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Fundamental symmetries 
Radionuclides & TITAN

Standard	Model
incredibly	successful
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Fundamental symmetries 
Radionuclides & TITAN

Standard	Model

…	yet	incomplete

incredibly	successful

ma6er-an8ma6er	
asymmetry

origin	of	neutrino	
masses

⌫e

⌫µ

⌫⌧

arbitrary	constants:

misses	gravity

hierarchy	problem

me,	m𝝁,m𝜏,mumd,ms,mc,mb,mt,	mH,	

𝜃12,𝜃13,𝜃23,𝛿,g1,g2,g3,𝜃QCD,	v
m𝜈e,	m𝜈𝝁,m𝜈𝜏	

𝜃12,𝜃13,𝜃23,	𝛼1,𝛼2
??

dark	ma6er		
dark	energy



The Hubble Space Telescope
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where is all the antimatter? 

Macrocosmos Microcosmos

|ma6er|=|an8ma6er|only	ma6er

The Hubble Space Telescope
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where is all the antimatter? 

Macrocosmos Microcosmos

|ma6er|=|an8ma6er|

ingredient to resolve universe’s matter-antimatter asymmetry:

Sakharov, 1967

C P  
violation

only	ma6er

The Hubble Space Telescope
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Permanent electric dipole moment
Atoms

Parity and Time-reversal Viola	on

}  2μB + e
EDM

E
eZ

  E
eff

• local separation of the electric charge along a particle’s spin axis 

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

matter-antimatter asymmetry in the universe
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Searches for an electron EDM
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EDM searches in moleculesAtoms

✔ >103 enhancement of E
eff

 for EDM measurements

E
ext 

 ~1 V/cm

E
eff 

 ~80 GV/cm

}  2μB + e
EDM

E
eZ

  E
eff

[ACME, Nature 562, 355 (2018)]

[Baron et al.  Science 343, 269 (2014)]

[Sandars Phys. Rev. Lett. 18, 1396 (1967)] 

E
eff

Molecules

Parity and Time-reversal Viola	on
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• enhancement by 103 in sensitivity!

ThO
ACME collaboration 
Science 343, 269(2014) 
Nature 562,  355 (2018)
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E
eff

Molecules

Parity and Time-reversal Viola	on

• enhancement by 103 in sensitivity!

ThO
• scales as Z2R(Z) 

ACME collaboration 
Science 343, 269(2014) 
Nature 562,  355 (2018)

Best of all worlds → Radioactive molecules containing heavy and octupole deformed nuclei

Precision studies in atoms and molecules

e- e- e- e- e- e- e- e- e- e- Ae
VN

Ve
Ae

Ae
Ae

~ Z 2A2/3R(Z)x 105~ Z 3x 10N

P- viola	on 

Atoms
Molecules

EDM Sschiff MQM

Nuclear structure 

P,T- viola	on

~Z2 R(Z)

> 103 (> 105  Octupole )

AtomsS ~ Q
2
Q

3 
Z A2/3 /(E

+
 - E

-
)

    Molecules

µ <r 2> I   Q
e- e- 

⇒	opportunity	for	radioac8ve	molecules

Schiff	moment nuclear-spin-dependent	
component
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‘Designer Molecules’

Opportuni	es for New Physics searches with 

exo	c atoms and molecules

Ronald Fernando Garcia Ruiz

CERN/MIT

New Physics on the Low-Energy Precision 
Fron	er

CERN, Geneva 2020

Table of Elements
80 chemical elements 
(with stable  nuclides)
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‘Designer Molecules’

Opportuni	es for New Physics searches with 

exo	c atoms and molecules

Ronald Fernando Garcia Ruiz

CERN/MIT

New Physics on the Low-Energy Precision 
Fron	er

CERN, Geneva 2020

 radioactive molecules

probes for  
new physics  
•EDM searches 
•P violation

Nuclear physics 

Quantum 
Chemistry

Applied science 
•nuclear engineering 
•medicine

Atomic, molecular, 
optical physics 

Astrophysics 

neutrons

pr
ot

on
s

R. F. Garcia Ruiz et al., Nature 581, 396 (2020) 
S. M. Udrescu, et al. Phys. Rev. Lett. 127, 033001 (2021) 
Fan et al., Phys. Rev. Lett. 126, 023002 (2021) 

