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(Experimental challenges:

> High selectivity (>1/10°)

> Short time scales (< 1°s)

> High efficiency (<100 ions/s)
\.~ High precision/resolution (~MHz) ) )

One atom at a time
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Exotic atoms & Nuclear structure
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Recent results from collinear laser spectroscopy
at ISOLDE-CERN

o 202231 pr(z=87) [Phys. Rev. Lett 115, 132501 (2015)]
Pu bl IS h Ed 222233 Ra((z=38))[Phys. Rev. X 4 (1), 011055 (2014)] ;HH %

[Phys Rev. Lett. 111, 212502 (2013)] ﬁ

Unpublished P

oo

+:#',i,-.; i!!_ E E Ejﬁ
3 i%:ﬁzui i N
. L | . E li- L
Lo : nl' 4 u g . : 3 i
100130Cf (Z=48)[Phys Rev Lett 121, 102501 (2018)] R L
[Phys Rev Lett 116, 032501 (2016)], ... Hnn 3 3 PIERAEIAEINNL
ST LL It :

101131 (2=49) [Phys Rev X 8, 041005 (2018)] tE il

1031345 (Z=50) [Phys. Rev. Lett. 122, 192502 (2019)] : pRasesctis Taisicg

1121346 (Z=51 * e K :

( ) 5{} _____ @ Predicted nuclei

5878Cu (Z=29) [Accepted in Nature Phys. (2020] IRt L iaiasaaaaanis : ® Observed nuclei (T,,,>500us)
65807n (Z=30) [Phys Rev Lett 116, 182502 (2016)] _ -« .+ * T ” o

[Phys Lett B 771, 385 (2017)] L it i 33s Nuclei studied with laser spectroscopy

[Phys Rev C 97 044324 (2018)] 1, 1ritiiae ® Stable nuclei
56-68Nj (Z=28) . y _'; 1 :Iﬂ SR 1313
&74Ge (Z=32). 2 S A : 3% 8

20 i ptishitis
¥ g 40-52C3 (z=20) [Nature Physics 12, 594 (2016)]
38-51 (z=19) [PhYS Rev Lett 113, 052502 (2014)]
] : 50) sostpn (z=25) IPhYS Rev Lett 110, 172503 (2013)], ...
“soge (2=21)

LQCD ¥ 28 5259 (2=19)

20 Ab-initio methods
8 QMC, GFMC, CC, IMSRG, GGF....



An example: exotic calcium isotopes rtom

Nucleus
[Ca: <r?>: Garcia Ruiz et al. Nature Phys. 12, 594 (2016)] SN Z KL Mar — My n F5<T2>A,A’
MA/ MA

0? B | | | | | L | || | | | | i

06 Pk EXD ® ™

0.5 | -

. 04f -

E o03F -

o 02f -
v

0.1 -

of J

0.1 -

0.2 " 1 1 L 1 L 1 .

%6Ca - <rz> @NSCL
| [Miller et al. Nature Phy, 15, 432 (2019)]

w J ¥Ca-S, @CERN
" _ﬂ [Wienholtz et al. Nature 498, 346 (2013)]

%Ca- E(2*) @RIKEN
[Steppenbeck et al. Nature 502, 207(2013)]




An example: exotic calcium isotopes rtom

Nucleus

. . H H / M ' — M ’
[Ca: <r?>: Garcia Ruiz et al. Nature Phys. 12, 594 (2016)] S A Z Ky ]\if = AL Fo(r?)AA
T T T T T T T A VLA

0.7
0.6
0.5
0.4
0.3
0.2
01
ok
0.1
0.2

S<r®s [fm?]

