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‘Designer Molecules’

radioactive molecules
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‘Designer Molecules’

probes for

new physics
EDM searches
*P violation &

«
Astrophysics /

Atomic, molecular, l
optical physics
Nuclear physics

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
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Permanent Electric Dipole Moments (EDM)
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Permanent Electric Dipole Moments (EDM)
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Complementarity of different probes
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Complementarity of different probes
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enhancement factors for different mol. EDM contributions

State  Term Symbol Ws/ 45 W,/ 10Hz 7 /hkHz Wey/hHz Wy/ 1033 hHz

4megag ecm ¢ ecm?

HfF+ SA —15000 6.4 23 —1200 0.57
ThO SA —35000 24 140 —3500 1.4
PaF3* D59 —72000 0.66 4.2  —6700 0.038

R. Berger et al.
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what we are ultimately
interested in

enhancement factors for different mol. EDM contributions

State  Term Symbol Ws/ 45 Wy/=—= 10Hz 7 /hkHz Wi /hHz /1033th

4megag ecm ¢ ecm?

what neutron EDM HfF+ 3A, —15000 6.4 23 —1200 0.57
experiments measure ThO SA —35000 24 140 —3500 1.4
e.d. PaF3+ 205, —72000 0.66 4.2  —6700 0.038

R. Berger et al.
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Schiff Theorem

nuclear dipole moment } nothing to detect
shielded by electrons’ dipole moment

Assumptions:
* non-relativistic electrons
* a point nucleus the electrons




Schiff Theorem

nuclear dipole moment } nothing to detect
shielded by electrons’ dipole moment

Assumptions:
* non-relativistic electrons
* a point nucleus the electrons
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‘Designer Molecules’

... for searches for CP violation in atomic nuclei

199Hg present ‘gold standard’ for limit on nuclear Schiff moment

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

|SHg| < 3.1 - 10-13e fm3 | B. Graneret al, Phys. Rev. Lett. 116, 161601 (2016)

Enhancement factors in our approach:
« octupole deformed nuclide x 100-1,000

* in polar\molecule x 1,000-10,000
* in atom oNon trap X 1,000 compared to beam experiments

compared to 19°9Hg

all known cases in radionuclides
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... for searches for CP violation in atomic nuclei

199Hg present ‘gold standard’ for limit on nuclear Schiff moment

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

|SHg| < 3.1 - 10-13e fm3 | B. Graneret al, Phys. Rev. Lett. 116, 161601 (2016)

Enhancement factors in our approach:
« octupole deformed nuclide x 100-1,000

* in polar\molecule x 1,000-10,000
* in atom oNon trap X 1,000 compared to beam experiments

compared to 19°9Hg

all known cases in radionuclides

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

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

* need to be produced at TRIUMF




RadMol

a radioactive molecule lab for fundamental physics
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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
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22TThF* molecule

half-life: =19 days
Electronic level (1000 cm-1~ 1400 K~ 0.1 eV)
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22TThF* molecule

half-life: =19 days

Electronic level (1000 cm-1~ 1400 K~ 0.1 eV)
- Vibrational manifold (600 cm-1 ~ 800 K)

A
=1 B
3
ﬁ
ﬁ:JrF
\ 7
AN 7
3A \—/
1
/ThTJrF
V=2 N
v=1 \ /
v=~0 .

Internuclear separation



22TThF* molecule

half-life: =19 days

Electronic level (1000 cm-1~ 1400 K~ 0.1 eV)
- Vibrational manifold (600 cm-1 ~ 800 K)
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227ThF* molecule

half-life: =19 days

Electronic level (1000 cm-1~ 1400 K~ 0.1 eV)
- Vibrational manifold (600 cm-1 ~ 800 K)
— Rotational manifold (1 cm-1~ 30 GHz ~ 1 K)

- Nested hyperfine (100 MHz — 1 GHz ~ 3 — 30 mK)

—> Parity doublets, Stark, Zeeman (10 — 100 MHz)
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227ThF* molecule

half-life: =19 days

Electronic level (1000 cm-1~ 1400 K~ 0.1 eV)
- Vibrational manifold (600 cm-1 ~ 800 K)
— Rotational manifold (1 cm-1~ 30 GHz ~ 1 K)
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22TThF* molecule

half-life: =19 days

Electronic level (1000 cm-1~ 1400 K~ 0.1 eV)

- Vibrational manifold (600 cm-1 ~ 800 K)

— Rotational manifold (1 cm-1~ 30 GHz ~ 1 K)

- Nested hyperfine (100 MHz — 1 GHz ~ 3 — 30 mK)
—> Parity doublets, Stark, Zeeman (10 — 100 MHz)