Table of Elements
80 chemical elements 
(with stable  nuclides)

Table of Isotopes
252 stable

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

⇒	many,	exci8ng	science	opportuni8es
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Sensitivity of Fluoride Molecules

Gaul & Berger J. Chem. Phys 147, 014109(2017) 
Fleig. Phys. Rev. A 96, 040502 (2017)
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Sensitivity of Fluoride Molecules

Gaul & Berger J. Chem. Phys 147, 014109(2017) 
Fleig. Phys. Rev. A 96, 040502 (2017)Nomen est omen: Radium is radioactive
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Radioactive molecules & EDMs

Opportuni	es for New Physics searches with 

exo	c atoms and molecules

Ronald Fernando Garcia Ruiz

CERN/MIT

New Physics on the Low-Energy Precision 
Fron	er

CERN, Geneva 2020

Best of all worlds → Radioactive molecules containing heavy and octupole deformed nuclei

Precision studies in atoms and molecules
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nuclear-spin-dependent	
component		

laser	cooling

long	coherence	8me

radioac8ve	molecules

nuclear-spin-independent	
component		

&	electron	EDM

close-lying	opposite	
parity	states

complementary	physics
• parity	viola,on	
• quantum	chemistry		
• nuclear	structure

same	chemistry			
different	physics	sensi8vity	
systema8c	spin	dependence	

Spin== 000 0 03/21/23/2 5/2

co-magnetometry	

/	B-field	insensi8vity

large	Eeff	
∝Z2R(Z)	

nuclear	T-breaking	
Schiff	moment	
deformed	nuclei

CP	viola8ng	nuclear	
Magne8c	Quadrupole	

Moment
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Examples of proposed radioactive molecules
Fundamental	symmetries	&	new	physics	

RaF Isaev et al., Phys. Rev. A 82, 052521 (2010) 
Kudashov, Phys. Rev. A 90, 052513 (2014) 
Garcia Ruiz et al., Nature 581, 396 (2020) 

RaOH Isaev et al., J. Phys. B: At. Mol. Opt. Phys. 50 225101 (2017) 
Kozyryev et al., Phys. Rev. Lett. 119, 133002 (2017)

RaO Flambaum, Phys Rev A 77, 024501 (2008).

RaH Fazil et al., Phys. Rev. A 99,052502 (2019).

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

short-lived ThO Flambaum, Phys. Rev. C 99 035501 (2019)

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

EuO+ Flambaum and V. A. Dzuba, Phys. Rev. A 101, 042504 (2020).

Nuclear	physics

Astrophysics
T. Kamiński et al., Nat. Astron. 2, 778 (2018). 26AlF

KF- nuclear quadruple moments Teodoro et al., Phys. Rev. A 91, 032516 (2015)

CaCl- nuclear quadruple moments
nuclear anapole moments to study electroweak properties of short-lived nuclei

R. Garcia, personal communications

Ac,nide	molecules	in	nuclear	engineering
NpO, NpO2

FrAg

light nuclei for nuclear P-violation

ThF+ C. F. Liang et al.,  Phys. Rev. C, 51:1199–1210, (1995) 
N. J. Hammond et al., Phys. Rev. C, 65:064315 (2002)  
D. N. Gresh et al., . J. Mol. Spectrosc., 319:1–9, (2016) PaF3+ C. Zülch et al., arXiv:2203.10333 (2022)
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CERN accelerator complex

11

MEDICIS
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Isotope Production at ISOLDE

238U
Spallation

Proton beam  
hits the target

• ~6000	isotopes	predicted	by	theory	

• ~3000	isotopes	already	discovered	(grey	area)	

• ~1000	isotopes	produced	by	ISOLDE	

• 75	different	elements	…	ready	to	be	studied!

high	energy	(1.4	GeV)	protons	onto	a	thick	target,	e.g.	238U

Fragmentation

Fission
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Rare Isotope Production



ISOLDE at CERN
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IDS ISOLTRAP COLLAPS