Nuclear theory |
forces

%6Ca - <rz> @NSCL
| [Miller et al. Nature Phy, 15, 432 (2019)]

w J ¥Ca-S, @CERN
" _ﬂ [Wienholtz et al. Nature 498, 346 (2013)]

%Ca- E(2*) @RIKEN
[Steppenbeck et al. Nature 502, 207(2013)]




An example: exotic calcium isotopes

[Ca: <r?>: Garcia Ruiz et al. Nature Phys. 12, 594 (2016)]
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Isotope shifts & “Skins”

[Brown. PRL 119, 122502 (2017)]
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Isotope shifts & “Skins”

[Brown. PRL 119, 122502 (2017)]
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Isotope shifts & New Physics

[Ca: <r?>: Garcia Ruiz et al. Nature Phys. 12, 594 (2016)]
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Parity violation

Atoms
PV - Mix states of different parity (P-odd|H|P-even)

Eone ~
p(P-odd) _ PNC E_—E,

” s (P-even) 4-’w = <7§1/2 ‘4 6§1/2> @W"—

133CS measure atomic calculation
(Z=55)
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[ Wood et al. Science 275, 1759 (1997)]
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Parity violation

Atoms

PV - Mix states of different parity (P-odd|H|P-even)
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PV - Mix states of different parity (P-odd|H|P-even)
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Atoms Why exotic atoms?
PV - Mix states of different parity (P-odd|H,|P-even)
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Atoms Why exotic atoms?

PV - Mix states of different parity (P-odd|H|P-even)
p(P-odd) _ Epnc ~ E_—E,

7S, s (P-even) 4-’w = <7§1/2 ‘4 6§1/2> @W"—

133CS measure atomic calculation
(Z=55)

Expt: Q,(133Cs) = -72.06(28),,(34),,

Q,,= -N+(1-4 sin?0,,)Z
[ Wood et al. Science 275, 1759 (1997)]
[Porsev et al. PRL 102, 181601 (2009)]

Fr (z=87) @ TRIUMF

[Zang et al. Phys. Rev. Lett. 115, 042501 (2015)]
[Kalita et al. Phys. Rev. A 97, 042507 (2018)]
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Atoms Why exotic atoms?

PV - Mix states of different parity (P-odd|H|P-even)
p(P-odd) _ Epnc ~ E_—E,

” s (P-even) 4-’w = <7§1/2 ‘4 6§1/2> @W"—

133CS measure atomic calculation
(Z=55)
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Expt: Q,(133Cs) = -72.06(28),,(34),,

Q,,= -N+(1-4 sin?0,,)Z
[ Wood et al. Science 275, 1759 (1997)]
[Porsev et al. PRL 102, 181601 (2009)]

Molecules Why (exotic) molecules?




Parity violation

Atoms Why exotic atoms?
PV - Mix states of different parity (P-odd|H,|P-even)

Eone ~
p(P-odd) _ PNC E_—E,

” s (P-even) 4-’w = <7§1/2 ‘4 6§1/2> @W"—

133CS measure atomic calculation
(Z=55)

7S

Expt: Q,(133Cs) = -72.06(28),,(34),,

Q,,= -N+(1-4 sin?0,,)Z
[ Wood et al. Science 275, 1759 (1997)]
[Porsev et al. PRL 102, 181601 (2009)]

Molecules Why (exotic) molecules?

v (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)]

Wizu

~ Z2A?°R(Z)



Parity violation

Chiral molecules

= ;_f-:)

[Berger & Stohner. WIREs Comput. Mol. Sci. €1396, 1 (2018)]
[Laerdahl et al. Phys. Rev. Lett. 84, 3811 (2000)]

~75

G
Hyw = Qw 7%’}‘5 p(r)

w:Z°

~ Z2A?°R(Z)



Parity violation

Chiral molecules

P
—
e =
—— - ¥ == .
= ==

[Berger & Stohner. WIREs Comput. Mol. Sci. €1396, 1 (2018)]
[Laerdahl et al. Phys. Rev. Lett. 84, 3811 (2000)]

ﬂUpw’U (X 10'16)

H Gr
Molecule HF BILYP B-LYP LDA w = Qw \/EF}E' p(r)
CHBCIF 10.72 11.01 1093 40098
CHB:FI +17.8 4220 4221 4241
CHCIFI 49.35 1896  +694  +738
CHAtFI  —1072  —1008  —850 —946
W70 [Berger et al. Mol. Phys. 105, 41 (2007)]

~Z2AY3R(Z) 211At (=85, T, ,~7.2 h) —> Freq. shift ~ 3-10 Hz



/ Contents

* Parity and time-reversal violation
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Parity and Time-reversal Violation

Atoms
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Parity and Time-reversal Violation

