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Radioactive atoms and molecules provide unique answers to these questions!
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The COLLAPS Collaboration

Collinear Laser Spectroscopy
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An example: exotic calcium isotopes rtom
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An example: exotic calcium isotopes
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Recent results from collinear laser spectroscopy 15
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Atomic Probing New Forces from Isotope Shifts
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Atomic Probing New Forces from Isotope Shifts

Nuclear
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A new force between electrons and nucleons
will cause a “King plot” non-linearity

[Stadnik et al. Phys Rev Lett 120, 223202 (2018)]
[Flambaum et al. Phys Rev A 97, 032510 (2018)]
[Frugiuele et al. Phys Rev D 96, 015011 (2017)]

[Berengut et al. Phys Rev Lett 120, 091801 (2018)]



Atomic Probing New Forces from Isotope Shifts

Nuclear
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Atomic Probing New Forces from Isotope Shifts

Nuclear
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[R.F. Garcia Ruiz et al., Nature Physics 12, 594 (2016)]
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Probing New Forces from Isotope Shifts

Nuclear
corrections

New nucleon-electron

force +

A main limitation in heavy atoms
— Nuclear polarizability

[Flambaum et al. Phys. Rev. A 97, 032510 (2018)]
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Why radioactive atoms?
v Access to long isotopic chains (many points!)
v Nuclear isomers (M, ~M,)

v Heavy nuclei
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A new force between electrons and nucleons
will cause a “King plot” non-linearity

[Stadnik et al. Phys Rev Lett 120, 223202 (2018)]
[Flambaum et al. Phys Rev A 97, 032510 (2018)]
[Frugiuele et al. Phys Rev D 96, 015011 (2017)]

[Berengut et al. Phys Rev Lett 120, 091801 (2018)]
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Molecules
Great! Why are they important?

—> New window to the atomic nucleus
P- and P,T- odd effects

(Molecules: Electroweak structure )
* Anapole moment: AM

* Magnetic Quadrupole Moment: MQM

* Schiff Moment: S_, .

* Matter/antimatter asymmetry?
* Origin of Dark Matter?
* Physics BSM?

\.* ¢EDM, nEDM, ... Y,
TLL
/ ¢ ARNA o =
e \I e e \I \; e e :_; e " p -
: ] : 0 > []I > ﬂ d¢
3 S U &5 4
| |2 = ‘
nA, W N/\ W N'/o\\f v, Y T ,{___,

(a) (b) () (d) ¢
L

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



Atoms vs Molecules

Atoms

PV — Mix states of different parity ~ ( E,-E_)*
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Nuclear
weak charge
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[ Wood et al. Science 275, 1759 (1997)]
[Porsev et al. PRL 102, 181601 (2009)]
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[Davoudias et al. Phys. Rev. D 89, 095006 (2014)]



Atoms vs Molecules

Atoms
: . . P-odd|H,, |P-even
PV - Mix states of different parity ~ ( E -E_)* Epno ~ | | H| )
p (P-odd ) L —FEy
_—E
s (P-even) A =(7S 6S Nuclear
7S, E+ v < 1z ‘4 ”2> an weak charge
133CS measure atomic calculation
Expt: Q(133Cs) = -72.06(28),,,(34),,
65. [ Wood et al. Science 275, 1759 (1997)]
[Porsev et al. PRL 102, 181601 (2009)]
Molecules

+ (E,-E_)~0 About 10° enhancement
] [Dzuba et al. Phys. Rev. Lett. 119, 223201 (2017)]
v Nuclear-Spin-Dependent PV | Anapole moment (BaF)
[Altunas et al. Phys Rev Lett 120, 142501 (2018)]

v >10° ,
10 enhancemeBn]tz of E_. for eEDM measurements [Baron et al. Science 343, 269 (2014)]

Th. [Hardvard-Yale Nature 562, 355 (2018)]
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Fluoride molecules

SrF - First evidence of laser cooling a vl
[Nature 467, 820-823 (2010)]
YbF - Nature 473, 493 (2011)

ho= 686.0 nm
A= 663.3 nm

SrF - Nature Physics 13, 1173(2017)
YbF - Phys. Rev. Lett. 120, 123201 (2018)
CaF - Nature Physics 14, 890 (2018)
Phys. Rev. Lett. 120, 163201 (2018)
RaF - Radioactive
Coming soon ... Is it needed?