WISArD
VITO

decay spectroscopy • Penning traps for 
• precise masses  

laser spectroscopy

• fundamental symmetries

1.4 GeV protons

target stations 

MIRACLS

• 𝛽 NMR of biological 
samples / liquids 

• fundamental symmetries 

CRIS
• highly sensitive laser 

spectroscopy 
• high-capacity, high 

resolution mass 
separation

post-accelerator  
(up to 10 MeV/A) 

Miniball

ISS

highly sensitive laser 
spectroscopy

PUMA (near future) 
study of nuclear skins with 
antiprotons
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First spectroscopy of radioactive molecules
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FIG. 2. Measured vibronic spectra for 226RaF. Wavenumbers in the spectra are in the rest frame of the molecule. The counts
on the particle detector were measured as a function of the laser wavenumber of the resonant step. A fixed wavelength (355 nm)
was used for the ionisation step. Panel a) shows the observed peaks corresponding to the vibronic spectra of the �v=0 band
system of v00=0, 1, ..4, scanned by the grating Ti:Sapphire laser. The pulsed dye laser was used to scan electronic transitions
in di↵erent wavelength ranges: b) the �v=+1 band system of the A 2⇧1/2  X 2⌃+ transition with v00=0, 1, ..4, and c) the
(v0, v00) = (0,1) and (1,2) band. The corresponding transitions to other electronic states are shown in panels: d) A 2⇧3/2  
X 2⌃+, e) B 2�3/2  X 2⌃+ (tentatively assigned), and f) C 2⌃+  X 2⌃+. The shape of the spectra is due to population
distribution of di↵erent rotational states. The solid lines show the fit with skewed Voigt profiles. Three essential properties
for laser cooling of RaF molecules were identified: i) the short lifetime of the excited states 2⇧1/2 (T1/2 < 50 ns) will allow for
the application of strong optical forces, ii) dominant diagonal transitions, (�v=0)/(�v=±1) > 0.97, indicate a large diagonal
Franck-Condon factor, and iii) the expected low-lying electronic states B 2�3/2, A

2⇧3/2, and C ⌃+ were found to be above the
A 2⇧1/2 states, which will allow e�cient optical cooling cycles to be applied.

tem. Three essential properties for the laser cooling of
RaF molecules were identified: i) the short lifetime of
the excited states A 2⇧

1/2 (T
1/2 < 50 ns) will allow for

the application of strong optical forces, ii) dominant di-
agonal transitions, indicating a large diagonal Franck-
Condon factor, and iii) the expected low-lying electronic
states B 2�

3/2, A 2⇧
3/2, and C 2⌃+ states were found

to be above the A 2⇧
1/2 states, which will allow e�cient

optical cooling cycles to be applied.
The ability to produce, mass-select, and spectroscop-

ically study radioactive molecules is expected to pro-
foundly impact several fields of research. For example,
astronomical observations have recently suggested the
presence of the long-lived radioactive molecule 26AlF,
based on theoretical predictions of its molecular structure
[29]. Our experimental method will enable spectroscopy
studies of this radioactive molecule. These studies can be
extended to other radioactive compounds of astrophysi-
cal interest (e.g. 14CO).
The new experimental technique can also be employed
for the laser spectroscopy of a wide variety of neutral
molecules and molecular ions, including those with very
short-lived isotopes ( 1 day). Radioactive molecules

can be specifically tailored to enhance the sensitivity to
parity- and time-reversal-violating e↵ects by introducing
heavy and deformed nuclei. Moreover, by systematically
replacing their constituent nuclei with di↵erent isotopes
of the same element, both nuclear-spin-independent and
nuclear-spin-dependent e↵ects can be comprehensively
studied. Thus, electroweak interactions and the influ-
ences from possible P,T-odd nuclear moments can be
investigated as a function of the nuclear spin quantum
number, I, of their constituent isotopes. In the case of
RaF molecules, for example, Ra isotopes with a variety
of nuclear spins are available, such as the I = 0 nuclei
224Ra, 226Ra, 228Ra, the I = 1/2 nuclei 213Ra, 225Ra,
the I = 3/2 nuclei 223Ra, 227Ra, and the I = 5/2 nuclei
229Ra. Future high-precision measurements will allow for
the study of nuclear structure e↵ects, as well as still un-
explored subatomic properties such as the P-odd T-even
nuclear anapole moments, the P,T-odd nuclear Schi↵mo-
ment and magnetic quadrupole moments.
Currently, most of our knowledge of nuclear ground-state
electromagnetic properties of unstable nuclei has been
obtained from the study of radioactive atoms [30–32],
but very little is known about the nuclear weak struc-