B E l
Ogq NJ :
TE TT __ } 2uB +eEDMEeff Eeﬂ‘?' \/ NT
eff

Molecules

» >10° enhancement of E_. for EDM measurements
[ACME, Nature 562, 355 (2018)]
[Baron et al. Science 343, 269 (2014)]
[Sandars Phys. Rev. Lett. 18, 1396 (1967)]

E, . ~1Vicm
E. E_ ~80Gvicm



TN, Standard Model
WA\ Generic Models
‘\‘“‘-. \ “ Pre-LHC SUSY
RERERLH LHC era SUSY

% %, 'Ongoing and
\ "-\proposed
A, Yo%

5 AL ' y \.\.\ LT
\ Co mpactlf'ecl Standard
theory Model

AT k! kY “'.\ Y
- "1
USY \ ngh Scale WA
Flavor Vlolatlon N
\ LR — T— Y
! \ \' ‘\ NN
uTt Alignment \ A

LT W T S oo NN

Seesaw Neutrino Yukawa Couplings

Approx. ‘A'ppre'x . Minimally Exact
CP Unn.'ersahty Sp|lt SUSY Universality
eavyy | Minimal Flavor Violation
rmions GUT Scale<------ >Weak Scale
} l ALY lll S l\. TN L : !I’I ! !
1025 1026 10%7 1028 10-29 10-30 10-31 1032 103 10-33 10-39
d, (ecm)

[Source: D. DeMille. Manipulating Quantum Systems: An Assessment of Atomic,Molecular, and Optical Physics in the United States (2019)]



Why radioactive nuclei?

e
v LargeZ—>E_(>>)

v Deformed nuclei (>10?)

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

B E 1
Tqd MNJ pem—
TT __ } 2|'IB-'-eEDMEeff E‘EHT NT
eff

Magneto-optical
trap

Optical
: EDM dipole trap
measurement
|d(**Ra)| < 5.0 x 10722 ecm
Phys. Rev. Lett. 114, 233002 (2015)



Why radioactive nuclei?

Schiff Moments

S = (Wy|S,|Pg) =

Nuclear structure

PT-odd nucleon-nucleon
interaction

Experiment

AE: Energy splitting of
opposite parity states

v



Why radioactive nuclei?

PT-odd nucleon-nucleon
interaction

Schiff Moments
S = (Uy|S,| ¥y

Experiment

AE: Energy splitting of
opposite parity states

225Ra
AE =55 keV

Slide from L. Gaffney
[Gaffney et al. Nature 497, 199 (2013)]



Why radioactive nuclei?

PT-odd nucleon-nucleon
interaction

Schiff Moments
S =

The
Ory + EXDerime Experiment
nt

Le
a b - . . 0
~ 40_{ ) 3 (D) ;I }ﬂ 2 g AE: En.ergy spllthng of
E sol !1 [ il E il . 110 § opposite parity states
i 3 & 20p, ] I 229pg £
o 20f ] i ¢ * 1°8 =
g E 225Ra E 225Ra 0.6 S
S 10f @ 29Fr o {om220mn] # 223F¢ Y
= 223Rn * from 226Ra 223Rn 10.4 %
OF 221 ® from 224Ra | *'Rn -

Dobaczewski et al. Phys. Rev. Lett. 121, 232501 (2018)
Chupp et al. Rev. Mod. Phys. 91, 015001 (2019)

. e [4mr D——
So= oy 5 2 (71~ 57 i@

225Ra
AE =55 keV

Slide from L. Gaffney
[Gaffney et al. Nature 497, 199 (2013)]
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* First results: RaF




RaF = Nuclear x Molecular Enhancement

\
v LargeZ—>E_(>>)
v Deformed nuclei (>10?)
v Large enhancement of the MQM (>10?)
v Study of NSD interactions (1>0)
\§ J

P- and P,T- odd effects

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

[Molecules: Electroweak structure

* Anapole moment: AM

* Magnetic Quadrupole Moment: MQM
* Schiff Moment: S_,

\* €EDM, nEDM, ... )




Fluoride molecules

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

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 ...

hqo=686.0 nm
A= 663.3 nm



Radioactive Molecules: Ra(z=88)F Results

o

Hy,=BN?>4+~ST. N 4+ST.A. T+ N -C
FWo (K a/2) [\ x ST+ (Wiky + Ferde)\.
P-odd and P,T -odd effects

3000
E 1140
2500 50 - HE
W 1120
i s
- 2000 c 40 | 100 =
z L T
< 1500+ = 0 1 80 =
E b 0
1000- N | 60 =
500 - 20 - 1 40
SrF
01 CaF 1 20
: : : : : : 10 -
0 20 40 60 80 100 = |1

BaF HfF* YbF RaF
[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!