Energy
]
_|_

Internuclear separation

lons typically produced/cooled to ~10 K
= distributed across multiple J (and finer

structures).

| Fi=1/2




22I'ThF* experiment

227ThF+ source cryogenic, buffer-gas __precision trap (top V|ew

: filled Paul trap P state dissociatio
o preparatlon maging
helium gas MCP

1 inlet
/ 227ThF+ \ | ok b b 227ThF+

—-—\ = ‘hot | l l‘ !‘ l‘!‘!‘! HH |
I : molecules :

227Tht+

— SEEES i ‘cold’

gmoleculesg
‘high’-pressure
stopping region

SO l

Cooling of
= centre of mass motion
= inner degrees of freedom

low-pressure
region

= experimental EDM technique analogous to HfF* electron EDM experiment
T. S. Roussy et al. Science 381.6653 (2023), pp. 46—50.

= molecular structure of 232ThF+* known from spectroscopy at JILA
K.B. Ng et al. Phys. Rev. A 105, 022823 (2022)

= access to 22’Th via 227Ac sample from TRIUMF life sciences




Multidisciplinary

(BSM interpretation)

(particle physics )

(nuclear theory )

(EDM expertise)

(molecular physics)

G\tomic physics techniques)

(RIB techniques )

radioactive molecules

(quantum chemist@

(RIB facility )

(molecular formatior)




Multidisciplinary

(nuclear theory )

(BSM interpretation )

(EDM expertise)

(particle physics )

(molecular physics)

@tomic ohysics techniques) radioactive molecules

(quantum chemist@

(RIB techniques ) :
(molecular formatlorD

(RIB facility )

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

Exemplary topics for today:
 Formation of ionic molecules

» Cooling of ionic molecules



Molecular formation@TITAN
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Counts

Molecular formation@TITAN
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‘Highly’ charged radioactive molecules

229Pp g 3+

opEE S

Fluorine

27.02... 32.03 1.03... 38.0289 37.04...
i Ac Th Pa U N
P rOta Ctl n I u m Actinium orium otactinium Uranium Neptuﬁm
i Actinide i Actinide

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

|

* notable sensitivity increase for new physics «—»
* iso-electronic to (neutral) RaF
* easily trap-able

225Rg3
* potential for direct laser cooling”?

229Th

other iso-electronic molecules: ThF*2 Iﬁ)\c

229P3

Schiff Scaling
Factor

(relative to
225R3)
=1 (~200x
larger than
199Hg)
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CeF2* in TITAN cooler-buncher

(a)
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CeF2* in TITAN cooler-buncher

(a)  Offline Ion Source (b) TITAN (c) MR-TOF System
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Atomic physics techniques at RIB facilities

high precision and accuracy

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)

accurate, precise,
but not precise but not accurate

ion traps laser spectroscopy atom traps
* masses * hyperfine structure e in-trap decay
 RIB preparations * isotope shifts * laser spectroscopy
* mass separation * optical pumping * APV

* in-trap decav

v

strong programs at TRIUMF:
FrNPC, TITAN, TRINAT, TRILIS, collinear LS

14



Atomic physics techniques at RIB facilities

high precision and accuracy

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)

accurate, precise,
but not precise but not accurate
ion traps laser spectroscopy atom traps
* masses * hyperfine structure e in-trap decay
 RIB preparations * isotope shifts e laser spectroscopy
* mass separation * optical pumping * APV
* in-trap decav
Challenges

short half-lives low intensity temperature purity
T1/2<10 ms masses: 0.5 ions / h buffer gas cooling R=m/Am>5-106
(Am/m=6-10-8) (selected cases of limited ion capacity
M. Block et al., Nature | |
M. Smith et al., PRL 101, 463, 785 (2010) aser cooling) S. Eliseev et al., PRL 110,
202501 (2008) E. Minaya Ramirez et al., 082501 (2013)
Science 337, 1207(2012)

300 K

uK - mK - K

15



Doppler Cooling

e Powerful technique to reach sub-K atom and ion temperatures [1]

e Standard tool for high-precision measurements: atomic clocks [2], guantum
information science [3], physics beyond the standard model [4]

—
v s gl s o - |.-‘-a§-|’.’>~‘—
-~

" Sy For development of methods
’ h
: \\. 4 to cool and trap atoms with
— ) laser light
- o , I I
I.AS[R mmm laser cooled Be* ions single proton  cryogenic LC circuit

313 nm

LRtravioke beam

ANTIMATTER

cools antiiydu - cooling laser # )
Ipo— bt o hoee Varwewr g 3 Id=5 mm [d:gmm =
e i — ’ ;_ ' B VC v , /

Yo

J

9cm

Be* trap (BT)

proton trap (PT)

[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 etal, J. Opt. Soc. Am. B20, 1003 (2003).