Radioactive Molecules: Ra(z=88)F Results
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P-odd and P,T -odd effects
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Radioactive Molecules: Ra(z=88)F Results

o
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FWo (K a/2) [\ x ST+ (Wiky + Ferde)\.
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[Gaul & Berger J. Chem. Phys 147, 014109(2017)]
[Fleig. Phys. Rev. A 96, 040502 (2017)]

[RaF —> Superior sensitivity for both P- and P,T- odd effects ]

... BUT all parameters experimentally unknown!



Radioactive Molecules

— New window to study the atomic nucleus
[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]
[Garcia Ruiz, Berger et al. In preparation (2019)]

(Molecules: Electroweak structure N
* Anapole moment: AM
* Magnetic Quadrupole Moment: MQM
* Schiff Moment: S__ .

\* ¢EDM, nEDM, ... Y,

!

P- and P,T- odd effects

!

4 2

* Matter/antimatter asymmetry?

* Origin of Dark Matter?

* Physics beyond the standard
model of particle physics?

G _/

[Hardvard-Yale Nature 562, 355 (2018)]
[Altunas et al. Phys Rev Lett 120, 142501 (2018)]
[Dzuba et al. Phys. Rev. Lett. 119, 223201 (2017)]
[Baron et al. Science 343, 269 (2014)]




Radioactive Molecules

— New window to study the atomic nucleus
[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]
[Garcia Ruiz, Berger et al. In preparation (2019)]

(Molecules: Electroweak structure N
* Anapole moment: AM
* Magnetic Quadrupole Moment: MQM
* Schiff Moment: S__ .

\* ¢EDM, nEDM, ... Y,

!

P- and PT- odd effects == Enhanced sensitivity in radioactive molecules

l (composed of heavy and octupole deformed nuclei)

4 2

* Matter/antimatter asymmetry?

* Origin of Dark Matter?

* Physics beyond the standard
model of particle physics? Octupole deformed

\_ _J nuclei?
Ra @ CERN

[Hardvard-Yale Nature 562, 355 (2018)]

[Altunas et al. Phys Rev Lett 120, 142501 (2018)]

[Dzuba et al. Phys. Rev. Lett. 119, 223201 (2017)] [Gaffney et al. Nature 497, 199 (2013)]
[Baron et al. Science 343, 269 (2014)]



Radioactive Molecules

— New window to study the atomic n

ucleus

[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]
[Garcia Ruiz, Berger et al. In preparation (2019)]

/Molecules: Electroweak structure
* Anapole moment: AM
* Magnetic Quadrupole Moment: MQM
* Schiff Moment: S__ .

\* ¢EDM, nEDM, ...

J

!

P- and P,T- odd effects ==

!

[

Enhanced sensitivity in radioactive molecules
(composed of heavy and octupole deformed nuclei)

]

[Hardvard-Yale Nature 562, 355 (2018)]
[Altunas et al. Phys Rev Lett 120, 142501 (2018)]
[Dzuba et al. Phys. Rev. Lett. 119, 223201 (2017)]
[Baron et al. Science 343, 269 (2014)]

4 Matter/antimatt 2 N ("Why radioactive molecules? )
* Matter/antimatter asymmetry? )
* Origin of Dark Matter? EIRA Eef (x 5)
* Physics beyond the standard v Deformed nuclei (>10?)
model of particle physics? v Large enhancement of the MQM (>10?)
- J \\" Study of NSD interactions (I>0) )




Radioactive Molecules: RaF Results

Collinear resonance ionization spectroscopy of RaF molecules
[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]

Molecules can be 10° times more exciting but are 10° more challenging!
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Radioactive Molecules: RaF Results

Collinear resonance ionization spectroscopy of RaF molecules
[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]

Molecules can be 10° times more exciting but are 10® more challenging!

Molecules have complex structures Theory: 13300(1000)0111_1

—> More than 10* states can be populated Scanning 1000 cm™at 10 MHz/min (1 cm™ = 30 GHz)
Vibrational / rotational / hyperfine — 2080 days!!!