Results: Radium fluoride (RaF)

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

/I. Low-lying structure? N
Il. Feasibility of laser cooling?
1.Dominant f_?

2.Short-lived excited state (T,,)?
\_ 3.Electronic states of lower energy (E)? )

5/2
2 32

3/2




Results: Radium fluoride (RaF)

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

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

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

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

CF,
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. carbide target r .
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Results: Radium fluoride (RaF)

Collinear resonance ionization spectroscopy of RaF molecules

[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]
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Results: Radium fluoride (RaF)

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

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

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

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

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

— More than 10*states can be populated

Vibrational / rotational / hyperfine
\Impossible with a hot (> 300 K) molecule? y




Results: Radium fluoride (RaF)

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

F 3 . .
= lonisation
Mass separator potential
Activated Uranium - >
. carbide target r . [
'-:E oo 00 0 00 3
: o - 16667 cm
| (600 nm)
on source |
- 16820 cmi '
3> (780 nm)
1.4 GeV u o
proton beam 600-780 nm
Dyei Dye2 Tisa Neutral 1.2 m (TOF=6.7 s)
& ~_ RaF(z, ) s.\ Raf [] 0° mirror
(step 1) ﬂ “*‘_
— Elecm ) inin ‘J
deflectors
 CERN Proton Synchrotron '} Neutralization
" Booster (PSB) ' Cell 1+ ’
355 nm V=W ———
— (step 2) 1_-62
~ Detecto

Molecules have complex structures

— More than 10*states can be populated

Vibrational / rotational / hyperfine
\Impossible with a hot (> 300 K) molecule? y

Theory: 13300(1000)(311’1_l
Scanning 1000 cm™at 100 MHz/min (1 cm™ = 30 GHz)
— 208 days!!

Impossible with radioactive molecules (< 10° molecules/second)?




Results: Radium fluoride (RaF)
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“We shall send to the moon, 240,000 miles away from the control station in Houston, a giant rocket more
than 300 feet tall, made of new metal alloys, some of which have not yet been invented, capable of
standing heat and stresses several times more than have ever been experienced,on an untried mission,
to an unknown celestial body, and then return it safely to Earth, reentering the atmosphere at speeds of
over 25,000 miles per hour, causing heat about half that of the temperature of the sun, and do all this,
and do it right, and do it first before this decade is out—then we must be bold.” J.F. Kennedy (1962).



Results: Radium fluoride (RaF)
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to arfjr é:é‘rgro‘rgwn celestial-body, and then return it safely to Earrh reentering the etiresphere at speeds of
over-25:609- miles per hour, causing heat about half that of the temperature of the sun, and do all this,
Long Shutdown 2

and do it right, and do it first before thisdecade-fs-out—then we must be bold.” J.F. Kennedy (1962).



Results: Radium fluoride (RaF)
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~10%/s

Results: Radium fluoride (RaF)

ooooooooooooooooooooooooo

~1000 cm™ (30 THz) = only 4 hours!

