. Behr et al., Phys. Rev. Lett. 79, 375 (1997).

M. Trinczek et al., Phys. Rev. Lett. 90, 012501 (2003).

L. B. Wang et al., Phys. Rev. Lett. 93, 142501 (2004).


P. A. Vetter et al., Phys. Rev. C 77, 035502 (2008).

J. R. A. Pitcairn et al., RRC 79, 015501 (2009)

A. Takamine et al., Phys. Rev. Lett. 112, 162502 (2014) 

B. Fenker et al., Phys. Rev. Lett. 120, 062502 (2018)


• ... compatible with short half-lives

• ... universally applicable (via sympathetic cooling)

Goal: provide ultra-cold (molecular) RIBs
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Experimental Demonstration at

Paul trap:
Doppler cooled

Buffer-gas cooled

Kinetic energy (eV)
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(with TITAN contributions)
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Experimental Demonstration at

Paul trap:
Doppler cooled
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externally 
produced, fast 
and ‘hot’ Mg+ 

ion beam

(with TITAN contributions)
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Experimental results

S. Sels, F. Maier et al., Phys. Rev. Research 4, 033229 (2022)

Peak width x10 smaller

Cooling limit < 6 K

(500 ms) 
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Sympathetic cooling

O2
+

Peak width residual-gas or buffer-gas cooling 113(5) ns

Sympathetic cooling 58(4) ns

Improvement in countrate Factor 2.6

Can be done better 
analogous to existing 
work, e.g. [1],[2]

J. Wuebbena et al, Phys. Rev. A 85, 
043412,2012.

[2] M. Guggemos. New Journal of Physics 
17, 103001, 2015. 

• ‘universal’ availability of cold ion ensembles

• including ionic systems which cannot be directly laser-cooled

opportunity for cold 
molecular RIBs

S. Sels, F. Maier et al., Phys. Rev. Research 4, 033229 (2022)



Neutral molecules: FrAg
• Schiff moment: intrinsic enhancement of 107 compared to 199Hg


• ultracold molecule assembled from laser-cooled Fr and Ag atoms


• confined in optical lattice


• 223Fr (T1/2=22 min) at ISAC: 1.3 · 107 ions/sec 


• infrastructure and expertise at TRIUMF’s Fr trapping facility


• first exp. goal: measurement of Fr s-wave scattering length

(input for formation of Bose Einstein Condensate with Fr atoms) 

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

predicted pathway to

cold, ground state FrAg

20



21

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


✦ octupole deformed nuclide   

✦ in polar molecule                   

✦ In atom or ion trap      


➡ requires multidisciplinary approach & technical 
developments (today: formation, cooling)

 

Amar Vutha
Stephan Malbrunot-Ettenauer

RadMol
A radioactive molecule lab for fundamental physics

This is just a placeholder. Do not take it too seriously.
Collabora'on	Partners:

Kirk	Madison	
Taka	Momose	
Roman	Krems		

Gerald	Gwinner

 

Amar Vutha
Stephan Malbrunot-Ettenauer

RadMol
A radioactive molecule lab for fundamental physics

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

Amar	Vutha	
Stephan	Malbrunot-E=enauer
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RadMol Collaboration

• …

Institution Department Principal Investigators
TRIUMF Physical Sciences Behr, Holt, Malbrunot-Ettenauer, 

Kwiatkowski, Teigelhöfer
Accelerator Division Babcock, Charles
Life Sciences Division Radchenko

University of British Columbia Physics&Astronomy Madison
Chemistry Momose, Krems

University of Toronto Physics Vutha
University of Waterloo Physics&Astronomy Jamison
University of Manitoba Physics&Astronomy Gwinner
McGill University Physics Buchinger
University of Ottawa Physics Stolow

University of Chicago / USA Physics DeMille
University of Colorado, Boulder / 
USA

Physics Cornell

University of Edinburgh Physics&Astronomy Reiter
University of Groningen / NL Physics Borschevsky, Hoekstra
Harvard University Physics Fan
Johns Hopkins University/USA Chemistry Cheng
Massachusetts Institute of 
Technology / USA

Physics Garcia Ruiz

University of Maryland / USA Physics Orozco
University of Marburg / GER Chemistry Berger
Temple University / USA Physics Kotochigova
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