Garcia Ruiz et al., Nature 581, 396 (2020)
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nuclear	theory  radioactive molecules
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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	shiVs	
• op,cal	pumping

• masses	
• RIB	prepara,ons	
• mass	separa,on	
• 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)
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• 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

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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Standard buffer gas cooling

[1]	K.	Lynch,	PhD	thesis,	University	of	Manchester,	2013.	

[2]	Sb	run	COLLAPS,	2018.

cooler	and	bunchers	at	RIB	facilities	,	operated	at	300	K	buffer	gas

[1]

[2]

Cooling	limit:	300	K

18

RIB
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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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• Specific	applications	with	RIBs	

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

To
F	
(μ
s)

simulation

20

externally 
produced, fast 
and ‘hot’ Mg+ 

ion beam
S. Sels, F. Maier et al., accepted in Phys. Rev. Research
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Experimental results

FWHM	x10	better	

Doppler	cooling	
Residual	gas	cooling	
Buffer	gas	cooling

(500 ms) 

S. Sels, F. Maier et al., accepted in Phys. Rev. Research
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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., accepted in Phys. Rev. Research
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Goals: 
• world-wide unique laboratory 

for radioactive molecules 
• precision studies for 

searches for new physics

TRIUMF	advantages
• large	variety	in	radioac8ve	ion	
beams	(RIB)

• high	beam8me	availability	(3	
independent	RIBs)	

• exis8ng	laboratory	space	for	large,	
mul8-sta8on	program	

• fast	connec8on	of	RadMol	lab	to	
online	facility

a radioactive molecule lab for fundamental physics  

RadMol
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Summary
• Radioactive Molecules 

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

• First Spectroscopy at ISOLDE/CERN 

• RadMol 
➡ dedicated laboratory for radioactive molecules & precision 

studies at TRIUMF 
➡ designed to master experimental challenges 

• Cold radioactive, molecular beams 
➡ Doppler + sympathetic cooling
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laser	spectroscopy	of	molecules

27
S.	Malbrunot-Epenauer:	SMI	2022

• cooling	of	internal	degrees	of	freedom	
➡	higher	popula,on	of	the	low-lying	states		
➡	simpler	spectra	⇒	more	easily	iden,fica,on		

• buffer-gas	cooling	in	cryogenic	Paul	trap:		
➡	overall	the	gain	could	be	more	than	x100	in	scanning	,me.	
➡	enables	efficient	ini,al	state	prepara,on	for	later	EDM	searches

RaF	spectra

5

a)  0    0
 1    1

 2    2
 3    3 4    4

(         )

FIG. 2. Measured vibronic spectra for 226RaF. Wavenumbers in the spectra are in the rest frame of the molecule. The counts
on the particle detector were measured as a function of the laser wavenumber of the resonant step. A fixed wavelength (355 nm)
was used for the ionisation step. Panel a) shows the observed peaks corresponding to the vibronic spectra of the �v=0 band
system of v00=0, 1, ..4, scanned by the grating Ti:Sapphire laser. The pulsed dye laser was used to scan electronic transitions
in di↵erent wavelength ranges: b) the �v=+1 band system of the A 2⇧1/2  X 2⌃+ transition with v00=0, 1, ..4, and c) the
(v0, v00) = (0,1) and (1,2) band. The corresponding transitions to other electronic states are shown in panels: d) A 2⇧3/2  
X 2⌃+, e) B 2�3/2  X 2⌃+ (tentatively assigned), and f) C 2⌃+  X 2⌃+. The shape of the spectra is due to population
distribution of di↵erent rotational states. The solid lines show the fit with skewed Voigt profiles. Three essential properties
for laser cooling of RaF molecules were identified: i) the short lifetime of the excited states 2⇧1/2 (T1/2 < 50 ns) will allow for
the application of strong optical forces, ii) dominant diagonal transitions, (�v=0)/(�v=±1) > 0.97, indicate a large diagonal
Franck-Condon factor, and iii) the expected low-lying electronic states B 2�3/2, A