[Garcia Ruiz, Berger et al. Submitted (2019) (arXiv:1910.13416)]



Results: Radlum fluoride (RaF)
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[Garcia Ruiz, Berger et al. Submitted (2019) (arXiv:1910.13416)]
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Results: Radium fluoride (RaF)

~10%/s

-
/ ~1000 cm™ (30 THz) = only 4 hours!
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[Garcia Ruiz, Berger et al. Submitted (2019) (arXiv:1910.13416)]
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Results: Radium fluoride (RaF)

1. Low-lying structure
Il. Feasibility of laser cooling?
1. Dominant f ?

2. Short-lived excited state (T ,)?
\_ 3. Electronic states of lower energy (E)?

5/2
> 312

3/2

1200

Counts |a.u]
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400 -

[Garcia Ruiz, Berger et al. Submitted (2019) (arXiv:1910.13416)]

[
=
=3
(=]

BOO -

Wavenumber (cm™1)




Results: Radium fluoride (RaF)
)

/1. Low-lying structure
Il. Feasibility of laser cooling?
1. Dominant f,;? — f/f,>0.97 ¥

2. Short-lived excited state (T ,)?
\__3: Electronic states of lower energy (E)?
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Wavenumber (cm™1)

[Garcia Ruiz, Berger et al. Submitted (2019) (arXiv:1910.13416)]
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Results: Radium fluoride (BaF)

/1. Low-lying structure
Il. Feasibility of laser cooling?
1. Dominant f ? - f, If >0.97 Y

2. Short-lived excited state (T,)?-T,,<50ns &

1/2
\_ 3. Electronic states of lower energy (E)? .
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[Garcia Ruiz, Berger et al. Submitted (2019) (arXiv:1910.13416)]



Results: Radium fluoride (BaF)

/1. Low-lying structure
Il. Feasibility of laser cooling?
1. Dominant f ? - f, If >0.97 Y

2. Short-lived excited state (T,)?-T,,<50ns &

12

3. Electronic states of lower energy (E)? -~ 2000 cm™ above *
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Precision Laser Spectroscopy
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Precision Laser Spectroscopy
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E=%w2
AE = .
Av, v Room temperature
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T< UK 300 K = 25 meV
I'p < MHz ['p> GHz

4/ High resolution (< MHz)

> High efficiency (<100 ions/s) ?
> High selectivity (>1/10°) ?

> Short time scales (< 1s)?



Precision Laser Spectroscopy
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Y
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4/ High resolution (< MHz)

> High efficiency (<100 ions/s) ?
> High selectivity (>1/10°) ?

> Short time scales (< 1s)?
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RaF: Hyperfine Structure
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RaF: Hyperfine Structure
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RaF: Hyperfine Structure
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Opportunities with radioactive molecules

« Axion dark matter produces oscillating S MQM

schiff?
Amplified in molecules with respect to atoms:

(M,po1/me)? ~ 106 — 108

MOM

- AcF, RaO, PaN
[Flambaum & Feldmeier . Phys. Rev. C 101, 015502 (2020)]

* Time reversal violating MQM

- 229ThO and ?*®ThF* [Lackenby & Flambaum. Phys. Rev. D 98, 115019 (2018)]
[ Skripnikov, et al. Phys. Rev. Lett. 113, 263006 (2014)]

* Quantum chemistry, astrophysics, ....

nature LETTERS
aSll'OnOIlly https://doi.org,/10.1038/541550-018-0541-x

Astronomical detection of radioactive molecule
26A|F in the remnant of an ancient explosion
[Kaminski et al. Nature Astronomy 2, 778 (2018)]

“Spectroscopic laboratory studies of rare radioactive materials such
as %AlF would be very challenging”

(T,,=7.17 10° years)
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Summary

* Radioactive molecules = New window to study the atomic nucleus
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(Molecules: Electroweak structure

* Anapole moment: AM

* Magnetic Quadrupole Moment: MQM
e Schiff Moment: S__ .
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* First ever laser spectroscopy of a short-lived radioactive molecule
(RaF)!

RaF = eEDM, Schift moments, Anapole moments, MQM
23RaF, 2*RaF, 2°RaF, 2*RaF, **RaF -
Strong experimental evidence for the laser cooling scheme ~ “+
Precision spectroscopy #?°Ra(l=3/2)F, lifetime, IP, ...
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* First ever laser spectroscopy of a short-lived radioactive molecule
(RaF)!

RaF = eEDM, Schift moments, Anapole moments, MQM
23RaF, 2*RaF, 2°RaF, ?*RaF, **RaF -
Strong experimental evidence for the laser cooling scheme ~ “+
Precision spectroscopy #°Ra(I=3/2)F, lifetime, IP, ...

[‘ “Hot” molecules can be super cool!

... this is just the beginning!
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