Impossible with a hot (> 300 K) molecule? Impossible with a radioactive molecules? (<10° molecules/s)

E{‘“‘: e e e r Hx!\/lass separator
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target RaF ™" : . % %, —N,
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% .8 1+3
s > i V1= 32
More than 15 laser o®  ons Atoms T
systems in operation ﬁ - N
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RaF: Results (November 2018)

: ~10%/s
226
& A N RaF
N
= 1000 cm™ ly 4 hours! >
&, ~ cm? (30 THz) = only 4 hours!
Q ...The impossible became possible!
Strategy — Take advantage of all possible disadvantages in precision
spectroscopy (laser linewidths, power broadening, energy spread, ....)

[Garcia Ruiz et al. In preparation (2019)]



K Contents \

* Precision laser spectroscopy

* Probing new forces/particles with atomic isotope
shifts
—> Why radioactive atoms?

* Exploring nuclear electroweak properties with
molecules
— Fundamental symmetries / EDMs
— Why radioactive molecules?

\Summary J
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Present achievements / future opportunities

“Terra incognita”
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Sensitivity (ions/s)

[Laatiaoui et al. Nature 538, 495 (2016)]

* (SHIP@GSI)
* (RILIS@ISOLDE)

[Marsh et al. Nature Phys. 14, 1158 (2018)

* (CRIS@ISOLDE) e&

2018

Y (COLLAPS@ISOLDE)
[Garcia Ruiz et al., Nature Physics 12, 594 (2016)]
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Conclusions

4]
Isotope shifts:
Are there new particles/forces?
Molecules

/ ~N EDM

Molecules S

* CP and PT violation? © SRS

* What is the origin of matter- AM

antimatter asymmetry? single \ MQM ,

* What a;e the properties of dark particle Nuclear

\_ Matter? Y, (Weak)

clusters

Neutron matter

2
Nuclear [”q >}

(Electromagnetic )

Radioactive atoms and molecules provide unique answers to these questions!
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Radioactive atom:
v Access to long isotopic chains (many points!)
v Nuclear isomers (M, ~M))

Isotope shifts:
Are there new particles/forces?

v Heavy nuclei

Nuclear theory - dipole polarizability
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Conclusions

Radioactive atom:
v Access to long isotopic chains (many points!)
v Nuclear isomers (M, ~M))

Isotope shifts:
Are there new particles/forces?

v Heavy nuclei

Nuclear theory - dipole polarizability

N Molecules N (Radioactive molecules (>10° enhancement): )
* CP and PT violation? v LargeZ—>E_(x 3)
* What is the origin of matter- + Deformed nuclei (>102)
antimatter asymmetry? , ;
* What are the properties of dark Large enhancc?ment o.f the MQM (>10?)
\_ matter? ) \“ Study of NSD interactions (1>0) Yy

Nuclear theory -~ Weak structure (Anapole, MQM, ..)

—> New window to study the atomic nucleus
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Radioactive atom:
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v Nuclear isomers (M, ~M))

v Heavy nuclei
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Nuclear theory — dipole polarizability
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Radioactive molecules (>10° enhancement):
v LargeZ—>E_(x 3)

v Deformed nuclei (>10?)

v Large enhancement of the MQM (>10?)
\“ Study of NSD interactions (1>0)
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Nuclear theory — Weak structure (Anapole, MQM, ..)

First ever molecular spectroscopy of a short-lived radioactive molecule (RaF)!

v RaF an ideal probe for eEDM, Schift moments, Anapole moments, MQM
v A suitable laser cooling scheme has been established!
v Measurements of 22°RaF, 2?’RaF, ??°RaF, ??RaF, ?*RaF

\“ Hyperfine structure of ?2°Ra(1=3/2)F, lonization potential....

~
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Radioactive molecules (>10° enhancement):
v LargeZ—>E_(x 3)

v Deformed nuclei (>10?)

v Large enhancement of the MQM (>10?)
\“ Study of NSD interactions (1>0)
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'

Nuclear theory — Weak structure (Anapole, MQM, ..)

First ever molecular spectroscopy of a short-lived radioactive molecule (RaF)!

v RaF an ideal probe for eEDM, Schift moments, Anapole moments, MQM
v A suitable laser cooling scheme has been established!
v Measurements of 22°RaF, 2?’RaF, ??°RaF, ??RaF, ?*RaF

\“ Hyperfine structure of ?2°Ra(1=3/2)F, lonization potential....

~

... this is just the beginning!



Thanks for your attention!



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	The COLLAPS Collaboration
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52