2⇧3/2, and C ⌃+ were found to be above the
A 2⇧1/2 states, which will allow e�cient optical cooling cycles to be applied.

tem. Three essential properties for the laser cooling of
RaF molecules were identified: i) the short lifetime of
the excited states A 2⇧

1/2 (T
1/2 < 50 ns) will allow for

the application of strong optical forces, ii) dominant di-
agonal transitions, indicating a large diagonal Franck-
Condon factor, and iii) the expected low-lying electronic
states B 2�

3/2, A 2⇧
3/2, and C 2⌃+ states were found

to be above the A 2⇧
1/2 states, which will allow e�cient

optical cooling cycles to be applied.
The ability to produce, mass-select, and spectroscop-

ically study radioactive molecules is expected to pro-
foundly impact several fields of research. For example,
astronomical observations have recently suggested the
presence of the long-lived radioactive molecule 26AlF,
based on theoretical predictions of its molecular structure
[29]. Our experimental method will enable spectroscopy
studies of this radioactive molecule. These studies can be
extended to other radioactive compounds of astrophysi-
cal interest (e.g. 14CO).
The new experimental technique can also be employed
for the laser spectroscopy of a wide variety of neutral
molecules and molecular ions, including those with very
short-lived isotopes ( 1 day). Radioactive molecules

can be specifically tailored to enhance the sensitivity to
parity- and time-reversal-violating e↵ects by introducing
heavy and deformed nuclei. Moreover, by systematically
replacing their constituent nuclei with di↵erent isotopes
of the same element, both nuclear-spin-independent and
nuclear-spin-dependent e↵ects can be comprehensively
studied. Thus, electroweak interactions and the influ-
ences from possible P,T-odd nuclear moments can be
investigated as a function of the nuclear spin quantum
number, I, of their constituent isotopes. In the case of
RaF molecules, for example, Ra isotopes with a variety
of nuclear spins are available, such as the I = 0 nuclei
224Ra, 226Ra, 228Ra, the I = 1/2 nuclei 213Ra, 225Ra,
the I = 3/2 nuclei 223Ra, 227Ra, and the I = 5/2 nuclei
229Ra. Future high-precision measurements will allow for
the study of nuclear structure e↵ects, as well as still un-
explored subatomic properties such as the P-odd T-even
nuclear anapole moments, the P,T-odd nuclear Schi↵mo-
ment and magnetic quadrupole moments.
Currently, most of our knowledge of nuclear ground-state
electromagnetic properties of unstable nuclei has been
obtained from the study of radioactive atoms [30–32],
but very little is known about the nuclear weak struc-

R.	F.	Garcia	Ruiz	et	al.,	Nature	581,	396	(2020)

simula=on	by	R.	F.	Garcia	Ruiz	

simula8on
Experiment
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laser	access	for,	
spectroscopy,		
state	prepara8ons	and	
laser	cooling

a	cryogenic	Paul	trap	for	cooling	and	spectroscopy	of	of	(ionic)	radioac8ve	molecules

➡	higher	popula,on	of	the	low-lying	states	
➡	higher	resolu,on	(compared	to	RT-trap)	
➡	high	experimental	sensi,vity	for	trapped	ions		
➡	MIRACLS’	MR-ToF	method	for	search	for	laser-cooling	transi,ons	in	ionic	molecules

S.	Sels.,	F.	Maier	et	al.,	submiDed	

(b)

Design Status
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grid to enhance gas outflow and reduce pressure
photon detection with MPPC
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Radioactive Ions

500 MeV protons

target & 
ion source

high resolution mass 
separator magnet

pre-separator 
magnet

to experiments

<60 keV
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nuclide  yield [1/s] T1/2