[2] D. Ludlow et al, Rev. Mod. Phys. 87, 637 (2015).

[4] M. S. Safronova et al, Rev. Mod. Phys. 90, 025008 (2018).

[3] C. D. Bruzewicz et al, Applied Physics Reviews 6, 021314 (2019).
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Doppler Cooling

e Powerful technique to reach sub-K atom and ion temperatures [1]

e Standard tool for high-precision measurements: atomic clocks [2], guantum
information science [3], physics beyond the standard model [4]

e

-

s gl M e L =
e T

nature==*

StevenChu  ClaudeCohen-  WiliamD. Phillips
Tannoudji

laser light

For development of methods
to cool and trap atoms with

lAS[R'mmm ‘ laser cooled Be* ions

single proton  cryogenic LC circuit

5. ' wm manipukries -0 313nm

aols antihydrogem atoms cooling laser #

—_— 3 1d=5 mm
B : - B e

9cm

J

Taconm 3P

Be* trap (BT)

[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 etal, J. Opt. Soc. Am. B20, 1003 (2003).

e Specific applications with RIBs

proton trap (PT)

[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).

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).

A. Vetter et al., Phys. Rev. C 77, 035502 (2008).
R. A. Pitcairn et al., RRC 79, 015501 (2009)

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

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

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

Goal: provide ultra-cold (molecular) RIBs

.. compatible with short half-lives

.. universally applicable (via symp

athetic cooling)

16



(with TITAN contributions)

Experimental Demonstration at Wl

Paul trap:

ion
ejection
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280 nm
cooling lase
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injection
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simulation

Kinetic energy (eV)
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(with TITAN contributions)

Experimental Demonstration at Wl

Paul trap:

Helium ion
input ejection |
280 nm

cooling lase

ion
injection

externally
produced, fast
and ‘hot’ Mg+

ion beam

ToF (MS)

| Buffer-gas cooled

simulation

Kinetic energy (eV)

counts

24|\/|g+ Buffer gas cooling
Bl Experiment

= Simulation

300K

25Mg+ 26Mg+

ToF (Ms)
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Experimental results JMIRACLS]|

counts per 2 ns
c o o = = =
~ @)} 00 - N £

O
N

0.0

24Mg+

experimental data

Doppler cooling (500 ms)
/ Peak width x10 smaller
Cooling limit < 6 K

buffer-gas cooling

10.3 10.4 10.5 10.6 10.7 10.8 10.9 11.0 11.1

time-of-flight (us)

18

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




Counts per bunch/16ns

Sympathetic cooling JiMRACLS]]

* ‘universal’ availability of cold ion ensembles
* including ionic systems which cannot be directly laser-cooled

19

0.08 - I I

Doppler cooling

24Mg at -780 MHz -L +
0.06 - 1 No laser 02

] Far detuned laser
- opportunity for cold

0.04- B molecular RIBs
0.02 -
0.00 -

19.6 19.7 19.8  19.9
Time since Paul trap extraction (us)

I S
2 . .
. . _ analogous to existing
Peak width residual-gas or buffer-gas cooling 113(5) ns WOFk, e.g. [1]’[2]
Sympathetic cooling 58(4) ns

; J. Wuebbena et al, Phys. Rev. A 85,
Improvement in countrate Factor 2.6 043412,2012.
[2] M. Guggemos. New Journal of Physics

S. Sels. F. Maier et al.. Phvs. Rev. Research 4. 033229 (2022) 17, 103001, 2015.




Neutral molecules: FrAg

e Schiff moment: intrinsic enhancement of 107 compared to 19°Hg

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

 confined in optical lattice

 223Fr (T12=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)

V/he (10% cm™)
.d° . A o b~ o

12

-12

16

| l Ll
Fr(7p,,)+Ag(5s)7

Fr(7p,,,)+Ag(5s)

]

Fr(7s)+Ag(Ss\)_

predicted pathway to 1
cold, ground state FrAg _

1 | 1 | 1 1
5 10 15 20 25 30

R (units of a,)

[n’

J Kios et al., New J. Phys. 24, 025005 (2022)
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Summary .’

e Radioactive Molecules
= entirely new science path

= intriguing & unexplored probes for New Physics

21

e RadMol
= dedicated laboratory for radioactive molecules &
precision studies at TRIUMF
= initial focus: CP-violating nuclear Schiff moments

4+ octupole deformed nuclide

4+ in polar molecule
4+ In atom or ion trap

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