223Fr ≈≈1E+07 22 min
225Ra ≈≈1E+08 15days 

ms223Ac 7E+04 2 min  
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RadMol @ TRIUMF
o Radioactive molecules as novel precision probes for 

fundamental physics 
o Initial physics program: 

• octuple-deformed nuclei incorporated into polar 
molecules → Molecular EDM with unprecedented 
sensitivity to nuclear T-breaking 

• access nuclear anapole moments via diatomic molecules  
o New laboratory for radioactive molecules @ TRIUMF: 

• dedicated laboratory for the study of radioactive 
molecules 

• to host 3 experimental stations  
• provision for expansions into other fields  

o Current Canadian team: 12 faculty and staff physicists from 
UofToronto, TRIUMF, UBC, U. Manitoba, McGill, UofOttawa 

o Current International team: MIT, Caltech, UoChicago, 
Manchester, KU Leuven, Marburg, Edinburgh, Kassel, etc.   

o strengthens and builds on the initiative for a TRIUMF 
Precision&Quantum Centre 

1

2021–22 New Research Initiative 
- A radioactive molecule lab for fundamental physics
o Radioactive molecules as novel precision probes for 

fundamental physics 

o Initial physics program: 
• octuple-deformed nuclei incorporated into polar 

molecules ⇒ unmatched sensitivity for nuclear EDMs 
• access nuclear anapole moments via diatomic 

molecules  

o New laboratory for radioactive molecules @ TRIUMF: 
• dedicated laboratory for the study of radioactive 

molecules 
• to host 3-4 experimental stations  
• with existing laboratory space at TRIUMF 
• provision for expansions into other fields  

o Next Steps in 2022: 
• Submit CFI IF for laboratory infrastructure & 

experimental stations  
• Prepare for laboratory construction in 2024 
• design and construct first experimental equipment 
• workshop on Radioactive Molecules at TRIUMF 

o Current Canadian team: 12 faculty and staff physicists 
from UofToronto (lead), TRIUMF, UBC, U. Manitoba, 
McGill, UofOttawa

Opportuni	es for New Physics searches with 

exo	c atoms and molecules

Ronald Fernando Garcia Ruiz

CERN/MIT

New Physics on the Low-Energy Precision 
Fron	er

CERN, Geneva 2020

laboratory for 
 radioactive molecules

probes for  
new physics  
• EDM searches 
• P violation

Nuclear physics 

Quantum 
Chemistry

Applied 
science 
• nuclear 

engineering 
• medicine

Atomic, 
molecular, 
optical 
physics 

Astrophysics 
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Two LOI's, 223FrAg and 227,229ThF+, have two-five orders mag. discovery potential of 
nuclear time reversal compared to 199Hg 
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frontier in nuclear structure or beyond-standard-model
physics, as for example in fifth-force searches from preci-
sion isotope-shift measurements [64, 65].

II. EXPERIMENTAL SETUP AND METHOD

The main components of the experimental setup,
sketched in Fig. 1, are two ion sources that provide low-
energy beams of either magnesium (Mg+) or potassium
(K+) ions and are connected via a quadrupole bender
to a linear segmented Paul-trap cooler-buncher, an MR-
ToF device and the laser system. This apparatus is part
of the MIRACLS project at CERN-ISOLDE, detailed in
previous publications [66–70].

Singly-charged ions of stable magnesium isotopes,
24,25,26Mg+, with relative natural abundances of approx-
imately 80, 10 and 10%, respectively, are produced by

FIG. 1. a) Layout of the experimental setup showing the
main components with an enlarged, detailed view of the Paul
trap cooler-buncher. There, Mg+ ions are Doppler cooled by
280 nm laser light for direct or sympathetic laser cooling of
other ions species. See text for details. b) DC potential along
the Paul-trap axis during trapping (solid blue) and extrac-
tion (dashed blue). The position of the individual DC trap
electrodes is indicated in gray. The axial well depth UW and
ions’ excess energy Ui are shown as vertical arrows.

electron-impact ionization of magnesium vapor from a
resistively-heated crucible [71], similar to Ref. [72]. The
positively-charged Mg+ ions are extracted from the ion
source by a 240V potential di↵erence. When another
species is co-trapped with the magnesium ions, they can
either be ionized simultaneously in the same ion source,
or can be delivered by a separate surface ion source of the
standard ISOLDE design [73–75]. The former is used in
the case of dioxygen ions O+

2 where the ion source is oper-
ated under di↵erent conditions, and the latter is utilized
for the production of singly charged potassium ions, K+.
After extraction from the ion source(s), the ions pass into
a 90� electrostatic quadrupole bender which is controlled
by high-voltage (HV) switches to selectively deflect ions
from one of the two ion sources towards the Paul trap.

The Paul trap cooler-buncher consists of 4 rods that
provide the RF-fields for radial ion confinement. They
are each split into five longitudinal segments of equal
length to which additional DC voltages are applied
to create an axial potential well. Surrounding the
Paul trap electrodes is a grounded metallic housing for
spatial confinement of the helium bu↵er gas as well as
two end-cap electrodes with a 4mm (2mm) diameter
aperture for injection (extraction) of ions.
An electrostatic steerer upstream of the Paul trap,
controlled by a HV-switch, acts as a beamgate; i.e.
ions pass into the cooler-buncher during a well defined
‘ion-loading’ time. This loading time typically ranges
from 10 µs to 500ms. Subsequently, the ion beam is
deflected away from the ion trap’s entrance. The period
after ion injection, during which no additional ions are
entering the trap, is referred to as ‘cooling time’.
In full analogy to cooler-bunchers at radioactive ion
beam facilities, the Paul-trap electrodes are floated
to a potential just below the ions’ initial acceleration
potential. This reduces the energy of the incoming ion
beam to a few electronvolts at the entrance of the trap,
i.e. E = e · Ui as illustrated in Fig. 1b. The remaining
energy is dissipated in the cooler-buncher via room-
temperature helium bu↵er gas cooling, laser cooling, or
a combination of both. The ions are cooled into the
bottom of the Paul-trap’s potential well which is in these
studies typically UW ⇡ 7 eV below the potential barrier
at the trap entrance, shown in Fig. 1b. Thus, a total
energy of E = e · (Ui + UW ) has to be dissipated by the
ion-cooling process before the equilibrium temperature
is reached. Note that UW in our application is of similar
value to potential wells employed in cooler-bunchers at
RIB facilities.

A precision needle valve controls the flow of helium
gas into the Paul trap to typical pressures ranging from
a residual pressure of 10�8 mbar, when the valve is
closed, to 10�5 mbar, as measured by a pressure gauge
connected to the vacuum chamber housing the Paul
trap. According to gas-flow simulations performed in
Molflow+ [76], a helium pressure of 10�5 mbar in the
vacuum chamber corresponds to 10�2 mbar inside the
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Doppler Cooling principle

Laser	ion	
Laser	

ion	ion	 Laser	

➢ Moving	ions	observe	Doppler	shift	in	laser	frequency	
➢ Absorption	of	photon	in	one	direction	
➢ Spontaneous	emission	of	photon	in	random	direction	
➢ Net-cooling	or	heating	effect	since	photon	momentum	is	subtracted	from/added	

to	the	Mg	ion	momentum	
Red-detuning:	cooling,	blue	detuning:	heating



Needed	cooling	time
Experiment:	

➢ 	1e-5	to	1e-8	mbar	residual	gas	
present	within	Paul	trap		

➢ cooling	time	≈	100	ms	

Simulations	+	numerical	model:	Presence	of	
buffer	gas	speeds	up	the	cooling

34

3	mW	&	-200	MHz	detuning,	
varying	cooling	times:

Buffer-gas	
cooling

Doppler	cooling



Applications	at	RIB	facilities

! Improvements	in	precision	and/or	sensitivity	for	various	experimental	
techniques	such	as	collinear	laser	spectroscopy	or	mass	spectrometry

35

Simultaneously	
small	Dt	&	DE

simulation	&	
experiment

simulation

24Mg+ experiment

simulation

Time	since	Paul	trap	extraction	(ns)

co
un

ts


